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Abstract

This thesis describes a general platform for the synthesis of radiolabelled
antibody recruiting small molecules (R-ARMs) for combination radio and immune
recruitment therapies. The novel trifunctional ARM was synthesized and radiolabelled
with beta (lutetium-177) and alpha (actinium-225) emitting radionuclides in high yield.
Biodistribution of the lutetium-ARM revealed rapid renal clearance and minimal uptake
in non-target tissues with all organs and tissues containing less than 0.3 %ID/g by 24
hours post-injection. Having determined the pharmacokinetic properties of the ligand,
a biodistribution study was performed to determine the targeting potential of the
platform. Through the use of a validated bone targeted bisphosphonate, uptake in the
arm and leg bones was achieved. Flow cytometry studies successfully demonstrated
ARM and antibody dependent immune cell recruitment. Based on the promising results
of the ARM in vitro and in vivo, the next step was to perform therapy studies.

In order to validate the novel R-ARM, an intratumoral (i.t.) strategy was
developed through the preparation of a TCO-bovine serum albumin (BSA) derivative.
This new chemical entity was used in both an aggregated and non-aggregated form to
retain the R-ARM in the tumour after i.t. administration. Biodistribution showed high
retention of the aggregated and non-aggregated BSA out to 120 hours with 167 + 94
and 81 = 32 %ID/g respectively remaining in the tumour. An autoradiography study
revealed the after i.t. administration the aggregated material was localized in specific
regions within the tumour compared to the non-aggregated material which diffused
throughout. The aggregated material was used in a single and multi-dosing radiotherapy
study in which the latter induced a statistically significant survival advantage compared

to the control. One additional multi-dosing study was performed with the non-
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aggregated material which resulted in the largest survival advantage to date.
Intratumoral administration of TCO-BSA linked to the trifunctional tetrazine showed
promising radiotherapy results and future work on dose optimization with lutetium and
actinium is required prior to the combination R-ARM therapy.

In parallel, the efficacy of the unlabelled ARM linked to TCO-BSA was
interrogated in preclinical models. The compound was administered i.t. three times per
week in a breast cancer tumour model, and response to therapy monitored. The
immunized group showed no survival advantage compared to the control group
comprised of naive animals. Biodistribution studies were performed to determine if
TCO-BSA was accessible to the bloodstream following i.t. administration in both the
aggregated and non-aggregated forms. Saline, aggregated or non-aggregated TCO-BSA
were administered i.t. followed by the R-ARM. The results showed very low uptake in
the tumour for all three groups, with minimal change in distribution from that of the
native R-ARM. This suggests that after i.t. administration, the TCO-BSA was not
available to molecules in the bloodstream or the concentration was insufficient to
promote in vivo coupling. Further work on this component of the platform is needed

before further ARM studies are performed.
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Chapter 1 - Introduction
1.1 Targeted Radionuclide Therapy

There are three main types of radiation therapy currently used in the clinic:
external beam, brachytherapy and targeted radionuclide therapy (TRT).! External beam
is the most widely used, treating over 7 million patients each year through the use of a
beam of high energy particles to irradiate the site of interest from outside of the body.?
Brachytherapy is commonly used for the treatment of cervical, prostate, breast and skin
cancers through the insertion of sealed radioactive “seeds” into a tumour for localized
irradiation of the tissue.?

TRT is unique amongst the three in that it involves the systemic administration
of a therapeutic medical isotope. Selective delivery can be achieved by conjugating the
radioactive isotope to a vector such as a small molecule, protein or antibody which
targets a specific site or receptor expressed on a cancer cell.*® This helps to direct the
cytotoxic radionuclide to the cancerous tissue while minimizing uptake in healthy, non-
target tissues. TRT is used in patients whose tumours have metastasized as the target
can be expressed in both primary and secondary disease sites, which would be difficult
to treat with either external beam or brachytherapy.®® TRT agents are typically derived
from medical isotopes that emit one of three types of radiation: alpha and beta particles
and Auger electrons.” Each of these emissions can cause cytotoxic effects and have
shown clinical utility as cancer therapies as either approved products or in clinical

trials.10-13
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1.2 Alpha Emitting Radiopharmaceuticals

Alpha emitting radionuclides, specifically radium-223, have been used since the
early 1900s for treatment of ailments such as rheumatic disease and skin lesions.'* Since
then, the progress to the clinic has been limited with only one alpha emitter, Xofigo™,
gaining FDA approval for the treatment of bone metastases associated with prostate
cancer.'® With respect to TRT, the properties of alpha emitters are attractive as they
have high linear energy transfer (LET), a short path length (50-100 pum) in tissue, and
cause cell death through direct double stranded DNA breaks leading to efficacy in both
normoxic and hypoxic tumours.'>!7 Due to their short path length, alpha particles are
of particular interest for micrometastases but can also be applied to larger tumours.'?

Xofigo™ is a salt of radium (RaCly) which naturally localizes to regions of high
calcium turnover and is therefore used to treat bone metastases. As a group Il metal,
there is no simple way to link radium to targeting molecules, so the emergence of
targeted alpha therapies relies on other alpha emitting isotopes. While alpha
radiotherapy holds promise, the initial development of targeted therapeutics was slow.
This is due in part to issues accessing radionuclides with suitable half-lives for medical
applications and the absence of the chemistry required to radiolabel targeting
molecules.!” In 1990, Simonson ef al. used a bismuth-212 labelled antibody for
radioimmunotherapy (RIT) of human adenocarcinoma tumours.?’ Mice were treated
with four intraperitoneal (i.p.) doses of 3.3 or 6.7 MBq on consecutive days, which lead
to an 85% reduction in tumour mass compared to the control. Despite the promising
results published 30 years ago, bismuth-212 labelled radiopharmaceuticals are not
prevalent in the clinic potentially due to the relatively short, 61 minute half-life of the

metal and the two energetic gamma rays (2.6 MeV) emitted in the decay chain.!®?!
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Another alpha emitting isotope that was used to prepare targeted alpha therapies
using a variety of antibodies is the radiohalogen, astatine-211.2>2* In 2018, Li et al. used
a radiolabelled antibody conjugated with either astatine-211 or yttrium-90 to treat a
synovial sarcoma flank tumour.?* The radiolabelled antibody targeting frizzled homolog
10 (FZD10) was given as a single dose of 0.46, 0.93 or 1.9 MBq intravenously and the
tumour volume and animal health monitored. The alpha therapy supressed the tumour
growth rate as early as one day post-injection, which was not seen with the beta therapy.
In addition, the alpha therapy resulted in a significant survival advantage compared to
the control with no evidence of radiotoxicity but did suffer from significant de-
astatination in vivo. Astatine-211 has shown success in small clinical trials using
intracavitary administration for relapsed ovarian and recurrent brain cancers.?> 26
Although these results are promising, obtaining high purity, clinical scale batches of
astatine-211 proves challenging for larger scale studies.!®- 2728

An alpha emitter that has gained significant interest in the past decade is actinium-
225 due to the release of four alpha particles during its decay to a stable daughter (Figure
1-1)." The 10 day half-life of the isotope allows suitable time for production,
radiolabelling and distribution of the radiopharmaceutical to clinical sites. Furthermore,
it 1s also compatible with antibody-based targeting molecules which typically have

longer circulation times.?
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Figure 1-1. Decay scheme of actinium-225." Reproduced with permission from
Springer Nature.

As early as 2003, Borchardt et al. demonstrated the RIT capabilities of actinium-
225 when conjugated to an anti-HER-2/neu antibody in a murine ovarian cancer
model.’® Mice administered three doses of [?*’Ac]Ac-trastuzumab (4.1 kBq) every 7
days had a median survival time of 124 days compared to 33 days for the control group.
More recently, Kelly et al. radiolabelled an albumin binding small molecule targeting
prostate specific membrane antigen (PSMA), which is overexpressed on many prostate
cancer tumours, with actinium-225 and evaluated the therapeutic efficacy in mice
bearing LNCaP tumours.! It was shown that a single dose of 74 or 148 kBq had a
significant anti-tumour response, however the tumour re-emerged in the lower dose
group 42 days post-treatment. At 72 days post-treatment, 6/7 of the high dose animals
were tumour free as confirmed by a PET/CT image, with starting tumour volumes as
large as 624-808 mm?.

In addition to preclinical work, there are a number of actinium-225 labelled
small molecules and antibodies in active clinical trials. PSMA-617, a small molecule
radiolabelled with actinium-225, has been investigated for the treatment of metastatic

castrate-resistant prostate cancer (mCRPC) by targeting PSMA .*? A pilot clinical study
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run by Sathekge et al. involved using a de-escalation dose across three treatments from
8 MBq to 6 or 4 MBq, at which point prostate serum antigen (PSA) levels were
measured, with a decrease representing response to the therapy.’> 33 After two to three
treatments, 82% of patients were able to achieve a greater than 90% decrease in serum
PSA levels and in 11/17 patients all lesions had resolved.*? In a separate clinical trial it
was found that [?>Ac]Ac-PSMA-617 can be used to treat mCRPC that does not respond
to the corresponding beta therapy, [!”’Lu]Lu-PSMA-617. It was found that after two
treatments with the beta therapy, PSA levels increased from 294 to 419 ng/mL despite
sufficient tumour uptake.** The therapy was then switched to [?*Ac]Ac-PSMA-617 and
the patient received three doses of 6.4 MBq every two months. After the three
treatments the patient showed complete remission and a PSA level <0.1 ng/mL,
however suffered severe xerostomia. This study, and data emerging from
neuroendocrine tumour-targeting radiopharmaceuticals, suggests that patients who are
refractory to beta therapy, with sufficient tracer uptake in the tumour, can be good
candidates for the analogous alpha therapy.* 3

In addition to small molecule targeted alpha therapies, a phase I clinical trial
recently opened using an actinium-225 labelled antibody (FPI-1434) that targets
insulin-like growth factor-1 receptor (IGF-1R) which is overexpressed on a variety of
solid tumours.!?3¢ In preclinical human colon cancer models, treatment with low doses
of [?2Ac]Ac-FPI-1434 (1.85 kBq) were shown to suppress tumour growth, whereas
higher doses of 7.4 and 14.8 kBq resulted in tumour regression.*® In addition to colon
cancer, single doses of [>2Ac]Ac-FPI-1434 were efficacious in both human prostate
and lung cancer xenografts demonstrating the versatility of this radioimmunoconjugate

for the treatment of solid tumours.
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Although the preclinical and clinical data are promising, there is concern moving to
commercialization due to the limited availability and high cost of the isotope.’’
Actinium-225 is the decay product of thorium-229, which is isolated from weapons
grade uranium-233. This provides a finite amount of approximately 1 Ci of actinium-
225 per year which cannot meet the global demand for clinical use.*® In order to increase
the amount of isotope produced annually, proton irradiation of thorium-232 and radium-
226 have been explored, resulting in high yields at lower costs. The biggest limitation
of thorium bombardment is the co-production of long lived actinium-227, 21.8 year
half-life, which cannot be chemically separated and poses disposal issues that could
hinder clinical applications.?®-3° The irradiation of radium-226 does not suffer from long
lived impurities, however precautions must be taken as gaseous radon-222, a radioactive
decay product with a 3.8 day half-life, is produced.’® 4? As these accelerator techniques
are refined and extraction from USA thorium-229 stocks continues, it is expected that
actinium-225 will be readily available to meet clinical demands of these next generation

radiopharmaceuticals.

1.3 Beta Emitting Radiopharmaceuticals

For many decades, beta emitting radiopharmaceuticals have been used clinically
for the treatment of a variety of solid and liquid tumours.*! One of the most well-known
radiopharmaceuticals is sodium iodide for the treatment of thyroid cancer. lodide is
naturally taken up in the thyroid through the sodium-iodide symporter (NIS), as it is
incorporated into many thyroid hormones.*? ['*'T|Nal is administered to the patient,
where it then accumulates in the thyroid and emits high energy beta particles which
destroy the thyroid cells. Unfortunately, the beta emissions are accompanied by high

energy gamma rays which can be harmful to individuals interacting with the patient and
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therefore the patient requires shielding or must be quarantined for a period of time to
ensure the safety of the public.*43

Yttrium-90, a pure beta emitter with a half-life of 64.1 hours, has been used
clinically since the FDA approval of TheraSphere®, radiolabelled glass microspheres,
in 1999.'- 46 Used as a treatment for unresectable hepatocellular carcinoma (HCC),
TheraSphere® studies have shown a one year survival rate of 62%. The survival rate is
on par for treatment with chemoembolization, however the post-treatment side effects
were mild for TheraSphere® relative to embolization.” The next yttrium-based
therapeutic to gain FDA approval was a radiolabelled antibody, Zevalin®, for the
treatment of non-Hodgkin’s Lymphoma (NHL) in 2002.*® Patients with complete or
partial response after first line therapy received a single dose of Zevalin® (14.8
MBg/kg), which increased progression free survival from 13.3 months in the control to
36.5 months.*’ Yttrium-90 therapies have shown impressive results in the clinic,
however there is a major limitation to the approach as there are no imageable emissions
that can be used to assess the biodistribution of the therapeutic.!! To circumvent this
issue, prior to administration of a yttrium-90 based radiopharmaceutical, an analogous
compound derived from an isotope that can be imaged such as technetium-99m or
indium-111 is administered in order to estimate dosimetry.’%>2

An alternative beta emitting isotope that has a 6.65 day half-life, and a gamma
emission suitable for single-photon emission computed tomography (SPECT) imaging
is lutetium-177. A recent push towards large scale production of no carrier added
lutetium-177 has provided access to higher specific activity material, which can be very

beneficial for radionuclide therapy.*® In 2018, Lutathera®, a lutetium-177 based peptide

receptor radionuclide therapy (PRRT) for the treatment of somatostatin receptor
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positive neuroendocrine tumours (NETSs), gained FDA approval.>3-¢ The therapy
utilizes no carrier added lutetium in order to produce a high specific activity
radiopharmaceutical.>® In addition to Lutathera®, an active phase II clinical trial for the
treatment of mCRPC using a lutetium-177 labelled PSMA targeted small molecule is
currently ongoing in North America based on promising results in European studies.’”
8 Based on clinical efficacy data, nuclear properties and commercial availability,
lutetium-177 1s an attractive therapeutic radionuclide from which to build next

generation targeted radiopharmaceuticals for the treatment of cancer.

1.4 Auger Emitting Radiopharmaceuticals

Although human studies of Auger emitting targeted radiopharmaceuticals have
been reported for over 20 years, they are less prominent in the clinic than alpha and beta
emitters.’® Auger electrons have a high LET, however they have low energy and a short
range in the body of nanometers to micrometers. The low range makes Auger electrons
ideal for irradiating near the nucleus or cell membrane, where a significant amount of
energy would be deposited in a small area with minimal damage to surrounding tissues
or cells. Due to the short range of the cytotoxic radiation, auger emitters achieve the

best results when linked to an internalizing vector.%°

1.5 Interaction of Charged Particles with Biological Tissue

Charged particles can interact with biological tissues in a variety of ways, with
the type and energy of the particle guiding the nature of the effect. Heavier particles,
such as alpha particles, deposit a large amount of energy over short distances while
following an almost linear path.’ Due to their size, collisions with much lighter electrons
do not disturb the path of alpha particles which continue to travel in a straight line

inducing multiple ionization events. This is in contrast to beta particles, which are much
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smaller and less energetic than alphas. Beta particles travel a non-linear path as
collisions with orbital electrons in the surrounding tissues result in significant
deflections from the initial trajectory.

As charged particles interact with the surrounding tissues, they can cause cell
death through damage of the DNA present in the nucleus.’ These ionization events are
quite different between alpha and beta particles as the former rely on direct damage,
whereas beta particles rely on indirect damage of DNA through the ionization of water.
Direct ionization events happen through the alpha particle colliding with DNA, causing
irreparable double stranded DNA breaks that are independent of hypoxia or cell cycle.
This is contrasted by beta particles, which cause ionization of water and other organic
molecules within the cell forming radicals such as hydroxyl, perhydroxyl and alkoxy
radicals. These radicals are highly reactive and can cause irreversible damage to the
DNA, such as single strand DNA damage, ultimately leading to impaired cell function

and/or cell death.

1.6 Immunogenic Cell Death

A difficult task in designing effective cancer therapies is overcoming the natural
or acquired immunosuppressant local environment that makes up many tumours.®'-%3
Due to the downregulation of antigenic molecules, dendritic cell dysfunction and the
presence of immunosuppressant cytokines in the tumour microenvironment, a patient’s
immune system may not be able to recognize and destroy cancer cells.® %> The aim of
many next generation cancer therapeutics is to “uncloak” the cancer cells, making them

visible to the immune system for destruction.®® This is a difficult task as not all cell

death pathways stimulate a strong immune response and many immunotherapies can



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

struggle with long term effectiveness as tumours can up/down regulate certain cytokines
rendering these therapies ineffective.®¢ ¢

To overcome some of these issues, radiation therapy can be employed to induce
cell death independently of cytokine regulation as it is an external stressor that does not
act directly on the immune system.®8”! When cancer cells are stressed by radiation they
can present or release danger associated molecular patterns (DAMPs) such as ATP and
HMBGB1.5” The DAMPs act on receptors that are expressed on dendritic cells which
leads to presentation of the tumour antigens to T-cells, eventually leading to tumour
specific T-cells and anti-tumour immunity.”? The so-called abscopal effect is rarely
reported, but has been documented when a lesion outside of the irradiated field
regresses.”® The effect was first documented in 1953, and there were only 46 reported
cases between 1969-2014.7% 7* Unfortunately, the prevalence of these immunity events
are limited, which might be due to the previously mentioned immunosuppressive

tumour microenvironment.”>: 76

1.7 Antibody Recruiting Small Molecule Therapies

In the last decade, advances in immunotherapy have had significant impact on
the treatment of cancer and revolutionized the field of oncology.”’-8! Unfortunately, the
leading therapies are only effective in specific types of cancer limiting the broad
applicability of the treatment. In certain instances, particularly for solid tumours, they
suffer from short term efficacy due to the development of tumour resistance, leading to
disease relapse.®?

An alternative form of immunotherapy, antibody-recruiting small molecules
(ARMs), take advantage of endogenous antibodies to recruit immune cells to the site of

disease leading to immune mediated destruction.?>*> ARMs have two main components

10
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(Figure 1-2): a target binding terminus (TBT), which interacts with the specific protein
or receptor on the target cell, and an antibody binding terminus (ABT), which interacts
with endogenous antibodies. The target cell, the ARM and the antibody make up a
ternary complex which recruits effector cells and promotes immune mediated clearance
(Figure 1-3). Having the ability to target specific tumour antigens and by leveraging the

patient’s own antibodies, this strategy is applicable to a wider variety of solid tumours
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than many traditional immunotherapies.

Figure 1-2. Schematic representation of an antibody recruiting small molecule that
contains a targeting vector to bind a tumour and an antigen (a 2,4-dinitrophenyl group)
for antibody recruitment.

There are two potential pathways for ARM stimulated clearance: complement
dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC).8¢
CDC is part of the innate immunity pathway, and involves a complement protein, Clq,
binding to the Fc region of the recruited antibody.®” When the C1q binds more than one
Fc region, the protein is activated through a conformational change which induces the
production of a serine protease initiating the classical complement cascade. ADCC on
the other hand involves the Fc region of the antibody binding to a Fc receptor on an
immune cell leading to destruction of the target cell. This type of process is similar to

that observed with therapeutic antibodies such as trastuzumab and rituximab.®?

11
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The initial approach to developing ARMs focused on a 2,4-dinitrophenyl (DNP)
hapten as the ABT and a targeting vector for tumour associated proteins such as
urokinase-type plasminogen activator receptor (uPAR), and PSMA.8% 348 Rullo et al.
screened a variety of compounds containing a DNP antigen and a targeting vector for
uPAR, a protein expressed on B16 melanoma tumours.?* A two-colour flow cytometry
antibody-dependent cellular phagocytosis (ADCP) assay showed dose-dependent
phagocytosis with the lead construct, with maximum efficacy reported at 100 nM. A
therapy study was performed in mice immunized to produce anti-DNP antibodies,
bearing a melanoma tumour. Daily administration of the lead construct at doses of 20
or 100 mg/kg resulted in a median survival between 27 and 37 days compared to 17.5
days for the control mice. In 2011, Dubrovska et al. used a DNP-functionalized PSMA
inhibitor to target human prostate cancer in a mouse with a fully humanized immune
system.®? Animals bearing a flank prostate cancer tumour were treated with 4 mg/kg of
the ligand three times per week for two weeks. The treatment group had a 4.8-fold
reduction in tumour growth rate compared to the control, and PSMA negative tumours
showed no susceptibility towards the treatment. These results are promising and support
the potential efficacy of ARMs, however no studies to our knowledge have been able

to generate an anti-tumour response.

12
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Figure 1-3. Schematic representation of a ternary complex consisting of a cancer cell,
a DNP-based ARM (the red diamond is the TBT) and an antibody. Once the ternary
complex forms, immune cells are recruited for ADCC of the cancer cell.

1.8 Combination Radiotherapy and Immunotherapy for Treatment
of Cancer

Recently, it has been shown that combination radiotherapy and immunotherapy
may be more efficacious than the corresponding monotherapies by working
synergistically to overcome the immunosuppressant environment in tumours,’6: 9093
Radiation therapy is known to induce immunogenic cell death, and when combined with
immunotherapies a potent anti-tumour response can be generated.’®%3 One example that
has shown success in phase I clinical trials, is the treatment of metastatic kidney cancer
with stereotactic body radiation therapy in combination with interleukin-2 (IL-2).%* IL-
2 is a cytokine that functions by promoting and modulating T-cell activity and
differentiation.®® Irradiating up to 6 metastatic lesions in combination with IL-2 therapy
was able to double the response rate with no significant increase in toxicity, compared
to the IL-2 monotherapy.®*

In addition, external beam radiation has been shown to sensitize previously
unresponsive tumours to immune checkpoint inhibitors, such as anti-CTLA-4, while
also sensitizing the distant, non-irradiated metastasis.’® In a phase I clinical trial, 58
patients with metastatic or unresectable melanoma were treated with immune
checkpoint blockade for CTLA-4 and PD-1, ipilimumab and nivolumab respectively,
and 9 patients were treated with additional radiation therapy.’” Improvement in response
was noted in 33% of the patients receiving immunotherapy and RT, compared to 23%
in the patients receiving only immunotherapy. Many of the reported clinical studies

have been performed in small groups of patients that have exhausted other therapy
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options. The results are encouraging, and larger clinical trials are active or recruiting in
order to further evaluate combination radiotherapy and immunotherapy.

Although combining external beam radiation and immunotherapy has shown
promise, only a small number of the lesions are irradiated. This poses a potential
limitation as metastatic lesions can express unique tumour antigens, therefore the
established T-cells may not be able to recognize metastases, which would persist.”®
Through changing the method of irradiation from external beam to TRT, it is more
likely that metastases will be irradiated, which could improve systemic disease control
and enhance long term immunity.

Despite the many examples of combination therapies using external beam
radiation, there are few studies with TRT. One such preclinical example is immune
checkpoint inhibitors (anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies) in tandem
with a beta emitting lutetium-177 radiopharmaceutical for treatment of melanoma. This
study showed a survival advantage of 6-7 days for the group that received checkpoint
and TRT and 1-5 days in the groups receiving checkpoint.”® A 2018 preclinical study
demonstrated the synergy of rituximab and a lutetium-labelled anti-CD37 antibody for
treatment of NHL. It was found that mice treated with TRT and rituximab had a median
survival of >222 days compared to 60 + 9, 40 £ 11, and 31 + 5 days for TRT, one or
four doses of rituximab respectively.!® The study was designed to show the strength of
the combination therapy by using suboptimal doses of each of the monotherapies. In
2015, Ménager et al. used combination alpha RIT with adoptive T-cell therapy (ACT)
in a preclinical multiple myeloma model.'”! On day 10 post tumour inoculation,
bismuth-213 labelled rat anti-mouse CD138 was administered followed 24 hours later

by ACT therapy. The combination of ACT and RIT significantly increased median
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survival to 31 days compared to 28, 28, and 27 days for control, RIT or ACT
monotherapies. This is relevant to the potential of combined TRT and immune
stimulating therapies because the improved response is likely due to the radiation acting
as an external stressor promoting tumour immunogenicity therefore increasing the
recognition of the tumour by the T-cell therapy.

Based on the handful of examples of immunotherapy in combination with TRT
and the plethora of data on combination external beam radiation studies, there is
mechanistic rationale for the potential benefit of combining TRT and ARMs. The two
components should work synergistically to cause direct tumour cell death while
stimulating the immune system resulting in a systemic anti-tumour response and
enhanced long term immunity to recurrence. Further, there is literature to support that
immune cells, such as macrophages, can be activated when they are irradiated therefore
it should be feasible to combine TRT and ARM therapy.'%%'% This can be achieved by

administering an ARM with a TRT or combining both components into one molecule.

1.9 Radiolabelled Antibody Recruiting Small Molecules (R-ARMy)

There is evidence that suggests that optimal effectiveness of combination
radiotherapy and immunotherapies is when both components are delivered
simultaneously.'® 1% This can be achieved by delivering both an ARM and a
radiopharmaceutical to the tumour, but would require the development of two unique
molecules with matched pharmacokinetic and mechanism of action profiles and
complicates administration. Alternatively, it is possible to develop an ARM that carries
aradionuclide; a radiolabelled antibody recruiting small molecule (R-ARM). A R-ARM
platform offers the means to observe whether continuous cell targeted irradiation in the

case with TRT, would better synergize with immune stimulation than external beam,
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which delivers the full radiation dose over a shorter period of time. If the construct is
designed correctly, it also allows for the comparison of how different types of radiation
(e.g. Auger, alpha and beta) synergize with immune recruiting therapies.

R-ARMs are not well represented in the literature, with only one example to our
knowledge. Genady and colleagues synthesized an iodinated-triazole, using the
glutamate-urea-lysine inhibitor for PSMA and a 2,4-dinitrophenyl group for antibody
recruitment.'%” The paper highlights the synergies between ARM therapy and TRT, such
as the low concentrations (uM) required to initiate cell death and immune stimulation.
They attempted to optimize linker length for both anti-DNP antibody recruitment and
PSMA binding which proved to be difficult. The probe that had the lowest 1Cso for
PSMA was unable to recruit the antibody, and the probe that was best able to recruit the
antibody had low uptake in the tumour. This article demonstrated a major issue
surrounding ARMs, in that it was very difficult to generate a single molecule that would
have high affinity for the target and the endogenous antibody while also having ideal
pharmacokinetics. Further, these molecules must be designed in a way where the
radioisotope is added in the final step which complicates the chemistry and requires
unique molecules be created for each new tumour antigen being targeted. To alleviate
these issues, research was initiated to develop a platform where the radiolabelled
antibody recruiting portion of the molecule is kept constant, while incorporating a
methodology for facile addition of a targeting vector through the use of bio-orthogonal

chemistry.
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Chapter 2 — A Versatile Platform for the Development of
Radiolabelled Antibody Recruiting Small Molecules

Disclaimer: Adapted with permission from Stephanie M. Rathmann, Afaf R. Genady,
Nancy Janzen, Varun Anipindi, Shannon Czorny, Anthony F. Rullo, John F. Valliant.
A Versatile Platform for the Development of Radiolabelled Antibody Recruiting Small
Molecules.

2.1 Abstract

Building on clinical case reports of the abscopal effect, there has been considerable
interest in the synergistic effects of radiation and immunotherapies for the treatment of
cancer. Here, we describe the first radiolabelled antibody-recruiting small molecule that
can chelate a variety of cytotoxic radionuclides as well as recruit endogenous
antibodies. The platform consists of a dinitrophenyl hapten to recruit endogenous
antibodies to elicit effector cell recruitment, a chelate capable of binding diagnostic and
therapeutic radiometals, and a tetrazine for bio-orthogonal coupling with trans-
cyclooctene modified targeting vectors. The dinitrophenyl-tetrazine ligand showed
dose-dependent antibody recruitment and internalization by effector cells in vitro and
delivery of the ['7’Lu]Lu-complex to sites of calcium accretion in vivo, which was

achieved using both active and pre-targeting strategies.

2.2 Introduction

Radiation therapy is the most widely used treatment for cancer with over 7 million
procedures performed globally each year.! There is growing evidence that radiation can
induce a beneficial immune response, notably increased effector CD8" T-cell function,
which can lead to the regression of distant non-irradiated metastases.>® The so-named

abscopal effect has been observed in a small subset of patients where studies are
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underway to better harness the therapeutic potential by combining external beam
radiation with immunotherapies including anti-PD-1 and anti-CTLA-4 antibodies.> > &
9-12

An alternative strategy to achieving a more robust immune response is to develop
targeted radionuclide-based therapies that simultaneously engage the adaptive immune
system.!3 The abscopal effect is thought to arise from radiation-induced transfer of
tumour specific antigens to dendritic cells which in turn enables T-cells to seek out
cancer cells at distant lesions.? The frequency of abscopal events could be enhanced by
molecules that deliver radiation to tumours and mark cells for antibody-dependant
cellular cytotoxicity (ADCC). Antibodies present on the surface of a tumour can bind
to innate immune cells, such as monocytes or natural killer cells, through the Fc portion
of the antibody. Once recruited to the tumour site, these innate immune cells are capable
of destroying antibody-tagged cells as well as pick up tumour antigens from the
radiation-damaged cells.

ADCC has been achieved through the use of antibody recruiting small molecules
(ARMs) which recruit endogenous (or exogenous) hapten specific antibodies to tumour
cells. Once the cell, ARM, and antibody form a ternary complex, the immune system is
stimulated and the cell destroyed through plasma complement proteins and activation
of effector cells (Figure 2-1).'* The traditional approach to create ARMs involves
conjugating a hapten, such as 2,4-dinitrophenyl (DNP), which has been shown to bind
endogenous anti-DNP antibodies,'*!” to a targeting molecule where notable examples
include ARMs against Prostate Specific Membrane Antigen (PSMA) and Urokinase
Plasminogen Activator Receptor (UPAR).!* 16 18 Rather than create unique ARMs for

each target, the aim was to develop a general purpose platform and the first
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radiolabelled-ARM (R-ARM) possessing a chelate to bind radiometals and a tetrazine
to allow for the high yielding and bio-orthogonal inverse electron-demand Diels-Alder
(IEDDA) ligation to a wide range of trans-cyclooctene (TCO)-derived targeting
molecules. This platform offers the hitherto unknown opportunity to compare the
efficacy of monotherapies (ADCC versus radionuclide therapy) administered alone or

sequentially and to simultaneously combine these therapies using a single construct.
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Figure 2-1. Schematic representation of a radiolabelled-antibody recruiting small
molecule (R-ARM) platform engaged in immune cell recruitment. 1) Binding of
a trans-cyclooctene functionalized targeting vector to a tumour cell 2) Coupling of a
separately administered radiolabelled tetrazine derivative containing a dinitrophenyl
hapten 3) Recruitment of anti-DNP antibodies which in turn 4) attracts effector cells
leading to antibody dependent cellular cytotoxicity.

2.3 Results and Discussion

The design of the lead construct involves three key components; a dinitrophenyl
(DNP) group for antibody recruiting, a 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraaceticacid (DOTA) chelate for radiolabelling with radiometals and a tetrazine,
which acts as a site for functionalization with a TCO-targeting vector. The synthesis of
the target, compound 7, involved coupling 1-chloro-2,4-dinitrobenzene to a

decaethylene glycol (PEG-10) linker. The linker size was selected based on literature
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data on the minimum distance required between the cell binding and DNP termini to
allow for antibody recruiting and formation of ternary complexes.'® To link the DNP
antigen and the tetrazine, our first strategy involved coupling the previously reported
tetrazine, 1'°, to Fmoc-Lys(Boc)-OH to produce 2a in 85% yield (Scheme 2-1).
Traditional deprotection of Fmoc with piperidine was not successful as piperidine
caused decomposition of the tetrazine. However, the Fmoc-deprotection was done using
diethylamine to produce 2b in 35% yield. Attempts to conjugate 2b with the DNP
derivative 3, prepared separately, or its NHS active ester, 4, were not successful. As an
alternative route to build the desired construct, we tried to couple Boc-Lys(Boc)-OH to
4 but the free amino group of the lysine was not reactive enough to form the desired
adduct. Finally, the target compound was synthesized following the pathway shown in
Scheme 2-2. The DNP derivative 4 was coupled to the free amino group of Boc-(L)-
Lys-OH. Compound S was coupled to 1 using PyBOP where 6 was obtained in modest
yield (44%). Deprotection of the Boc analogue with TFA was successful and the
product readily coupled to the activated chelate (i.e. a DOTA-NHS-ester), to give
compound 7, which was isolated in 57% yield. The DOTA-like chelate was selected as
it can be labelled with a range of different radiometals including lutetium-177, which is
a beta and gamma emitter that is currently used to treat a variety of tumour types

including prostate and neuroendocrine.?% 2!
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Scheme 2-1 . a) Fmoc-Lys(Boc)-OH, PyBOP, DIPEA, DMF, RT; b) DEA, RT. Fmoc
= Fluorenylmethyloxycarbonyl, PyBOP = (benzotriazol-1-
yloxy)tripyrrolidinophosphonium  hexafluorophosphate, DIPEA = N,N-
diisopropylethylamine, DMF = dimethylformamide, DEA = Diethylamine.
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Scheme 2-2. a) 1-Chloro-2,4-dinitrobenzene, TEA, ethanol 80 °C; b) NHS, EDC,
DCM; ¢) Boc-(L)-Lys-OH, DIPEA, DCM-ACN; d) 1'°, PyBOP, DIPEA, DMF; e) i.
TFA, DCM, ii. DOTA-NHS-ester, DMF. TEA = triethylamine, NHS = N-
hydroxysuccinimide, EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, DCM =
dichloromethane, Boc = fert-butyloxycarbonyl, DIPEA = N, N-diisopropylethylamine,
ACN = acetonitrile, PyBOP = (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate, DMF = dimethylformamide, TFA = trifluoroacetic acid.

The next step was to screen 7 for its ability to bind anti-DNP antibodies, which is
necessary to elicit an immune response in vivo. In addition, compound 9 (Figure 2-2)
was screened to ensure that the DNP-antigen retains the ability to recruit anti-DNP
antibodies after the IEDDA reaction of the tetrazine with a TCO-vector. Due to the
radioactive nature of the target compound, preliminary screening studies were
performed using 7 to prevent contamination of the instrumentation. The initial assay
was a competitive colorimetric enzyme-linked immunosorbent assay (ELISA) with an
alkaline phosphatase (AP) functionalized anti-DNP antibody (anti-DNP-AP).?2
Following an established procedure, DNP functionalized bovine serum albumin (BSA)
was coated on an ELISA plate followed by the addition of anti-DNP-AP and compound
7 or 9 where dinitrophenol was used as a positive control. The results (Figure 2-2, A)

show the average absorbance of 4 conditions; 1) no ligand competitor, ii) 7.5 nmol 7,
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i1i1) 7.5 nmol 9, iv) 7.5 nmol dinitrophenol. When the ELISA was performed with no
ligand, a high absorbance of approximately 1.0 was seen which is due to the antibody
interacting with the DNP-BSA on the plate. In both ii) and iii) the competitors (7 and
9) were able to interact with the antibody in solution, preventing it from binding to the
DNP-BSA on the plate which resulted in a lower absorbance signal of approximately
0.1. The final condition was 7.5 nmol DNP, which acted as a positive control with a
slightly higher absorbance value of 0.5 that indicated some antibody was still bound to
the DNP-BSA on the plate. The difference in binding between 1ii), iii) and iv) is likely
due to the aniline-type backbone of 7 and 9, which has been reported to have a higher
affinity for anti-DNP antibodies compared to phenols, where the average intrinsic
association constant (Ko) values for 2,4-dinitroaniline and 2,4-dinitrophenol are 22 nM~

"'and 2.7 nM! respectively.??
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Figure 2-2. ELISA based antibody recruitment, flow cytometry-derived antibody
recruitment and ligand mediated phagocytosis assay results. Data from: A) an ELISA
assay measuring dose dependent recruitment of anti-DNP antibodies by 7; absorbance
at 405 nm: 1) ligand free control (0 nmol 7) i1) 7.5 nmol 7, ii1) 7.5 nmol 9, iv) 7.5 nmol
2,4-dinitrophenol. B) Bar graph showing the dose-dependent antibody recruitment of
AF-488 (anti-DNP Alexa-Fluor 488) with streptavidin beads pre-treated with 7 (Al =
auto-inhibition). C) Flow cytometry derived histogram representing the dose-dependent
antibody recruitment of AF-488 with streptavidin beads pre-treated with 7. D) Bar graph

29



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

showing the extent of antibody-dependent cellular phagocytosis and dose-dependent
internalization of beads modified with 7 by U937 monocytes (ARM-Tz = 7).

The ability to form a ternary complex was assessed further by flow cytometry.'3
Streptavidin coated microspheres were treated with a commercially available TCO-
derivative of biotin, which was subsequently combined with the DNP-functionalized
tetrazine 7 and an anti-DNP antibody labelled with Alexa Fluor 488 (AF-488). Flow
cytometry showed that as the amount of antibody was increased, the mean fluorescence
intensity (MFI) of the microsphere population increased in a dose dependent manner,
which is consistent with ternary complex formation (Figure 2-2, B). In the absence of
7, the measured signal was comparable to background indicating there was no ternary
complex formation and minimal non-specific binding of the antibody to the biotin-TCO
modified beads. Consistent with the proposed mechanism, ternary complex formation
could be suppressed through auto-inhibition (Al) via the addition of excess 7.

The ability of 7 to not only promote anti-DNP recruitment but to also direct immune
effector cell function was tested using an antibody dependent cellular-phagocytosis
(ADCP) assay employing U937 monocytes. Antibody-dependent phagocytosis by the
monocytes was assessed by flow cytometry where single live U937 cells and
microspheres were gated and the Vybrant DiD, AF-488 double positive events were
identified to calculate the phagocytosis efficiency. In order to determine the optimal
bead to effector cell ratio, a preliminary experiment was performed testing three ratios
1:1, 1:4, and 1:8 ratio respectively. Prior to the addition of antibody or effector cells,
the beads were incubated with an excess of both biotin-TCO and ARM to ensure the
beads were fully saturated. The percent phagocytosis of the beads were 26%, 57% and
65% for 1:1, 1:4 and 1:8 ratio of beads to effector cells respectively. Two controls were

performed with no antibody and no ARM, in the presence of 1:4 ratio of beads to
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effector cells, resulting in a percent phagocytosis of 0.7 and 28% respectively where the
latter is likely due to non-specific phagocytosis by the activated macrophages. Based
on the results of this experiment, the remaining ADCP experiments were performed
with a bead to effector cell ratio of 1:4 as the results were significantly different relative
to the controls and a further increase in the number of effector cells did not result in a
large increase in phagocytosis.

Fluorescent streptavidin microspheres were subsequently coated with TCO-biotin
and incubated with varying concentrations of 7 (1-5000 nM), along with a human anti-
DNP antibody and U937 monocytes at 37°C for 1 hour. The results (Figure 2-2, C, D)
are consistent with a concentration-dependent increase in phagocytosis, which appears
to plateau at approximately 100 nM of 7, likely due to saturation of the available TCO-
groups on the microspheres. As expected, phagocytosis was not observed in the absence
of 7 or anti-DNP antibody, and was reduced by approximately 9% when experiments
were performed at 4°C.

The use of a DOTA chelate provides the opportunity to label 7 with diagnostic and
therapeutic radionuclides. The former can be used to assess the ability of candidate
compounds to bind specific targets, assess pharmacokinetics using non-invasive
imaging and quantitative tissue counting, while therapeutic isotopes can be used to
deliver ionizing radiation as a second and complementary kill mechanism to ADCC.
For these initial studies, radiolabelling was achieved by combining compound 7 (48
nmol) with ['7"Lu]LuCls in 0.2 M NH4OAc at pH 5.5 and heating at 60°C for 5 min.
The product, 8, was purified by HPLC and C18 SPE, where the latter was used to
remove TFA and salts. The SPE fraction containing the product was diluted with sterile

i1sotonic saline ready for use in biological studies. Isolated radiochemical yields ranged
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from 51-54% while the radiochemical purity of the isolated product was consistently
96-99% (Figure 2-3). The radiolabelled product was stable in solution overnight (19 h)

and had a specific activity of 158-377 MBq mg™".
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Figure 2-3. Structures of compounds 8-10 and the gamma HPLC radiochromatogram
of compound 8 (see supporting information for additional details).

Before assessing the targeting capabilities of the platform, the distribution and
pharmacokinetics of 8 alone were determined in normal mice as a basis of comparison.
At 1, 4 and 24 hours post-injection, compound 8 showed predominately renal clearance,
which is consistent with the measured Log P (-1.9). By one hour post-injection, the
radioactivity had cleared most tissues with a small amount (3.14 £ 0.05 %ID g)
remaining in the kidneys which decreased further by 24 hours (1.38 £ 0.16 %ID g!).
Based on the rapid renal clearance and minimal non-specific binding, the

pharmacokinetics were nearly ideal for both active and pre-targeting strategies.
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To demonstrate 8 can be targeted, a TCO-functionalized bisphosphonate (TCO-
BP) was used as a proof of concept.?* Bisphosphonates accumulate in areas of high bone
turnover where radiolabelled derivatives, such as [*™Tc¢]Tc-MDP are used for imaging
bone metastases.?> 26 Furthermore, calcium accretion is an attractive target to screen
novel tetrazines because experiments can be done in normal mice using uptake in joints
(shoulders and knees) as an indicator of effective targeting.?” The first study employed
an active targeting strategy that involved combining 8 and TCO-BP to form 10 before
injection (Figure 2-3). The conjugate consistently showed around 9 and 15 %ID g in
the shoulder and knee respectively at 1, 4 and 24 hours post-injection (2-4, A). The bone
uptake confirmed the ability of the bisphosphonate to direct the radiolabelled DNP
derivative, as bone uptake was minimal in the biodistribution study of 8. However,
compound 10 did show significant accumulation in the lungs, notably 171.26 +
15.04 %ID g! at 1 hr, which decreased to 128.27 + 24.45 and 47.57 = 3.93 %ID g! at
4 and 24 hours respectively. Other non-target uptake included the spleen and liver,
having 14.91 £ 0.85 and 6.81 £ 0.23 %ID g at 24 hours respectively suggesting the
possible formation of a particulate that was not observed with the ligand alone.?®
Unfortunately attempts to filter the product prior to injection were not successful as
nearly 100% of the activity for both 8 and 10 stuck to the filter.

In an attempt to address the unwanted uptake in the lungs and other non-target
tissues, the pre-targeting capabilities of the TCO-tetrazine pair were exploited. Mice
were injected with 20 mg kg™! of TCO-BP, which was allowed to circulate for 1 hour,
followed by 8. Mice were sacrificed at 1, 4 and 24 hours and tissues and fluids counted
(2-4, B). The results showed a substantial decrease in lung uptake compared to active

targeting results, having only 1.65 = 0.38 %ID g'! in the lungs at 24 hours. Pre-targeting
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also showed good uptake in the shoulder (6.95 £ 1.00 %ID g at 24 hours) and the knee
(9.99 £ 1.24 %ID g at 24 hours) which were within 5 %ID g™ of the values observed
for active targeting. In order to validate the results that were seen in the biodistribution
studies, a SPECT imaging study was performed using both active and pre-targeting
strategies. The two SPECT/CT images (Figure 2-5) are set to the same threshold, and
mice were injected with similar amounts of radioactivity and imaged after 24 hours.
The images are consistent with the biodistribution studies in that the off-target uptake
in the lungs using the active targeting strategy was reduced significantly through the
use of the pre-targeting. This result emphasized the versatility of the R-ARM platform
in that if active targeting results in off-target uptake that is detrimental to achieving a
positive therapeutic window, a pre-targeting strategy, taking advantage of the bio-

orthogonal click reaction, can be employed.
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Figure 2-4. A) Biodistribution data for 10 administered to Balb/c mice (n =3 at 1 and
24 hours, n = 2 at 4 hours). Data at the time points indicated are expressed as the mean
percent injected dose per gram (%ID g') £ SEM; B) Biodistribution data for a pre-
targeting study where 20 mg kg! of TCO-BP was administered to Balb/c mice (n = 3
per time point) 1 h prior to 8. Tissues were collected at 1, 4 and 24 h post administration
of the labelled compound. Data are expressed as the mean percent injected dose per
gram (%ID g!) = SEM.
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Figure 2-5. A) SPECT/CT image at 24 hours post-injection data for compound 10
administered to a Balb/c mouse. The image shows significant the lung uptake (red
colour). B) SPECT/CT image at 24 hours post-injection for a pre-targeting study where
20 mg kg'! of TCO-BP was administered to a Balb/c mouse 1 hour prior to compound
8. The arrows indicate site of uptake in the skeleton (knees and skull). Images were set
to the same intensity threshold.

2.4 Conclusion

A radiolabelled-antibody recruiting molecule that can be rapidly and selectively
coupled to targeting vectors using bio-orthogonal chemistry was created. Compound 7
showed dose dependant antibody and human monocyte recruitment via antibody
dependent cellular phagocytosis. High yielding radiolabelling with lutetium-177, a
clinically relevant therapeutic radionuclide, was achieved and attractive
pharmacokinetic properties observed in mice. The ability to use different targeting
strategies with 8 was demonstrated and included both active and pre-targeting
approaches with a TCO-bisphosphonate vector. The pre-targeting approach was able to
significantly reduce the high lung uptake which was observed with active targeting. The
versatility of the tetrazine was leveraged through reactions with both TCO-biotin and
TCO-BP for in vitro and in vivo work respectively, demonstrating the wide potential of
this platform. Due to the high lung uptake seen with active targeting and the rapid
internalization of the TCO-BP, the presented bone target could not be used for therapy.

The described work outlines how the platform could be used to explore targeting tumour
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biomarkers through establishing a TCO-targeting vector with minimal internalization

and ideal pharmacokinetics.

2.5 Experimental Section

2.5.1 Chemistry: Materials and Instrumentation

Chemicals and reagents for synthesis were purchased from Sigma-Aldrich, Conjuprobe,
ChemPep and Macrocyclics and used without further purification. Flash
chromatography on silica gel was performed using SiliCycle Silica. Biological reagents
from multiple sources were used and are listed in the text below. Compound 5 was
prepared following a literature procedure.'” 'H and '*C NMR spectra were measured on
a Bruker Avance AV-600 spectrometer ('"H = 600.13 MHz, '3C = 150.90 MHz) where
chemical shifts are expressed in ppm (¢ units), and coupling constants are reported in
Hz. HRMS data were obtained using a Waters Micromass Global Ultima Q-TOF in ESI
mode. High-performance liquid chromatography (analytical and semi-preparative) were
performed on a Waters 1525 Binary HPLC system connected to a Bioscan y-detector
and a 2998 photodiode array detector monitoring at 254 nm or a Waters 2545 binary
gradient model, 2998 photodiode array equipped with a 2767 sample manager. For
analytical runs, a Waters X-Bridge column (5 um, 4.6 x 100 mm, C18) or a Waters
Xselect (5 pm, 4.6 x 50 mm, CSH C18) were used, at a flow rate of 1.0 mL/min. For
semi-preparative HPLC, a Waters X-Bridge column (5 pum, 10.0 x 100 mm, C18) was
used, at a flow rate of 4.0 mL/min. The elution method for HPLC procedures were:
Method A: Solvent A =0.1% v/v trifluoroacetic acid (TFA) in water; Solvent B=0.1%
v/v TFA in acetonitrile: gradient elution, 95-26% A (0-14 min) and Method B: Solvent
A = 0.1% v/v formic acid (FA) in water; Solvent B = 0.1% v/v FA in acetonitrile:

gradient elution, 90-10% A (1-10 min). '7"Lu was produced by the McMaster Nuclear
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Reactor (MNR, Hamilton, Ontario) using the '7°Lu (p,y) reaction and was provided as

a solution of ['”’Lu]LuCl; in 0.01M HCI.

2.5.2 (9H-fluoren-9-yl)methyl zert-butyl (1,5,43-trioxo-1-((6-(6-(pyridin-2-yl)-
1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)-9,12,15,18,21,24,27,30,33,36,39-
undecaoxa-6,42-diazaoctatetracontane-44,48-diyl)dicarbamate (2a)

N,N-Diisopropylethylamine (100 pL, 0.430 mmol) was added to a mixture of 1 (30 mg,
0.034 mmol), FMOC-Lys(Boc)-OH (16 mg, 0.034 mmol), and (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (21 mg, 0.047 mmol) in
DMF (2 mL). The reaction mixture was stirred at room temperature for 24 h. The
solvent was evaporated under reduced pressure and the product purified by column
chromatography on silica using a gradient of MeOH in DCM (0-10%) giving 2a as a
pink powder (38 mg, 85%). '"H NMR (CDCls, 600 MHz): § 9.80 (bs, 1H), 9.05 (b, 1H),
8.96 (d, /= 6Hz, 1H), 8.71 (t, 2H, J= 12 Hz, 2H), 8.62 (dd, J = 6, 3Hz, 1H), 8.01 (t, J
= 12Hz, 1H), 7.71 (d, J = 6Hz, 3H), 7.60-7.54 (m, 3H), 7.36 (d, J = 6Hz, 2H), 7.34—
7.24 (bs, 7TH), 5.88-5.73 (m, 2H), 4.75 (bs, 1H), 4.36-4.31 (m, 2H), 4.16 (t, J = 6Hz,
2H), 3.60-3.54 (m, 32H), 3.43 (bs, 5H), 3.06 (bs, 2H), 2.55 (t, J = 6Hz, 2H), 2.38 (t,
J = 6Hz, 2H), 2.07 (m, 2H), 1.80 (bs, 1H), 1.65 (m, 1H), 1.48-1.33 (m, 15 H) ppm. 13C
NMR (150 MHz, CDCls): 6 174.2, 172.8, 172.5, 162.3, 163.1, 160.1, 159.8, 156.3,
150.6, 149.8, 143.8, 143.2, 141.7, 141.3, 139.1, 138.0, 127.7, 127.2, 127.1, 126.8,
125.4, 125.1, 124.6, 120.0, 116.4, 114.5, 70.3, 70.2, 70.0, 70.0, 69.7, 66.9, 54.9, 47.1,
40.1, 39.5, 39.4, 36.0, 35.0, 32.4, 29.5, 28.4, 22.5, 21.4 ppm. HRMS (ESI, m/z): Calcd

for Cs7HosN 11013 ((M+H]"): 1342.6935, Found: 1342.6906.
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2.5.3 tert-butyl (44-amino-1,5,43-trioxo-1-((6-(6-(pyridin-2-yl)-1,2.,4,5-tetrazin-
3-yl)pyridin-3-yl)amino)-9,12,15,18,21,24,27,30,33,36,39-undecaoxa-6,42-
diazaoctatetracontan-48-yl)carbamate (2b)

Compound 2a (0.030 g, 0.0224 mmol) was dissolved in DCM (2 mL). Diethylamine
(200 pL) was diluted with DCM (1 mL) and added dropwise to the previous solution.
The reaction mixture was stirred at RT for 2h. The resulting solution was concentrated
under reduced pressure and the product was purified by column chromatography on
silica using a gradient of MeOH in DCM (0-20%) to give 2b as a pink oily solid (9 mg,

35%). MS (ESI, m/z): Caled for Cs;HssN 11016 ([M+H]): 1120.4.

2.54 1-((2,4-dinitrophenyl)amino)-3,6,9,12,15,18,21,24,27,30-
decaoxatritriacontan-33-oic acid (3)

To a solution of a-amine-w-propionic acid decaethylene glycol (0.202 g, 0.381 mmol)
in 3 mL of ethanol, was added 1-chloro-2,4-dinitrobenzene (0.084 g, 0.415 mmol) and
triethylamine (0.105 mL, 0.755 mmol). The reaction was heated to reflux overnight with
stirring. The reaction mixture was concentrated and the desired compound isolated by
column chromatography (1-10% MeOH:DCM) to give compound 3 as a yellow oil
(0.219 g, 83%). '"H NMR (CDCls, 600 MHz) 9.11 (d, J = 2.6 Hz, 1H), 8.79 (bs, 1H),
8.25(dd, J=9.5, 2.5 Hz, 1H), 6.96 (d, J=9.6 Hz, 1H), 3.82 (t,J= 5.3 Hz, 2H), 3.75 (t,
J=6.1Hz, 2H), 3.68 (m, 4H), 3.62 (m, 38H), 2.58 (t,J= 5.9 Hz, 2H). *C NMR (CDCl;,
150 MHz) 174.05, 148.46, 136.05, 130.51, 130.25, 124.29, 114.17, 70.77, 70.63, 70.60,
70.54, 70.52, 70.47, 70.28, 68.60, 66.62, 43.26, 35.03. HRMS (ESI): Calcd for

C29H49N3016 [M-H]" m/z 694.3040, found 694.3045.
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2.5.5 2,5-dioxopyrrolidin-1-yl 1-((2,4-dinitrophenyl)amino)-
3,6,9,12,15,18,21,24,27,30-decaoxatritriacontan-33-oate (4)

To a solution of 3 (0.219 g, 0.381 mmol) in 2.5 mL DCM was added EDC-HCI (0.102
g, 0.533 mmol) and NHS (0.0614 g, 0.533 mmol), and the solution stirred at room
temperature overnight. The reaction mixture was concentrated and the desired
compound isolated by column chromatography (5% MeOH:DCM) to isolate compound
4 as a yellow oil (0.209 g, 69%). 'H NMR (CDCls, 600 MHz) 9.13 (d, J = 2.6 Hz, 1H),
8.79 (bs, 1H), 8.26 (dd, J = 9.5, 2.5 Hz, 1H), 6.96 (d, J = 9.6 Hz, 1H), 3.84 (m, 4H),
3.69 (m, 5H), 3.60 (m, 38H), 2.90 (t, J = 5.3 Hz, 2H), 2.83 (bs, 4H). 3C NMR (CDCl3,
150 MHz) 168.96, 166.73, 148.45, 136.10, 130.54, 130.27, 124.33, 114.11, 70.79,
70.72, 70.70, 70.64, 70.57, 68.62, 65.73, 43.29, 32.17, 25.59. HRMS (ESI): Calcd for

C33Hs52N4O13 [M+NH4]" m/z 810.3615, found 810.3624.

2.5.6 2,5-dioxopyrrolidin-1-yl 1-((2,4-dinitrophenyl)amino)-
3,6,9,12,15,18,21,24,27,30-decaoxatritriacontan-33-oate 39-((tert-
butoxycarbonyl)amino)-1-((2,4-dinitrophenyl)amino)-33-oxo-
3,6,9,12,15,18,21,24,27,30-decaoxa-34-azatetracontan-40-oate (5)

To a solution of 4 (0.200 g, 0.252 mmol) was added Boc-Lys-OH (0.081 g, 0.328 mmol)
in2:1 v/'v ACN/DCM (3 mL), and then DIPEA (0.131 mL, 0.757 mmol) and the mixture
stirred at room temperature for 48 h. The resulting solution was concentrated under
reduced pressure and the desired compound was isolated by column chromatography
(0-15% MeOH:DCM 1%TEA) as a yellow oil (0.199 g, 85%). '"H NMR (CDCls, 600
MHz): 6 9.13 (d, J=2.6 Hz, 1H), 8.79 (bs, 1H), 8.26 (dd, /= 9.7, 2.6 Hz, 1H), 6.96 (d,
J=9.7Hz, 1H), 6.79 (bs, 1H) 5.33 (m, 1H), 4.23 (m, 1H), 3.83-3.63 (m, 45H), 3.22 (q,
J=6.7 Hz, 2H), 2.46 (t, J = 5.6 Hz, 2H), 1.82 (m, 1H), 1.73 (m, 1H), 1.51 (m, 2H),
1.51-1.42 (m, 12H) ppm. *C NMR (CDCls, 150 MHz) 174.40, 172.29, 155.61, 148.45,

136.06, 130.1, 130.25, 124.28, 114.17, 79.65, 70.74, 70.64, 70.62, 70.48, 70.36, 70.24,
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70.12, 68.61, 67.24, 53.65, 53.25, 43.27, 41.92, 38.96, 36.74, 32.00, 28.89, 28.38,
25.44, 22.24, 11.88. HRMS (ESI): Calcd for Cs0HeoNsO19 [M+Na]" m/z 946.4484,

found 946.4515.

2.5.7 tert-butyl (1-((2,4-dinitrophenyl)amino)-33,40,78,82-tetraoxo-82-((6-(6-
(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)-
3,6,9,12,15,18,21,24,27,30,44,47,50,53,56,59,62,65,68,71,74-henicosaoxa-34,41,77-
triazadooctacontan-39-yl)carbamate (6)

N,N-Diisopropylethylamine (0.150 mL, 0.646 mmol) was added to a stirring mixture of
5 (573 mg, 0.065 mmol), 1 (60.0 mg, 0.065 mmol), and (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (40 mg, 0.090 mmol) in
DMF (2 mL). After 24 h at RT, the reaction mixture was concentrated and the desired
compound isolated by column chromatography (5-15% MeOH:DCM) giving 6 as an
orange oil (51 mg, 44%). '"H NMR (CDCl3, 600 MHz): § 9.86 (bs, 1H, NH), 9.12 (m,
2H, CH), 9.00 (d, J = 6 Hz, 1H, CH), 8.75 (m, 2H, CH), 8.65 (m, 1H, CH), 8.26 (dd, J
=8, 6 Hz, 1H, CH), 8.07 (m, 1H, NH), 7.63 (m, 1H, NH), 7.20 (bs, 1H, NH), 7.11 (bs,
1H, NH), 6.96 (d, J= 18 Hz, 1H, CH), 5.52 (bs, 1H, NH), 4.04 (bs, 1H, CH), 3.82 (t, J
=6 Hz, 2H, CH), 3.71-3.58 (m, 76H, CH), 3.52 (m, 2H, CH), 3.44 (m, 4H, CH), 3.22
(m, 2H, CH), 2.60 (t,J = 6 Hz, 2H, CH), 2.53 (m, 2H, CH), 2.41 (t, J = 6 Hz, 2H, CH),
2.08 (m, 2H, CH), 1.77 (m, 1H, CH), 1.62 (m, 1H, CH), 1.51 (m, 2H, CH), 1.42-1.35
(m, 11H, CH) ppm; '*C NMR (150 MHz, CDCl5): § 174.4, 173.3, 172.9, 163.2, 163.0,
159.9, 159.6, 155.8, 150.5, 149.6, 148.4, 142.9, 141.4, 139.2, 138.3, 130.3, 127.5,
126.9, 125.5,124.7, 124.3, 116.3, 114.4, 114.1, 70.7, 70.6, 70.4, 70.3, 70.2, 70.1, 70.0,
69.7,69.6, 68.6,67.0, 54.6,43.2,39.5,39.3,39.1, 36.1, 36.0, 35.0, 32.0,29.7, 28.7, 28.3,
22.6,21.4 ppm; HRMS (ESI): Calcd for CsiH132N14031 [M+2H]*" m/z 899.4664, found

899.4665.
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2.5.8 2,2'2"-(10-(4-(1-((2,4-dinitrophenyl)amino)-33-oxo-
3,6,9,12,15,18,21,24,27,30-decaoxa-34-azaoctatriacontan-38-yl)-2,5,43,47-
tetraoxo-47-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)-
9,12,15,18,21,24,27,30,33,36,39-undecaoxa-3,6,42-triazaheptatetracontyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (7)

Compound 6 (30.0 mg, 0.017 mmol) was stirred for 30 min at room temperature in a
mixture of TFA (1 mL) and DCM (2 mL). After evaporation, the residue was dissolved
indry DCM (2 mL), NHS-DOTA (15.0 mg, 0.020 mmol) and triethylamine (0.040 mL,
0.27 mmol) were added and the mixture was stirred for 12 h. After evaporation, the
residue was dissolved in water and purified by semi-preparative HPLC. After
lyophilization, 7 (21 mg, 57%) was obtained as a waxy orange solid. "H NMR (CD3;OD,
600 MHz): 6 9.06 (d, J=4 Hz, 1H, CH), 8.95 (d, /=6, 1H, CH), 8.86 (d, /=6 Hz, 1H,
CH), 8.79 (d, J= 6 Hz, 1H, CH),8.74 (d, /= 6 Hz, 1H, CH), 8.44 (dd, /=8, 6 Hz, 1H,
CH), 8.23 (m, 2H, CH), 7.78 (t,J = 6 Hz, 1H, CH), 7.15 (d, J = 12 Hz, 1H, CH), 4.19
(bs, 2H, CH), 3.74 (t, J = 6 Hz, 3H, CH), 3.65-3.53 (m, 108H, CH), 3.49 (m, 6H, CH),
3.32 (m, 8H, CH), 3.24 (m, 4H, CH), 3.18 (m, 4H, CH), 2.48 (t, /=6 Hz, 2H, CH), 2.36
(m, 2H, CH), 2.27 (t, J= 6 Hz, 2H, CH), 1.98 (m, 3H, CH), 1.87 (m, 1H, CH), 1.73 (m,
1H, CH), 1.61-1.44 (m, 3H, CH), 1.33-1.21 (m, 5H, CH) ppm; *C NMR (150 MHz,
CDsOD): 6 175.4,174.5,174.0, 164.3, 164.2, 150.7, 150.3, 150.0, 142.3, 141.0, 140.7,
137.1,131.2,129.0, 128.8, 126.7, 126.1, 124.9, 116.4,71.6, 71.5,71.4,71.3,71.2, 70.6,
70.0, 68.3, 48.1, 44.1, 40.4, 40.3, 40.1, 37.7, 36.9, 36.1, 30.2, 27.3, 24.1, 22.6 ppm,

HRMS (ESI): Caled for CoxHi50N138036 [M+2H]?>" m/z 1042.5303, found 1042.5347.

2.5.9 Biology: Materials and Instrumentation

Antibodies and reagents were purchased from Sigma-Aldrich, Life Technologies,
ThermoFisher, Bethyl Laboratories, Polysciences Inc, Acro Biosystems and

Conjuprobe and used without further purification. ELISA absorbance measurements
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were performed with a Tecan infinite M1000 plate reader. Flow Cytometry was

performed using a BD LSRII™ flow cytometer (BD Biosciences, USA).

2.5.10 ELISA
A competition ELISA similar to that described by Huang et al. was conducted.?

Briefly, 1 mg/mL DNP-BSA (Life Technologies, A23018) in sterile PBS
(ThermoFisher, 10010023) was diluted 1/1000 with coating buffer (Bethyl
Laboratories, E107) and transferred (100 uL) to a 96 well plate. Following a 1 h
incubation at room temperature, the wells were washed three times with 200 pL of
ELISA Wash buffer (Bethyl Laboratories, E106). ELISA blocking buffer (Bethyl
Laboratories, E104) was then added to each well (200 pL) and left to incubate at room
temperature for 0.5 h. The plate was washed three times with ELISA wash buffer (200
uL/well) before the addition of 100 puL of either 2,4-dinitrophenol (Sigma-Aldrich,
D19850; range 0.3125 nmol — 40 nmol per well), 7 (7.5 nmol per well), 10 (7.5 nmol
per well) in sample diluent (ELISA Blocking buffer + 0.05% Tween 20) or sample
diluent alone followed by 100 pL of anti-DNP-AP (Sigma-Aldrich, A2831; 64 ng/mL).
Following a 1 h incubation at room temperature, the plate was washed three times with
ELISA wash Buffer (200 pL/well). To each well, 100 uL of PNPP substrate was added
and the plate incubated in the dark at room temperature for 0.5 h. To quench the
reaction, 50 pL. of 2 M NaOH was added to each well and the absorbance subsequently

measured at 405 nm on a plate reader.
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2.5.11 Antibody Recruitment Assay

Streptavidin coated microspheres (Polysciences Inc, 1.05 x 10® microspheres/mL) were
dispensed and centrifuged at 10000 x g for 5 min. The supernatant was removed and
the microspheres resuspended in 500 pL of FACS buffer (0.5% BSA in PBS), and
centrifuged. The supernatant was removed and the washing repeated two more times.
The microspheres were then resuspended in FACS buffer at a concentration of 5 x 107
microspheres/mL and incubated with excess Biotin-TCO (Conjuprobe,1 pL of 21.9 mM
solution in 1:1 DMSO:FACS buffer) for 30 min at 4°C. The microspheres were diluted
to 500 uL with FACS buffer and washed as described above. The microspheres were
then resuspended in 40 pL of FACS buffer, of which 4 uL. was removed for a control.
To the microspheres was added 7 (18 uL of 2.4 mM solution in FACS buffer) and the
mixture incubated for 10 min at room temperature. The suspension was diluted to 500
uL with FACS buffer and washed as described above. The microspheres were
resuspended in 360 pL. of FACS buffer oh which 40 pL removed, centrifuged and
resuspended in 38 pL of FACS buffer at which point 2 pL. of 7 was added. The
remaining 320 uL of microspheres was split into 19 pL aliquots and 1 pL of appropriate
antibody stock (20x in FACS buffer) was added to each sample. The samples were
incubated for 30 min at room temperature at which point the samples were diluted to
500 pL with FACS buffer and washed as described above. Each sample was
resuspended in 300 pL of FACS buffer and read by flow cytometry. All experiments
had three controls: (i) no ligand, 7 (ii) no antibody (iii) auto-inhibition sample with
excess ligand 7. The samples were run on a flow cytometer and the raw data was
analyzed using FlowJo software (FlowJo, OR). Forward and side scatter parameters

were used to identify singular beads and AF-488 fluorescence intensity was examined
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using histogram plots. The median fluorescence intensity of AF-488 on the beads was
tabulated, and data from samples in duplicate was represented as bar graph as mean =+
SD in GraphPad Prism. Data is a representative of two independent experiments run in
duplicate.

2.5.12 Effector cell culture

The human monocytic cell line U937 was obtained from ATCC and cultured in RPMI
1640 growth medium containing 2 mM glutamine (11875), 10% FBS (12483020), 2
mM L-glutamine (25030), 1 mM sodium pyruvate (11360), 10mM HEPES (15630), 1%
Penicillin Streptomycin (15140) and 4.7% D-glucose (Sigma G8769). The cells were
propagated as per supplier recommendations and maintained at 37°C, 5% COa,. For
experiments, cells were used at passage 6. When necessary, monocyte differentiation
was achieved by adding 0.1 mg/mL IFN-y (15 uL/10 mL of cells) to the culture media
containing the required number of cells and incubating at 37°C, 5% CO; for 24 h. On
the day of the assay, the cells were washed with PBS, and a small aliquot removed to
count. The cells were resuspended in serum free RPMI at 1.0 x 10° cells/mL and 1 mL
removed as a control. Vybrant DiD Cell-Labeling Solution (Thermofisher, V22887)
was added to the cells to a final concentration of 1.9 uM and they were incubated at
37°C for 30 min. The cells were then pelleted and washed two times with serum free
RPMI. The cells were washed with Assay Media (AM - 10% low IgG FBS in phenol
free RPMI) and resuspended in AM at a concentration of 8.0 x 10° cells/mL for use in

the assay.
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2.5.13 Dual colour flow cytometry-based antibody dependent cellular
phagocytosis assay

Streptavidin ~ Fluoresbrite® microspheres  (Polysciences Inc, 1.05 x 10%
microspheres/mL) were dispensed, diluted to 500 uLL with AM and centrifuged at 10000
x g for 5 min. The supernatant was removed and the microspheres resuspended in 500
uL of AM and the washing repeated two more times. The microspheres were then
resuspended at a concentration of 5 x 107 microspheres/mL in AM and incubated with
excess Biotin-TCO (1 pL of 21.9 mM solution in 1:1 DMSO:AM) for 30 min at 4°C.
The microspheres were diluted to 500 uL. with AM and washed as described above. The
microspheres were then resuspended in 540 pL. of AM, and dispensed into triplicate 19
uL aliquots for conditions 1-9 and an additional 19 pL for sample 10 (control). The
samples were centrifuged at 10000 x g for 5 min and the supernatant removed. To each
sample (excluding sample 9) was added 25 puL of human anti-DNP IgG1 (Acro
Biosystems, 400 nM in AM), followed by 25 uL of the appropriate ligand (7) stock
(excluding sample 8). To samples 8 and 9 were added 25 pL of AM in place of antibody
or the test ligand. To each sample was added 4 x 10° U937 cells or AM where no cells
were added. The samples were centrifuged at 200 x g for 2 min and then incubated at
37°C for 1 h, except sample 7 (100 nM 7) which was incubated at 4°C for 1 h. The
samples were diluted with 200 pL. of AM and analyzed by flow cytometry. Data was
analyzed by FlowJo software (FlowJo LLC, OR) and GraphPad Prism. Debris and dead
cells were excluded, and forward and side scatter parameters were used to identify
monocytes and singular microspheres, and represented on a bivariate plot of Vybrant
DiD and AF488 (Flouresbrite). Non-phagocytosed beads were identified as single
positive DiD- AF488" events and phagocytosed beads were identified as double-

positive Vybrant DiD" AF488" events. To assess phagocytosis efficiency, the
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proportion of beads phagocytosed by U937 monocytes was normalized to the total
population of beads in the samples (% phagocytosis = % phagocytosed beads / (% non-
phagocytosed beads + % phagocytosed beads) x 100). Data is mean = SD of triplicates
of 3 independent experiments.

2.5.14 Radiochemistry General

Radioactive measurements were performed using a dose calibrator (Capintec, Remsey,
NJ, USA) or a Perkin Elmer Wizard 1470 Automatic Gamma Counter. Caution:
lutetium-177 is radioactive and should only be handled in an appropriately licensed and
equipped laboratory.

2.5.15 Radiolabelling

To a solution of 7 (100 pg, 48 nmol) in 100 uL of 0.2M NH4OAc (pH 5.5) was added
['"Lu]LuCl3 (31-74 MBq). The reaction mixture was heated to 60°C for 5 min at which
point the desired compound was isolated by HPLC. The peak that was collected was
diluted with 6 mL of distilled water. The reaction mixture was loaded onto a Waters
C18 Sep-pak cartridge that was pre-conditioned with 5 mL of acetonitrile followed by
5 mL of water. The cartridge was washed with 10 mL of distilled water followed by
400 puL of ethanol. The compound was eluted with 600 uL of ethanol and diluted with
sterile saline for injection with radiochemical yields of 51-54% and radiochemical
purity of >99% (HPLC Rt = 9.35 min, method A).

2.5.16 Preparation of 10

To a solution of TCO-BP (200 pg, 416 nmol) in 100 pL of normal saline was added 8
(13.7 MBq) in 2 mL normal saline 10% ethanol (v/v). The mixture was allowed to shake
for 10 min prior to HPLC analysis. As would be expected for tetrazine reactions

multiple isomers appeared (HPLC max peak Rt =8.71 min, method A).
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2.5.17 Animal Studies General
All animal studies were approved by the Animal Research Ethics Board at McMaster

University. Mice were maintained under clean conditions in an established animal
facility with 12 hour light/dark cycles and given food and water ad libitum.

2.5.18 Biodistribution study of compound 8

Female, 5-6 week old, CD1 mice ordered from Charles River Laboratory (Kingston,
NY) were injected with approximately 0.25 MBq of 8. At 1 h, 4 h and 24 h post-injection
(n = 3 per time point), mice were anesthetized with 3% isoflurane and euthanized by
cervical dislocation. Blood, adipose, adrenals, bone, brain, gall bladder, heart, kidneys,
large intestine and caecum (with contents), liver, lungs, pancreas, skeletal muscle, small
intestine (with contents), spleen, stomach (with contents), thyroid/trachea, urine +
bladder and tail were collected, weighed and counted in a gamma counter. Decay
correction was used to normalize organ activity measurements to time of dose
preparation for data calculations with respect to injected dose (i.e. %ID/g)

2.5.19 Biodistribution study of compound 10

Female, 6-8 week old, Balb/c mice were injected with approximately 0.55 MBq of 10.
At 1 h, 4 h and 24 h post-injection (n = 3 per time point for 1 h and 24 h, n = 2 for 4 h),
mice were anesthetized with 3% isoflurane and euthanized by cervical dislocation.
Blood, adipose, adrenals, bone (arm bones including shoulder and leg bones including
knee joint), brain, gall bladder, heart, kidneys, large intestine and caecum (with
contents), liver, lungs, pancreas, skeletal muscle, small intestine (with contents), spleen,
stomach (with contents), thyroid/trachea, urine + bladder and tail were collected,

weighed and counted in a gamma counter. Decay correction was used to normalize
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organ activity measurements to time of dose preparation for data calculations with
respect to injected dose (i.e. %ID/g).

2.5.20 Pre-targeting biodistribution study

Female 6-8 week old, Balb/c mice were injected with 20 mg/kg TCO-BP (5 mg/mL)
formulated in 0.9% saline. After 1 h approximately 0.39 MBq of 8 was administered.
At 1 h, 4 h and 24 h post-injection (n = 3 per time point), mice were anesthetized with
3% isoflurane and euthanized by cervical dislocation. Blood, adipose, adrenals, bone
(arm bones including shoulder and leg bones including knee joint), brain, gall bladder,
heart, kidneys, large intestine and caecum (with contents), liver, lungs, pancreas,
skeletal muscle, small intestine (with contents), spleen, stomach (with contents),
thyroid/trachea, urine + bladder and tail were collected, weighed and counted in a
gamma counter. Decay correction was used to normalize organ activity measurements
to time of dose preparation for data calculations with respect to injected dose
(i.e. %ID/g).

2.5.21 SPECT/CT Imaging

Active targeting: Female, 6-8 week old, Balb/c mice were injected with approximately
27 MBq of 10. Pre-targeting: Female 6-8 week old, Balb/c mice were injected with 20
mg/kg TCO-BP (5 mg/mL) formulated in 0.9% saline. After 1 h approximately 27 MBq
of 8 was administered. SPECT/CT images were acquired at 1 and 24 hours post-
injection and the acquisitions were 32 projections % 10 seconds (1 hr) and 32 projections
x 20 seconds (24 hr).

2.5.22 Associated Content

The following supporting information is available in Appendix I:
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"H NMR and 3C spectra of all target compounds; HRMS data for all target compounds;
HPLC trace of compound 7; full biodistribution tables; flow cytometry scatter plots
(PDF)

2.5.23 Abbreviations

ADCC, antibody dependent cellular cytotoxicity; Al, Auto-Inhibition; ARM, antibody
recruiting small molecule; DNP, dinitrophenyl; PSMA, prostate specific membrane
antigen; uPAR, urokinase plasminogen activator receptor; R-ARM, radiolabelled
antibody recruiting small molecule; TCO, trans-cyclooctene; DOTA, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraaceticacid; PEG-10, decaethylene glycol; PyBoP,
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate; FMOC, 9-
Fluorenylmethoxycarbonyl; NHS, N-Hydroxysuccinimide; Boc, tert-
butyloxycarbonyl; TFA, trifluoroacetic acid; TEA, triethylamine; EDC, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide; DCM, dichloromethane; DIPEA, N,N-
diisopropylethylamine; ACN, acetonitrile; DMF, dimethylformamide; AP, alkaline
phosphatase; AF-488, Alexa Fluor 488; MFI, mean fluorescence intensity; ADCP,
antibody dependent cellular-phagocytosis; SPE, solid phase extraction; TCO-BP, TCO-
functionalized bisphosphonate; FACS, fluorescence-activated cell sorting; AM, assay
media.
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Chapter 3 — Preparation and Testing of TCO-Derived
Biomolecules for Targeting R-ARMs

3.1 Overview

A novel R-ARM construct was developed in Chapter 2 and initial targeting
studies were performed using a TCO-bisphosphonate derivative. With this
approach, the R-ARM (8) successfully accumulated in areas of high calcium
turnover in bone through both active and pre-targeting strategies. In addition, the
core ARM construct (7) showed anti-DNP antibody recruitment in vitro. Although
TCO-BP was useful in these initial studies, it has limitations with respect to testing
in animals as bone tumours are typically created by implanting cancer cells
orthotopically. Monitoring the animals’ response therefore becomes challenging as
the bone must be imaged instead of the more standard and convenient approach of
measuring tumour size using calipers. Furthermore, orthotopic bone tumours are
generally more difficult to extract and analyze ex vivo compared to tumours located
in the hind flank.

The most common approach used to target tetrazine derivatives to tumours
in vivo are TCO-derived antibodies. However, due to the immunocompetent nature
of the animals required for ARM therapies, an antibody targeting vector would bind
the murine form of an antigen which ultimately complicates use in humans. In
addition, for the antibody recruiting therapy strategy to be successful the antigen
must be available on the surface of the cell and not rapidly internalized so that the
appended R-ARM can be recognized by the immune system. With these

requirements, there are a limited number of targeting molecules that can be used to
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test R-ARMs. Consequently, the focus of this chapter was to prepare and evaluate
new TCO-derivatives that could achieve high tumour binding, minimal
internalization and low off-target binding to ultimately be able to test the R-ARM

therapy approach.

3.2 Materials and Methods

3.2.1 General materials and instruments

Chemicals and reagents for synthesis were purchased from Sigma-Aldrich, and
Conjuprobe and used without further purification. Biological reagents from
multiple sources were used and are listed below. Compound 7 was prepared
according to the method described in chapter 2. MALDI data were obtained using
a Bruker Ultraflextreme spectrometer. High-performance liquid chromatography
(analytical) was performed on a Waters 1525 Binary HPLC system connected to a
Bioscan y-detector and a 2998 photodiode array detector monitoring at 254 nm and
280 nm or a Waters 2545 binary gradient model, 2998 photodiode array equipped
with a 2767 sample manager. For analytical runs, a Waters X-Bridge column (5
um, 4.6 x 100 mm, C18) or a Phenomenix Yarra (3 um, 7.8 x 300 mm, SEC-3000)
were used, at a flow rate of 1.0 mL/min. The elution method for HPLC procedures
were: Method A: Solvent A =0.1% v/v trifluoroacetic acid (TFA) in water; Solvent
B = 0.1% v/v TFA in acetonitrile: gradient elution, 95-26% A (0-14 min) and
Method B: Solvent A = 50 mM NaPOs pH 6.8 + 300 mM NaCl isocratic elution.
['"Lu]Lu was produced by the McMaster Nuclear Reactor (MNR, Hamilton,
Ontario) using the '"°Lu(n,y)'”’Lu reaction and was provided as a solution of

['""Lu]LuCls in 0.01 M HCI.
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3.2.2 Radiochemistry
Radiolabelling Protocol (8). To a solution of 7 (100 pug, 48.0 nmol) in 100 puL of

0.1 M NaOAc (pH 5.5) was added ['"’Lu]LuCls (31-74 MBq). The reaction mixture
was heated to 60°C for 5 min at which point a radio-TLC (cellulose/silica plate)
was run in 50 mM EDTA solution. The radiochemical yield of the reaction was
determined to be >99% with >99% radiochemical purity. Compound 8 was used
without further purification.

3.2.3 Synthesis of TCO-functionalised Bovine Serum Albumin (11)

To a solution of bovine serum albumin (0.200 g, 3.0 umol) in water (2.0 mL) was
added trans-4-cycloocten-yl 2,5-dioxo-1-pyrrolidinyl ester carbonic acid (9.3 mg,
61.0 pumol) dissolved in DMSO (200 pL). The reaction mixture was left to shake at
4 °C for 12 h at which point the mixture was purified by dialysis against MilliQ
water for 12 h. The product was lyophilized and isolated as a white solid. It was
determined by MALDI-TOF MS that there was an average of 2.7 TCO groups per
BSA molecule.

3.2.4 Synthesis of TCO-BSA aggregates (12)

A solution of 11 (2.0 mg/mL) in saline (pH 5.5) was heated to 80 °C for 10 minutes,
at which point the mixture was centrifuged at 5 x g for 5 minutes. The supernatant
was removed and the aggregates (12) resuspended in sterile saline (2.0 mg/mL) for
injection.

3.2.5 Synthesis of BSA aggregates (13)

A solution of BSA (20.0 mg/mL) in saline (pH 5.5) was heated to 80 °C for 10

minutes at which point the mixture was centrifuged at 5 x g for 5 minutes. The
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supernatant was removed and the aggregates resuspended in sterile saline (2.0

mg/mL) for injection.

3.2.6 Synthesis of ['"’Lu]Lu-DNP-DOTA-Tz-TCO-BSA aggregates (14)

To a solution of 12 (2.0 mg/mL) in saline was added 8 (100 pg, 48.0 nmol) and the
mixture heated to 37 °C for 1 hour. The mixture was then centrifuged at 5 x g for 5
minutes, the supernatant removed by pipette and the aggregates resuspended in
sterile saline (2.0 mg/mL). The centrifugation procedure was completed a second
time at which point the aggregates were resuspended in sterile saline (2.0 mg/mL)
for injection. The conjugation efficiency of the reaction was 36 = 10% (n=4).
3.2.7 Synthesis of ['"Lu]Lu-DNP-DOTA-Tz-TCO-BSA (15)

To a solution of 11 (2.0 mg/mL) in saline was added 8 (100 pg, 48.0 nmol) and the
mixture allowed to react at room temperature for 10 minutes. The reaction was
added to a 50 kDa spin filter and centrifuged at 4000 rpm for 10 minutes, which
had been previously activated with 1.00 mL of saline. The supernatant was washed
twice with 1 mL of sterile saline and centrifuged as stated above, followed by
resuspension in sterile saline for injection. The conjugation efficiency of the
reaction was 46 = 5% (n=3).

3.2.8 Synthesis of DNP-DOTA-Tz-TCO-BSA aggregates (16)

To a solution of 12 (2.0 mg/mL) was added 7 (100 pg, 48.0 nmol) and the mixture
heated to 37 °C for 1 hour. The mixture was then centrifuged at 5 x g for 5 minutes,
the supernatant removed by pipette and the aggregates resuspended in sterile saline
(2.0 mg/mL). The centrifugation procedure was completed a second time after

which the aggregates were resuspended in sterile saline (2.0 mg/mL).
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3.2.9 Synthesis of DNP-DOTA-Tz-TCO-BSA (17)
To a solution of 11 (2.0 mg/mL) was added 7 (100 pg, 48.0 nmol) and the mixture

left at room temperature for 10 minutes. The reaction was added to a 50 kDa spin
filter and centrifuged at 4000 rpm for 10 minutes, which had been previously
activated with 1.00 mL of saline. The supernatant was washed twice with 1 mL of
sterile saline and centrifuged as stated above, followed by resuspension in sterile
saline for injection.

3.2.10 ELISA

A competitive ELISA similar to that described by Huang et al. was conducted.!
Briefly, 1.00 mg/mL DNP-BSA (Life Technologies, A23018) in sterile PBS
(ThermoFisher, 10010023) was diluted a thousand fold with coating buffer (Bethyl
Laboratories, E107) and transferred (0.1 mL) to a 96 well plate. Following a 1 hour
incubation at room temperature, the wells were washed three times with 0.2 mL of
ELISA Wash buffer (Bethyl Laboratories, E106). ELISA blocking buffer (Bethyl
Laboratories, E104) was then added to each well (0.2 mL) and left to incubate at
room temperature for 0.5 h. The plate was washed three times with ELISA wash
buffer (0.2 mL/well) before the addition of 0.1 mL of either 2,4-dinitrophenol
(Sigma-Aldrich, D19850; range 0.312 nmol — 40.000 nmol per well), 12 or 16
(0.160-0.640 nmol per well) in sample diluent (ELISA blocking buffer + 0.05%
TWEEN 20) or sample diluent (Bethyl Laboratories, E104 0.05% TWEEN 10)
alone followed by 0.1 mL of anti-DNP-AP (Sigma-Aldrich, A2831; 64.0 ng/mL).
Following a 1 h incubation at room temperature, the plate was washed three times
with ELISA wash buffer (0.2 mL/well). To each well, 0.1 mL of PNPP substrate

was added and the plate incubated in the dark at room temperature for 0.5 h. To
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quench the reaction, 50.0 pL. of 2 M NaOH was added to each well and the
absorbance subsequently measured at 405 nm on a plate reader.

3.2.11 Biodistribution Studies General

All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained under clean conditions in an
established animal facility with 12 hour light/dark cycles and given food and water
ad libitum.

3.2.12 143B Osteosarcoma Model

Female, 6-7 week old NCr Nu/nu mice ordered from Charles River Laboratory
(Kingston, NY) were inoculated with 2 x 10% 143B osteosarcoma cancer cells in
the right flank. After 10 days the animals were administered 0.41 — 0.70 MBq of
[*™T¢]Te-MDP or [**™Tc]Te-TCO-BP. At 1 h post-injection (n = 3 per time point),
mice were anesthetized with 3% isoflurane and euthanized by cervical dislocation.
Blood, adipose, adrenals, bone, brain, gall bladder, heart, kidneys, large intestine
and caecum (with contents), liver, lungs, pancreas, skeletal muscle, small intestine
(with contents), spleen, stomach (with contents), thyroid/trachea, urine + bladder,
tumour and tail were collected, weighed and counted in a gamma counter. Decay
correction was used to normalize organ activity measurements to time of dose
preparation for data calculations with respect to injected dose (i.e. %ID/g).

3.2.13 B16F1 Melanoma Model

Female, 7-8 week old C57BL/6 mice ordered from Charles River Laboratory
(Kingston, NY) were inoculated with 4 x 10° B16F1 melanoma cancer cells in the

right flank. After 10 days the mice were administered TCO-BZA (20.0 mg/kg)
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followed 1, 4 or 21 h later by 8 (0.41 — 0.44 MBq). At 1 h post-injection of 8 (n =
2, 3, 2 at each time point respectively), mice were anesthetized with 3% isoflurane
and euthanized by cervical dislocation. Blood, adipose, adrenals, bone, brain, gall
bladder, heart, kidneys, large intestine and caecum (with contents), liver, lungs,
eyes, skeletal muscle, small intestine (with contents), spleen, stomach (with
contents), thyroid/trachea, urine + bladder, tumour and tail were collected, weighed
and counted in a gamma counter. Decay correction was used to normalize organ
activity measurements to time of dose preparation for data calculations with respect
to injected dose (i.e. %ID/g).

3.2.14 4T1 Breast Cancer Model

Female, 5-6 week old Balb/c mice ordered from Charles River Laboratory
(Kingston, NY) were inoculated with 1 x 10° 4T1 breast cancer cells in the right
flank. After 7 days the mice were injected i.t. or i.v. with 0.07-0.33 MBq of 8, 14
or 15. At 24 h post-injection (n = 3 per time point), mice were anesthetized with
3% isoflurane and euthanized by cervical dislocation. Blood, adipose, adrenals,
bone, brain, gall bladder, heart, kidneys, large intestine and caecum (with contents),
liver, lungs, pancreas, skeletal muscle, small intestine (with contents), spleen,
stomach (with contents), thyroid/trachea, urine + bladder, tumour and tail were
collected, weighed and counted in a gamma counter. Decay correction was used to
normalize organ activity measurements to time of dose preparation for data

calculations with respect to injected dose (i.e. %ID/g).
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3.3 Results and Discussion
3.3.1 Evaluating TCO-Targeting Vectors

3.3.1.1 Targeting Osteosarcoma

In order to leverage the success reported in the previous chapter with TCO-
BP, a flank osteosarcoma model was pursued. Tumours generated by subcutaneous
injection of 143B osteosarcoma cells have been shown to contain bone and
therefore can be targeted with bisphosphonates.? For example, alendronate-
functionalized nanoparticles have been shown to accumulate in 143B osteosarcoma

flank tumours via this mechanism.?

The nanoparticles were coated with
poly(acrylic acid) that was functionalized with alendronate. The nanoparticles were
injected i.v. through the tail vein, and the whole-body distribution monitored by
fluorescence imaging. The images reveal uptake as early as 5 minutes post-
injection, which continued to increase to approximately 30% of the recovered
fluorescence at 8 days post-injection. This model therefore may provide the
opportunity of using TCO-BP to target compound 8 and test the therapeutic
response to R-ARMs. Consequently, two radiolabelled bisphosphonates were

evaluated in the 143B osteosarcoma model to determine if the uptake in the tumour

would be sufficient for R-ARM therapy.

To evaluate the model, the commercially available gold standard for
bisphosphonate bone imaging, [*™Tc¢]Tc-methylene diphosphonate (MDP), was
assessed along with [**™"T¢]Tc-TCO-BP.* The compounds were injected i.v. into
Balb/c mice bearing 143B flank tumours, and the distribution evaluated 1 hour post-

injection. It was apparent that both compounds cleared predominantly through the

60



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

renal pathway with urine and bladder concentrations of 199 £+ 113 and 619 + 320
%ID/g for [**™Tc]Tc-MDP and [*™T¢]Tc-TCO-BP respectively. [*™Tc]Tc-MDP
and [**"Tc]Tc-TCO-BP showed high uptake in the bone of 11.9 £ 0.9 and 15.3
2.2 %ID/g respectively, however the uptake in the tumour was quite low at 1.0 £
0.1 for both compounds. Although it was reported in the literature that the highest
uptake of the alendronate-coated nanoparticles was after 8 days, the amount of
activity left in the blood for [*™T¢]Tc-MDP and [*™T¢]Tc-TCO-BP were 0.67 +
0.03 and 0.97 + 0.20 %ID/g respectively after one hour. This suggests that the
uptake in the tumour would not increase significantly over time as the majority of
the tracer had already cleared. The bone microenvironment consists of nutrients
such as calcium and other minerals, which are absent in the flank of an animal.?
Due to these differing microenvironments, it can be expected that bone tumours
grown in each of these regions would have different characteristics. As a result,
bisphosphonates may not be a suitable targeting vector for flank tumours due to the
lower amounts of calcium accretion when compared to that in an orthotopic model.
Due to the low level of activity in the tumour, this model and bisphosphonates were
deemed to be unsuitable for testing R-ARMs and other strategies were pursued in

order to increase tumour uptake.
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Figure 3-1. Biodistribution data for [**™Tc]Tc-MDP and [*™Tc¢]Tc-TCO-BP
administered to Balb/c nude mice bearing a 143B osteosarcoma flank tumour 10
days post tumour inoculation (n=3). Data at the time points indicated are expressed
as the mean percent injected dose per gram (%ID/g) £ SEM 1 hour post-injection.

3.3.1.2 Targeting Melanoma

Malignant melanoma is an aggressive form of skin cancer that is associated
with high rates of metastasis and low survival rate at late stages.> ®* Many melanoma
tumours overexpress melanin; a group of pigment proteins that are synthesized in
melanocyte cells.” The pigments contain multiple carboxylic and phenolic
functional groups which possess a negative charge at physiological pH. The
presence of these groups presents an opportunity to target the cancers through an
electrostatic interaction with positively charged vectors.® The most explored
melanin-targeted radiopharmaceutical derivatives in the literature are N,N-dialkyl
benzamides, which use a tertiary amine for binding melanin, and an aromatic
substituent as a site for labelling with radiohalogens (Figure 3-2).> 7 The first
benzamide construct to advance to the clinic was N-(2-diethylaminoethyl)- 4-

iodobenzamide labelled with iodine-123 (['**I]I-BZA) for SPECT imaging of
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malignant melanoma.® In a phase II study, 110 patients with a history of melanoma
were imaged with conventional imaging techniques such as CT or US in order to
identify any lesions. Patients were then administered ['>*I]I-BZA and imaged after
20-24 hours; the number of lesions identified by the SPECT images were compared
to the conventional images and it was determined that the diagnostic sensitivity,
accuracy and specificity of ['ZI]I-BZA was 81%, 87% and 100% respectively.
More recently, the BZA core was modified with a 1,3-benzodioxole group leading
to an increased uptake of the iodine-123 labelled form in melanoma tumours, which

was followed by radiolabelling with iodine-131 for therapy.’
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Figure 3-2. Left — Schematic representation of a benzamide with an aromatic group
(A) that can be radiolabelled with a radiohalogen, and a tertiary amine targeting
vector (B) in which R and R" are typically alkyl chains. Right- Structure of TCO-
BZA which was reported previously.'’

Based on the success and simplicity of the BZA core, a TCO-BZA
derivative was synthesized through a one-step coupling reaction between a TCO-
carbonate ester and procainamide as previously reported (Figure 3-2).!° TCO-BZA
was injected i.v. into mice bearing a B16F1 melanoma flank tumour and after 1, 4
and 21 hours compound 8 was administered. All mice were sacrificed 1 hour post-
injection of 8, and the activity in different tissues and fluids determined. There were

two target tissues in this study, the tumour and the eyes as both are high expressors
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of melanin and uptake in these tissues would suggest the probe is “on mechanism”.®
' The uptake in the tumour and eyes were 2.22 + 0.23 and 0.30 * 0.02 %ID/g
respectively for the 1 hour pre-targeting study which decreased to 0.99 £ 0.09 and
0.11 £0.03 %ID/g respectively by 21 hours. Although the early uptake at one hour
seemed promising at first, the blood concentration of 3.06 + 0.15 %ID/g was higher
than the tumour which draws into question whether the activity in the tumour was
simply due to residual blood. The blood concentration was significantly higher than
that observed from compound 8 alone, 0.64 + 0.10 %ID/g, suggesting that the in
vivo click reaction occurred in the blood. In order to determine if the uptake in the
tumour was specific, or from residual blood in the tissue, the study could have been
repeated with a longer time point after the administration of 8 to allow the activity
to clear, which could potentially increase the tumour to blood ratio. However, the
uptake in the tumour was not sufficiently promising to warrant further investigation
since improvement would require modification to the TCO-BZA core to increase
accumulation in the target tissue. Due to the significant amount of time likely
required to synthesize, characterize and test new TCO-BZA derivatives, this

strategy was abandoned.
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Figure 3-3. Biodistribution data for a pre-targeting study with TCO-BZA
administered to C57BL/6 mice bearing B16F1 flank tumours 10 days post
inoculation (n=2 at 1 and 21 hours, n=3 at 4 hours) followed by administration of
8. All animals were sacrificed 1 hour post 8 administration. Data at the time points
indicated are expressed as the mean percent injected dose per gram (%ID g!) +
SEM.

3.3.2 Development of an Albumin-Based R-ARM
3.3.2.1 Intratumoral Delivery

Targeting TCO-derivatives via i.v. injection of small molecules proved to
be challenging and resulted in low target uptake. This is likely due to the influence
of the TCO group on pharmacokinetics and target binding and also the washout or
short residency time on the surface of the target cells. The focus of this research
was not to develop novel targeting strategies but rather to compare the efficacy of
R-ARMs versus radiotherapy and ARM therapy alone. As a result, an alternative
strategy based on intratumoral (i.t.) injections was pursued. If the combination
proves to be more effective than the monotherapies, research can revert to finding

the optimal TCO-targeting vectors.
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In recent years, direct delivery of therapeutics into solid tumours has gained
popularity as a less invasive alternative to surgical resection.'? '3 Intratumoral
injections help to overcome the typical challenges of systemic therapeutics such as
achieving high tumour uptake, toxicity, and limited tumour penetration, where the
latter is due in part to interstitial pressures.'* In rare cases, i.t. administration of
therapeutics has been shown to result in regression at distant non-treated sites,
which is thought to be due to immune activation.'® 1>17 One of the issues that can
arise from i.t. administration is the rapid clearance of the agent from the tumour,
which can be mitigated through conjugation of the therapeutic to a nanoparticle or
micelle.'® Although these strategies have shown promising results in vivo, they can
require complex chemical syntheses and suffer from stability issues as well as

toxicity from the scaffold itself.!'®2°

3.3.2.2 Human Serum Albumin Conjugates

Human serum albumin (HSA) is the most abundant blood protein,
constituting approximately 50% of all blood proteins.?! HSA and its derivatives
have been used in the clinic for several years for both diagnostic and therapeutic
purposes.?> 23 There are cases in which a poorly soluble drug such as paclitaxel, a
chemotherapeutic, has been bound to HSA in order to reduce the toxicity and
increase solubility.?* With respect to radiopharmaceuticals, albumin has been used
clinically to image the cardiac blood pool through the direct labelling of the protein
with technetium-99m.2! 2° In addition, macroaggregated technetium labelled-
albumin ([*™Tc]Tc-MAA) is used in patients for dosimetry prior to liver

embolization therapy, as well as identification of non-palpable lesions and sentinel
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node localization in breast cancer patients.?%-?® In the case of occult breast lesions,
[*™Tc¢]Tc-MAA is injected i.t. prior to surgical excision to enable radiation-guided
localization of tumour masses.?®> 27 In a study of 959 patients administered
["Tc]Te-MAA it, 99.6% of breast lesions were identified and removed
surgically with negative margins in 91.6% of the cases.?® The study used HSA
aggregates with a particle size range of 10-150 um, labelled with 10-15 MBq of

technetium-99m, injected into the center of the lesion.

Building on the success of i.t. delivery of radiolabelled albumin, a TCO-
derivative was prepared as a platform to localize R-ARMs via i.t. administration.
Herein we describe the development and evaluation of a new bovine serum albumin
(BSA) derivative that can be used to deliver compound 8 i.t. through the application

of a trans-cyclooctene (TCO) tetrazine ligation reaction.

3.3.2.3 TCO-BSA Aggregate Synthesis
TCO-BSA was synthesized through treatment of BSA with a TCO-

carbonate ester, which reacts with the (epsilon) amine group on lysines.?” The
reaction mixture was purified through dialysis tubing in order to separate the large
molecules, BSA (functionalized and unfunctionalized) from the unreacted small
molecule, TCO-carbonate ester, and low molecular weight impurities. The product
(11) was analyzed by MALDI mass spectrometry and when compared to BSA, it
was found to have an average of 2.7 TCO groups per BSA molecule.

Based on the aggregate size range of 10-150 um documented in the
literature,?® attempts to aggregate 11 to a similar size was done by varying

temperature, pH and concentration. Particles in this size range are thought to cause
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vascular blockage when administered i.t. thereby resulting in high tumoral
retention.?> The optimal aggregation conditions were found to be a 2.0 mg/mL
solution of 11 in saline at pH 5.6, heated to 80 °C for 10 minutes. The aggregates
(12) were visualized by light microscopy on a hemocytometer, and the size
distribution quantified with Nikon NIS elements software. The average size of the
aggregates was determined to be 16.6 = 15.6 um which was consistent with a SEM
image (Figure 3-4) showing the globular shape of a single aggregate with an

approximate size of 30 um.

37°C, 1 hour

@ = ["LulLu

Scheme 3-1. Schematic representation of the synthesis and radiolabelling of
TCO-BSA aggregates (14).
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Figure 3-4. Left — A light microscope image of the TCO-BSA aggregates (12),
where each square is 50 x 50 um; Right — SEM image of a single aggregate
measuring approximately 30 um (note that in the background there are salt crystals
formed during evaporation of the saline solution containing the product).

3.3.2.4 Probing the Reactivity of the TCO-BSA aggregates (12)

Once the aggregates, 12, were prepared and characterized, the next step was to
explore the reactivity of the TCO groups post-aggregation as the double bond may
have isomerized to the cis-form due to the reaction temperature.’® 3! TCO-BSA
aggregates were incubated with 8 at room temperature and 37 °C for 10, 30 and 60
minutes. The reaction mixtures were then centrifuged for 5 minutes to separate the
aggregates from the supernatant, which contained unreacted 8. The amount of
activity in the pellets were counted, and the results shown in Table 3-1. The data
indicated that the reaction between 8 and 12 was complete after 10 minutes at room
temperature where increasing the time or temperature of the reaction did not result
in more product. To check the specificity of the reaction, a control reaction was
performed where 8 was incubated with BSA aggregates (13) containing no TCO
groups, for 1 hour at 37 °C. The mixture was centrifuged where only 9% of the
activity remained in the pellet compared to 28% for the TCO-aggregates. The final
specificity test was performed by incubating lutetium-177 with 12 where only 4%
of the activity remained in the pellet after 1 hour at 37 °C. The data collectively
suggests that the specific reaction between TCO and tetrazine did occur as
significantly more activity remained in the pellet when both TCO and tetrazine
groups were present. The modest radiochemical yield of 28% 1s likely due to some

of the TCO groups being buried within the protein or potentially isomerized or

69



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

reduced, which would impact the coupling reaction. Nevertheless, the procedure
developed here provided sufficient material to proceed to in vivo studies.

Table 3-1. Data comparing the reaction yield of 8 with 12 at room temperature
and at 37°C for 10, 30 and 60 minutes. Each reaction was completed 2 times.

Reaction Time (min) | Room Temperature 37°C

10 33+2% 35+3%

30 28+ 1% 31+£0.1%

60 33+2% 28 +2%
3.3.2.5 ELISA

As mentioned in Chapter 2, in order for the combination R-ARM therapy to
be efficacious, the construct must be able to recruit anti-DNP antibodies for
ADCC.??3* One potential concern was that the aggregation process could have
rendered the DNP groups inaccessible. To this end, the same ELISA protocol
employed in Chapter 2 was used to evaluate the antibody recruiting capabilities of
the unlabelled aggregate, 16. The results are shown in Figure 3-5 where a high
absorbance value represents the antibody interacting with the antigen coated on the
plate, and a low absorbance represents the antibody binding to the synthesized
compounds. At each of the tested concentrations (0.19 — 0.64 nmol), it was apparent
that the TCO-BSA aggregates (12) did not have a strong interaction with the
antibody, as the signal on the plate was high. The DNP-functionalized aggregates
(16) in contrast, showed a large decrease in signal which is representative of an
interaction with the anti-DNP antibody. The ELISA results are consistent with DNP
groups on BSA binding the anti-DNP antibodies suggesting compound 16 is a

viable scaffold that can be used for ARM therapy.
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Figure 3-5. An ELISA measuring dose dependent recruitment of anti-DNP
antibodies; absorbance at 405 nm: light grey 16, dark grey 12 at three
concentrations (0.64, 0.38, 0.19 nmol per well).

3.3.2.6 Biodistribution Study of TCO-BSA

In addition to aggregates, there is literature to support that i.t. and i.v.
injection of non-aggregated albumin drug conjugates can result in high retention
and accumulation in a tumour. Matsumura et al. showed that an i.t. injection of an
Evans blue dye-albumin complex was highly retained in a murine sarcoma tumour
while clearing rapidly from non-tumour tissue.*> The amount of dye remaining in
the tumour and skin was quantified spectrophotometrically ex vivo at 620 nm,
which showed the complex cleared normal skin by one hour post-injection while
being retained in the tumour until at least 72 hours post-injection. In addition, the
Evans blue-albumin complex was administered i.v. and showed accumulation in
the tumour over time, which peaked at 48 hours with minimal washout by 72 hours
post-injection. It is thought that i.v. administered albumin-drug conjugates may
accumulate in tumour tissue via secreted protein acidic and rich in cysteine

(SPARC) which is overexpressed in some cancers.*¢-3 In one example it was found
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that in the presence of albumin, a chemotherapeutic complex had greater than two-
fold increase in internalization in SPARC positive cells relative to the same drug in
the absence of albumin.?” Based on this literature, radiolabelled non-aggregated
TCO-BSA was administered both i.t. and i.v. for assessing tumour retention or

uptake, and the data compared to the aggregated material.

TCO-BSA (11) was treated with the radiolabelled tetrazine 8 at room
temperature for 10 minutes. Purification was performed using a 50 kDa spin filter
to separate unreacted 8 from TCO-BSA and the radiolabelled albumin. SEC HPLC
was used to confirm successful conjugation, which was evident through the shift in
retention time from 7.2 minutes (8) to 4.6 minutes (15). In addition, it was shown
that when 8 was incubated with BSA (no TCO), 0% of the activity remained in the

supernatant after the spin filtering protocol compared to 46% in the presence of 11.

3.3.2.7 Intratumoral Administration

To evaluate the retention of the non-aggregated (15) and aggregated (14)
albumin-conjugates, biodistribution studies were performed in a murine syngeneic
4T1 breast cancer tumour model. The model was selected because it is well
characterized in the literature and can potentially be used to test R-ARMs if
sufficient uptake and retention is observed. Compounds 8, 14 or 15 were
administered i.t. and the distribution evaluated after 24 hours. At 24 hours post-
injection, the aggregates (14) showed the highest tumour retention (Figure 3-6)
albeit with high variability (950 £ 771 %ID/g), followed by non-aggregates (15)
(55.8 £ 17.6 %ID/g), with the radiolabelled tetrazine (8) showing the lowest

retention (10.5 = 4.3 %ID/g). The high degree of variability for the aggregates may
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be attributed to the heterogeneous nature of the solution. If a dose contained more
smaller aggregates, the retention in the tumour is likely to be lower than with larger
aggregates as they are likely to clear more rapidly. Low uptake in non-target tissues
was seen for both 14 and 15 with the highest activity in the renal clearance organs,
the kidneys (10.2 = 3.7 and 3.35 £ 0.85 %ID/g) and bladder (7.29 + 2.73 and 3.22
+ 2.10 %ID/g) respectively. The non-aggregated material (15) had higher amounts
in non-target tissues at 24 hours which is likely due to the compound leaking out of
the tumour. This observation is consistent with the amount of activity in the blood
which was 2.12 £ 0.61 %ID/g versus 0.16 £ 0.05 for the aggregates at the same
time point.

Given the high retention of 14 and 15 in the tumour at 24 hours post-
injection, biodistribution studies adding 72 and 120 hour time points were
performed. Compound 14 showed high retention in the tumour of 167 + 94 and 81.4
+ 31.9 %ID/g at 72 and 120 hours respectively. Compound 15 also demonstrated
high retention in the tumour notably 95.7 £ 16.7 and 61.6 + 31.3 %ID/g at 72 and
120 hours respectively, which is less than that seen with the aggregated material.
Compound 15 had less than 2 %ID/g in the bone at 120 hours, with some uptake in
the liver and kidneys of 6.72 + 1.81 and 5.08 £ 1.83 %ID/g respectively. Compound
14 showed an increase in liver uptake from 0.33 + 0.17 to 4.08 + 0.56 %ID/g at 24
and 72 hours post-injection respectively, followed by a decrease to 1.83 = 0.76
%ID/g at 120 hours. This could be representative of smaller aggregates escaping
the tumour, and being taken up by the Kupffer cells in the liver and metabolized.*

This would cause release of the radioisotope, lutetium-177, which is known to
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localize to bone.*® This hypothesis is consistent with the increase in bone uptake of
0.63+£0.39,11.4+6.3 and 19.7 + 10.7 %ID/g at 24, 72 and 120 hours respectively.
3.3.2.8 Intravenous Administration

To evaluate the uptake of radiolabelled albumin after i.v. administration in
amurine syngeneic 4T1 breast cancer model, a biodistribution study was performed
with compound 15. The animals were sacrificed after 24 and 72 hours, and the
organs and tissues counted. The uptake in the blood, (Figure 3-6), was 4.68 + 0.14
%ID/g at 24 hours post-injection which decreased to 0.29 £+ 0.09 %ID/g by 72
hours. At 72 hours post-injection, the liver had the highest amount of activity with
6.93 + 1.35 %ID/g, followed closely by the tumour with 5.12 + 0.89 %ID/g. Other
clearance organs such as the kidneys and bladder had 3.33 + 0.43 and 2.93 + 0.60
%ID/g respectively. These results are similar to the distribution of !''In-BSA which
has been reported previously in the literature. Interestingly, the extent of
conjugation is known to have a large impact on the distribution of albumin.*!> 42
One study documented that as the number of drug molecules conjugated to rat
serum albumin (RSA) increased from 1-20, tumour uptake decreased from 25% to
2% while liver uptake increased from 6% to 60% at 24 hours post-injection.*! Based
on this information, should it be necessary in the future, the conjugation ratio of
TCO groups to BSA could be decreased in order to increase tumour concentrations
of 15, and decrease uptake in the liver. Notwithstanding, compounds 14 and 15
administered i.t. had high tumour retention and lower non-target uptake compared
to 1.v. administration. Based on these results, therapy studies were pursued with

these constructs which is described in Chapter 4.
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Figure 3-6. Left — 24 hour biodistribution results of 8, 14 and 15 i.t. administration
in Balb/c mice bearing 4T1 breast cancer tumours (n=3 per compound); Right — 24
and 72 hour biodistribution results of 15 after intravenous administration in Balb/c
mice bearing 4T1 breast cancer tumours (n=3). Data at the time points indicated are
expressed as the mean percent injected dose per gram (%ID g!) = SEM.

3.4 Conclusion

In order to evaluate the R-ARM platform developed in Chapter 2, a suitable
targeting vector was required. Small molecule vectors targeting osteosarcoma and
melanoma were tested in an attempt to find a model with high tumour uptake and
low non-target binding. Unfortunately, these approaches resulted in insufficient
uptake and retention in the tumour. Using a previously unknown TCO-derivative
of albumin, it is possible to deliver the R-ARM directly into a tumour with high
retention out to 120 hours. It was determined that both aggregated and non-
aggregated materials were suitable for testing R-ARMs with respect to the tumour
uptake and retention. Initial studies into the therapeutic efficacy of each component
of the proposed R-ARM, notably radiation from the isotope and the antibody

recruiting associated with the ARM, were pursued in order to determine the
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thresholds required for curative dosing prior to combination R-ARM therapy

studies.
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Chapter 4 — Preparation of Actinium-225 and Lutetium-
177 Labelled Bovine Serum Albumin using Bio-orthogonal
Chemistry and Preliminary Evaluation Following
Intratumoral Administration

4.1 Introduction

Traditionally, targeted radionuclide therapies (TRTs) are administered i.v.
and accumulate at the site of interest through either a unique property of the
molecule (e.g. affinity for hydroxyapatite and calcium turnover) or through the use
of a targeting vector that directs the drug to the tumour."® One of the major
challenges with this approach is on-target uptake in non-target tissues and non-
specific binding, which results in the irradiation of healthy tissue potentially leading
to unwanted side-effects. An alternative approach which was first used clinically as
early as 1901, is direct infusion of a radiopharmaceutical into a tumour.” One such
product which is used clinically, is yttrium-90 glass microspheres for the treatment
of hepatocellular carcinoma (HCC) that was approved by the FDA in 1999.8 HCC
is a common form of liver cancer that is typically inoperable and has a one year
survival rate of 20-24%.° In order to treat the inoperable mass, yttrium-90 labelled
microspheres are infused directly into the tumour matrix or the hepatic artery. This
procedure has been reported to increase the one-year survival rate to 54.5% in
patients with stage II disease compared to 21 and 15% with the traditional
treatments. '°

Another form of cancer where i.t. administration is important is
glioblastoma multiforme (GBM). GBM is an aggressive brain tumour that has a

median overall survival of 10-15 months with standard treatments.!! A recent
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publication reported the direct infusion of a radiolabelled ligand targeting the
neurokinin type-1 receptor (NK-1), into GBM tumours.!'? The ligand was labelled
with both alpha and beta emitting radionuclides in order to determine the most
efficacious option. It was found with the beta emitter, yttrium-90, there was
improved patient survival but unfortunately there was also damage to healthy brain
tissue due to the long-range beta emissions.'> '3 This was rectified through the use
of an alpha emitter, bismuth-213, which showed similar efficacy and reduced side
effects due to the short path length of the emitted alpha particles.

A recent advancement in alpha therapy involves the implantation of a solid
wire that releases alpha emitting radionuclides into a tumour. This is similar to
brachytherapy where multiple seeds are implanted throughout a tumour mass,
however brachytherapy seeds are typically composed of gamma or beta emitters.
In the case of the alpha wire, the recoil energy from the decay of radium-224
releases the daughter isotopes from the wire at which point, unlike in the case of
conventional brachytherapy where all isotopes are contained within the device, they
migrate 2-3 mm into the surrounding tissue.'* The wire has been used clinically in
small numbers with the largest study treating 28 patients bearing squamous cell
carcinomas of the skin and head and neck.!> The wires were inserted directly in the
lesions for 15-30 days at which point they were removed and the patient was
evaluated for tumour response at 30-45 days post-implantation. A complete
response (100% reduction in tumour dimensions) was seen in 78.6% of cases and a
partial response (30-100% reduction in tumour dimensions) in 21.4% of the treated

lesions. There were minimal toxicity related events, with the major documented
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side-effect being pain at the implantation site. Currently, larger studies are
underway to confirm these findings, and trials of patients with oral, skin and breast
cancer are ongoing.'> 16

In general, direct infusion of radiopharmaceuticals is used for primary
tumours that cannot be resected surgically, and is thought to not be useful for
metastatic lesions.” 121718 However, due to the immunogenic cell death that is seen
with radiotherapy, it may be possible to generate a potent anti-tumour response in
metastatic disease through treatment of a single lesion.!*?? That being said, existing
radiolabelled products for i.t. injection are not specifically designed to promote an
immune response. Further, for existing compounds like MAA, the type of isotope
cannot be easily varied making it challenging to assess the optimal type of radiation
to promote the abscopal effect.

The TCO-bovine serum albumin (TCO-BSA) platform described in Chapter
3 offers a simple way to deliver different isotopes into preclinical tumours via i.t.
administration. The platform easily lends itself to labelling with both alpha and beta
emitting radionuclides to evaluate systemic anti-tumour response to different types
of radiation.?*- * The approach has the added advantage that it allows the radiation
dose delivered to the tumour to be readily varied which would be challenging with
targeted radiopharmaceuticals that can suffer from systemic toxicity when
attempting to deliver higher doses. As a result, prior to evaluating the combination
R-ARM therapy in vivo, the most efficacious dosing regimen using different

1sotopes must be determined.
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4.2 Materials and Methods

4.2.1 General Materials and Instruments

Chemicals and reagents for synthesis were purchased from Sigma-Aldrich and used
without further purification. SABST80 buffer was made as follows: 500 mL water,
4.1 gNaOAc, 500 mL water, 4.1 g NaOAc, 1.7 g NaCl, 5 mL 1% tween 80 solution,
50 pL, 8 M HC1 pH 6.5. '""Lu[Lu] was produced by the McMaster Nuclear Reactor
(MNR, Hamilton, Ontario) using the '"®Lu (p,y) reaction and was provided as a
solution of ['7’Lu]LuCls in 0.01 M HCIL. [***Ac]Ac was supplied by the U.S.
Department of Energy Isotope Program in the Office of Science for Nuclear Physics
as a dried powder ([***Ac]Ac(NOs3)s3). Radio-TLC was performed using a Bioscan
AR-2000 imaging scanner on iTLC-SG glass microfiber chromatography paper
(SGI0001, Agilent Technologies) plates using 0.1 M EDTA as the eluent. For each
TLC performed, plates were spotted with approximately 2 puL (~3.7 kBq) and run
for 5 minutes.
4.2.2 Radiochemistry

To a solution of 7 (100 pg, 48 nmol) in 100 uL. of SABST80 buffer (pH 6.5)
was added [*2°Ac]Ac(NO3)s (0.43-0.44 MBq). The reaction was heated to 60°C for
5 min at which point the reaction mixture was spotted on an iTLC plate and
developed. Once the plate reached secular equilibrium (12 h) the iTLC was
analyzed and the radiochemical yield of 18 was determined to be >99% (n=3). The
mixture was then added to a solution of 12 (2.0 mg, 30 nmol) in 1 mL of saline and
heated to 37°C for 1 hour. The mixture was then centrifuged at 5 x g for 5 min, the
supernatant removed and the aggregates resuspended in sterile saline (2.0 mg/mL).

The centrifugation procedure was completed a second time at which point the
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aggregates were resuspended in sterile saline (2.0 mg/mL). After the formulated
aggregates reached secular equilibrium (12 h) the radiochemical yield of 19 was
measured and found to be 50-72% (n=3).
4.2.3 Animal Studies General

All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained under clean conditions in an
established animal facility with 12 hour light/dark cycles and given food and water
ad libitum.
4.2.4 Actinium Therapy Study

Female, 6-8 week old Balb/c mice ordered from Charles River Laboratory
(Kingston, NY) were inoculated with 2 x 10° 4T1 cells in the flank. Once the
tumours were palpable ~ 100 mm?, the mice were split into 4 groups (n=5), and
administered 50 pm of 16 (control), low dose (0.74 kBq), medium dose (3.5 kBq)
or high dose (7.0 kBq) of 19. Mice were followed for survival and tumours
measured every 2-3 days. Mice were sacrificed when they reached endpoint
(tumour volume=10% of body weight).
4.2.5 Multi-dosing Study of Lutetium Aggregates

Female, 6-8 week old, C57BL/6 mice ordered from Charles River
Laboratory (Kingston, NY) were inoculated with 5 x 10°® E0771 cells in the left
flank. Once palpable tumours arose (~100 mm?) mice were treated with 2 doses of
14 (0.19 — 0.74 MBq, 100 pg) one week apart. The four groups consisted of a

control (16), low dose (0.19 MBq), medium dose (0.37 MBq) and high dose (0.74
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MBq) of 14. Mice were followed for survival and tumours measured every 2-3 days.
Mice were sacrificed when they reached endpoint (tumour volume=1000 mm?).
4.2.6 Single Dose Study of Lutetium Aggregates

Female, 6-8 week old, C57BL/6 mice ordered from Charles River
Laboratory (Kingston, NY) were tumour inoculated with 5 x 10® E0771 cells in the
left flank. Once palpable tumours arose (~100 mm?) mice were treated with a single
dose of 14 (1.1 — 3.3 MBq, 100 pg) intratumorally. The four groups (n=5) consisted
of a control (16), low dose (1.1 MBq), medium dose (2.2 MBq) and high dose (3.3
MBq) of 14. Mice were followed for survival and tumours measured every 2-3 days.
Mice were sacrificed when they reached endpoint (tumour volume = 1000 mm?).
4.2.7 Autoradiography

C57BL/6 mice bearing an EQ0771 flank tumour were administered a single
dose of 14 or 15 (0.15 — 0.33 MBq, 100 pg) i.t. on day 12 of growth when the
tumours were palpable (~100 mm?). The mice were sacrificed after 24, 72 or 120
hours (n=3) at which point the tumours were harvested, placed on a cryomold and
submerged in optimal cutting temperature (OCT) compound. The cryomold was
then wrapped in plastic wrap, and flash frozen in liquid nitrogen for 15 seconds.
The tumours were sent for analysis where they were sliced and placed on a
phosphor screen for 10 days.
4.2.8 Multi-dosing Study of Lutetium Labeled TCO-BSA (Non-Aggregate)

Female, 6-8 week old, C57BL/6 mice ordered from Charles River
Laboratory (Kingston, NY) were inoculated with 5 x 10°® E0771 cells in the left

flank. Once palpable tumours arose (~100 mm?) mice were treated with 2 doses of
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15 (0.74 — 4.8 MBq, 100 ng) five days apart. The five groups (n=5) consisted of a
saline group, control (17), low dose (0.74 MBq), medium dose (2.6 MBq) and high
dose (4.8 MBq) of 15. Mice were followed for survival and tumours measured every
2-3 days. Mice were sacrificed when they reached endpoint (tumour volume = 1000
mm?).

4.3 Results and Discussion

4.3.1 Radiolabelling
From the work described in Chapter 3, a method for labelling the TCO-BSA

derivatives with a beta emitter was already developed. For alpha emitters, a method
for labelling with actinium-225 was needed. Actinium-225 was selected due to its
long half-life, emission of multiple alpha particles and recent promise in clinical
trials.?> Typical conditions for labelling DOTA-derivatives with actinium-225 are
similar to that of lutetium-177, however the detection methods differ. Due to the
low penetration depth of alpha particles, they cannot be detected by the same
instrumentation commonly used for lutetium-177 radiochemical analysis.
Typically, gas-filled detectors are used in analytical instruments such as dose
calibrators, HPLC detectors and radio-TLC scanners. The gas in the detectors is
ionized by incoming radiation, and the change in electric potential caused by the
ionization events is measured by two electrodes.?® Since the alpha particles are not
able to penetrate deep enough to cause ionization events in these detectors, the
methods are not useful in the direct characterization of radiopharmaceuticals
labelled with alpha emitters.?” In the case of actinium-225, there are two gamma
emissions in the decay chain, one from the daughter francium-221 and the other

from bismuth-213.2> The gamma emissions allow actinium-225 to be detected
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“indirectly” and analyzed after reaching secular equilibrium. This occurs when the
number of short-lived daughter isotopes decaying per unit time becomes equal to
the number that are forming.?® In the case of actinium-225 reactions, secular
equilibrium is reached after 4-5 hours at which point the gamma emissions from
the daughters can be analyzed by radio-TLC and measured using a dose
calibrator.>® 3! As a result, all analytical measurements were taken at least 4 hours
post-isolation.

Compound 7 was incubated with [*2°Ac]Ac(NOs)s at 60 °C for 5 minutes at
which point the reaction was loaded onto an activated Sep-Pak C18 light cartridge
and washed with EDTA solution to remove any unreacted radiometals. The
radiolabelled product (18) was then eluted from the SPE cartridge using ethanol. A
radio-TLC study was performed to analyze the purity of the isolated compound.
The plate was run in a 0.1 M EDTA solution, with the unreacted metal travelling to
the solvent front (R=1.0) and the radiolabelled product remaining on the baseline
(R#=0.0). The isolated radiochemical yield of 18 was 68 + 1% with radiochemical
purity of >98%.

The radiolabelled ligand was added to a solution of 12 (2.0 mg/mL) for one
hour at 37 °C followed by centrifugation to isolate the radiolabelled aggregates
from the unreacted ligand, actinium and low molecular weight impurities. After
reaching secular equilibrium, the radiochemical yield of the reaction was measured
using a dose calibrator, with only 2% of the activity remaining in the pellet. This
result was much lower than expected, consequently the reaction was repeated with

a new batch of 18 and the same result was observed. It was apparent from the radio-
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TLC analysis of the ligand that the chelation reaction was successful, with greater
than 98% radiochemical purity (Figure 4-1). The cause of the low yield was

potentially due to an issue with the TCO-tetrazine reaction which was further

investigated.
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Figure 4-1. Radiolabelling scheme and radio-TLC data following the preparation
of 18, where the eluent was 0.1 M EDTA (iTLC-SA stationary phase). The peak at
the baseline represents the radiolabelled ligand where had there been “free”
radiometal a peak would be evident at the solvent front.

The coupling reaction between the lutetium-177 tetrazine ligand (8) and
TCO-BSA aggregates (12) was demonstrated in Chapter 3 in a mixture of saline
and 0.1 M NaOAc buffer. The IEDDA reaction is documented to be rapid in protic
solvents due to both hydrophobic effects and the ability of the solvent to hydrogen
bond with the tetrazine which lowers the HOMO-LUMO gap.’> 33 Previously, 8
had been successfully coupled to a small molecule TCO-targeting vector in a
solution of 10% ethanol in saline. Based on this information, it was surprising that

after one hour at 37 °C in a mixture of ethanol and saline only 2% of the tetrazine
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had reacted. We hypothesized that the reaction of 18 with TCO-BSA might have
been impacted by the presence of ethanol which could impact the structure of the
protein, reducing the accessibility of the TCO groups. The ethanol was required to
remove 8 from the SPE during purification. Three options were thus considered: 1)
evaporate the ethanol prior to the click reaction, 2) use a different purification
method or 3) use compound 8 without SPE purification which would eliminate the
need to use ethanol. As the evaporation process could lead to decomposition of the
radiolabelled product, and the traditional method of purification, HPLC, is not a
simple option for an actinium complex, and it would still require solvent
evaporation, option 3 was pursued. The use of compound 18 without SPE
purification was deemed reasonable given that the radiolabelling yield was >98%.
When the coupling reaction between 18 and 12 was performed in a mixture of saline
and SABSTS80 buffer with no ethanol, the reaction yield increased from 2% to 70%
producing sufficient material to move on to therapy studies.
4.3.2 Alpha Therapy

Prior to performing a full therapy study, the actinium-labelled aggregates
(19) were evaluated for their tolerability in a 4T1 mouse model. As there is limited
literature available for the ideal dose range for i.t. administration of actinium-225
in mice, the first study served as a preliminary test of radiotoxicity. The typical dose
range for an actinium radiopharmaceutical administered i.v. in a mouse is 1.85-15
kBq.3* 3 It has been reported that mice treated with 13 kBq of an actinium-225
labelled antibody i.v. had an average of 50-60% lower body weight than control

animals, with the maximum tolerated dose considered to be 14.8 kBq.>* 3% 37 Since
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our strategy involves the direct injection of the radiopharmaceutical into the
tumour, we used slightly lower doses of 0.74-7.4 kBq as the activity is highly
retained in the tumour, based on the data presented in Chapter 3 for compound 14,
with minimal loss to the surrounding tissue. Once the tumours were palpable, ~ 100
mm?, the mice were split into 4 groups (n=5), and administered control (16), low
dose (0.74 kBq), medium dose (3.5 kBq) or high dose (7.4 kBq) of 19
intratumorally. The doses were calculated by multiplying the volume of the injected
dose by the concentration of the stock solution containing 19. This was done, as
opposed to simply direct counting of the syringe, as the secular equilibrium of the
stock solution was disrupted by preparing doses, therefore the syringes could not
be read in the dose calibrator until secular equilibrium was once again reached.
Mice were followed for overall health and their tumours were measured every 2-3
days. On day 7, the animals were sacrificed, and the tumours were harvested for

IHC.
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Figure 4-2. Structures of compounds 11-17 and 19

Throughout the course of the treatment, the mice were monitored for signs
of distress as well as changes in body weight for any evidence of radiotoxicity from
the therapy. The relative body weight of the animals is shown in Figure 4-3, with
all of the mice except two gaining or maintaining their body weight over the seven
day period with no documented signs of distress. Two of the mice in the high dose
group lost 5% of their relative body weight between days 5-7 but did not
demonstrate any additional behaviour that would suggest a radiotoxicity related
side effect. Despite the radiotoxicity that can be seen with high doses of [?°Ac]Ac-
radiopharmaceuticals administered 1.v., the results suggest that the i.t. treatments
were well tolerated. The size of the tumours were also monitored over the seven
day period and there was no apparent difference in tumour growth rate between the

control and the treatment groups (Figure 4-4). This prompted us to look at the
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pathology of these tumours post-treatment to determine if there was damage to the

cells that was not reflected in the volume measurements.
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Figure 4-3. Relative body weight of the animals in the four dose groups of the
actinium-225 therapy study (Balb/c mice with 4T1 breast cancer tumours, n=5 per
group). The majority of animals maintained or gained weight over the 7 day period
with two animals in the high dose group losing 5% of their relative weight between
day 5 and 7. Legends represent the cage number and ear notch location for each of

the animals.

Control

“g 15007

E

[

~ 1000

[

£

3

2 500

h

=1

o

E |

=] 0 T T T

= 0 2 4
Day

Medium

—

£ 15001

g

E1000-

Q

£

E]

2 500-

=

3

°

E

=1 0 T T T

L 0 2 4 6 8
Day

tits

LR I )

LL
RR
NN

LL
RR
NN

92

Tumour volume (TV;mms)

Tumour volume (TV;mm?‘)

-
a
o
<

-
=)
=3
i

23

=3

=3
1

>

c

1500+

10004

a

o

o
1

o

Day

High

o

o

it

NEEE

LL
RR
NN

LL
RR
NN



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

Figure 4-4. Tumour volume measurements of the alpha therapy study (Balb/c mice
with 4T1 breast cancer tumours, n=5 per group, compound 19). Legends represent
the ear notch location for each of the animals.

4.3.3 Immunohistochemistry

Tumours were harvested and stained with H&E in order to visualize any
morphological changes to the tumour cells that can be attributed to the
radiopharmaceutical injection. The tumour slides were inspected and damage to
tumour cells was observed in the medium and high dose groups in the form of
increased necrosis compared to the control group (Figure 4-5). Since the tumour
cells showed a response to the therapy which was not reflected in the tumour
volume measurements, we believe that the rapid growth kinetics of the 4T1 breast

cancer tumour did not provide enough time to demonstrate a response to the alpha

therapy.’

Figure 4-5. H&E staining of tumour slices from the tolerability study of 19; top left
— control, top right — low dose, bottom left — medium dose, bottom right — high dose
(5% magnification). Purple/blue spots are the cell nuclei, pink areas are the
cytoplasm and the off-white areas are areas of necrosis.>

4.3.4 Optimization of the Animal Model

It has been documented in the literature that it can take upwards of 10 days
for a tumour to respond to some actinium therapies, which supports the hypothesis

that the 4T1 model is likely not suitable for our purposes.*’ As the therapeutic was
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administered i.t., it is not possible to simply inject the compound earlier in the
tumour growth cycle as there must be a palpable tumour in which to administer the
injection. The 4T1 model could be optimized in order to produce a slower growth
rate and an increased duration between palpable size and endpoint, however in the
interest of time we opted to change the model.*!

4.3.5 Testing the E0771 Flank Tumour Model

The EOQ771 cell line was pursued for therapy as it, along with the 4T1 model,
fall in the category of murine triple negative breast cancers (TNBCs).*> TNBC is
the most aggressive form of breast cancer, associated with the worst patient
outcomes.*> *3 This is in part due to the lack of expression of estrogen receptors
(ER), progesterone receptors (PR), and human epidermal growth factor receptor 2
(HER2) which are typically used as therapeutic targets. That being said, due to the
challenging task of identifying molecular targets for TNBC therapy, this model
lends itself to i.t. administration of therapeutics and has slower growth kinetics than
the 4T1 model. In addition, to better optimize the TCO-BSA therapy, we opted to
do the initial studies with the beta emitter lutetium-177. This is due to the ability to
directly detect the radiolabelled compounds and more easily validate the protocol,
which can then be translated to actinium-225 studies.

The lutetium-labelled aggregates were synthesized as previously mentioned
and formulated in 0.9% saline. C57BL/6 mice bearing an E0771 flank tumour were
administered 14 (0.19-0.74 MBq, 100 pg). Unfortunately, when the aggregate doses
were administered, the majority of the activity was retained in the syringe. Since

the doses were significantly lower than anticipated a second dose was administered
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in an attempt to improve efficacy. Based on literature data for multi-dosing lutetium
therapies, the second dose was administered 7 days after the first.**46 Mice were
followed for survival and tumours measured every 2-3 days. Mice were sacrificed
when they reached endpoint (tumour volume=1000 mm?).

The Kaplan Meier plot (Figure 4-6) shows that treatment with the highest
dose slowed tumour progression and while not curative, it did confer a statistically
significant (P < 0.1) survival advantage compared to the control group. These
results were promising and further investigation into dose optimization and

addressing the issue of sticking to the syringe were completed.

100
I -©- Control —
‘_;’ =3¢ Low Dose .
e H—— B Medium Dose
=
» 50 - High Dose =
[
(]
O L
g -
0 T T ._._I
0 5 10 15

Days After Start of Treatment

Figure 4-6. Kaplan-Meier plot of the therapy study. Compound 14 was
administered 1.t. in a range of doses from low (~0.19 MBq x 2) to high (~0.74 MBq
x 2) showing a statistically significant survival advantage in the high dose group.

Prior to use in animal studies, the extent to which a radiolabelled compound
adheres to surfaces, including syringes for injection, are often measured. A typical
procedure involves measuring the amount of activity in the syringe using a dose
calibrator, followed by expulsion of the liquid into a vial. The radioactivity in the
vial and the syringe are then counted and the amount of radioactivity recorded. This
test helps to determine the amount of activity that remains in the syringe post-

injection, which can be used to determine accurate doses for animal studies. This
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test was completed for the aggregates where it was found that 65-80% of the
calculated dose was expelled from the syringe. This was not in agreement with the
therapy study where 2-14% of the activity was expelled and the rest remained in
the syringe. It was then determined that when left for extended periods of time
without constant agitation, the radiolabelled aggregates stick to the syringe. All
subsequent studies performed with the aggregates involved drawing the activity
into the syringe, measuring the activity, which was followed by prompt

administration.

After determining the reason for the activity remaining in the syringe, a
single dose study was performed as was intended for the previous study. Lutetium-
labelled aggregates were synthesized as before and formulated in 0.9% saline.
C57BL/6 mice bearing an EQ771 flank tumour were administered a single dose of
14 (1.1-3.3 MBq, 100 pg) intratumorally. The mice were followed for survival and
tumours measured every 2-3 days. Mice were sacrificed when they reached

endpoint (tumour volume=1000 mm?).
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Figure 4-7. Top- Tumour volume graphs for each dose group over time; bottom -
Kaplan-Meier plot of the therapy study. Compound 14 was injected in a range of
doses from 1.1-3.3 MBq. No statistically significant survival advantage was seen
in the treatment groups compared to the control.

The results of the therapy study are shown in Figure 4-7. Unfortunately,
there did not seem to be a correlation between survival and increased dose. There
is evidence in the literature that i.t. injection of lutetium-labelled nanoparticles can

reduce the growth rate of the tumour relative to the control.*’-° When analyzing the
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experimental protocols of the nanoparticle studies, the compounds showed similar
tumoral retention to the aggregates, and the employed dose range was similar at 2-
8 MBq. A single injection with as low as 2 MBq resulted in a significant decrease
in tumour mass after 7 days, but it is interesting to note that these articles do not
include an in vivo dose optimization study.*’ The reported studies were not done in
the EO771 tumour model, and since tumours have different levels of radiosensitivity
the results cannot be directly correlated with our studies, but used more as a general
guide.

Moving forward, increasing the amount of activity given in a single dose
might result in a better response as the maximum tolerated dose was not reached,
however the literature and the preliminary results with compound 14 suggests that
a multi-dosing approach could be more efficacious. A notable study compared a
single dose of 18.5 MBq of lutetium therapy to 4 doses of 4.63 MBq one week
apart.¥ The study showed the median time to endpoint for the single dose and
fractionated dose were 32 and 49 days respectively, with the single dose group
developing metastasis that were not seen in the fractionated group.

4.3.6 Autoradiography

In addition to dose optimization, an important factor to consider is the
spatial distribution of the radiolabelled aggregates within the tumour. As they are a
microparticle, it is possible that once injected they become anchored to the injection
site and are not able to migrate within the tumour, leaving only a small portion of
the tumour directly exposed to ionizing radiation. Although a direct encounter with

cytotoxic radiation is not required for cell death due to the bystander effect,?!> 3! 32
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a more even distribution of the radiopharmaceutical throughout the tumour is
optimal particularly in the case of R-ARM therapies.’® In order to validate the
distribution within the tumour storage-phosphor autoradiography was performed.
C57BL/6 mice bearing an EQ0771 flank tumour were administered a single dose of
14 or 15 (0.15-0.33 MBq, 100 pg) i.t. on day 12 of growth when the tumours were
palpable (~100 mm?®). The mice were sacrificed after 24, 72 or 120 hours at which
point the tumours were harvested and flash frozen in liquid nitrogen. The tumours
were sent for analysis where they were sliced and placed on a storage phosphor
screen for a 10 day exposure.

The spatial distribution of the radioactivity in the tumour slices were
analyzed at different time points, and the results depicted in Figure 4-8. Each image
represents an individual tumour at 72 or 120 hours post-injection with the darkest
spots representing the highest amount of activity. The outer edges of the tumours
are not defined in the images as only the distribution of the radioactivity on the
screen is represented using this technique. It can be seen in the images associated
with 14 that the activity is generally concentrated in a single area, or a few small
areas. The activity does not appear to get more dispersed over time as both the 72
and 120 hour images have similar distribution patterns. This drastically differs from
the pattern observed for 15, which appears more evenly dispersed throughout the

tumour at both 72 and 120 hours post-injection.
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Figure 4-8. Autoradiography images of 14 (left) and 15 (right) at 72 (top) and 120
(bottom) hours post i.t. injection.

Based on the autoradiography results it appears that moving forward with
15 could provide a better result due to the more uniform distribution within the
tumour. To this end C57BL/6 mice bearing an E0771 flank tumour were
administered 2 doses of 15 (0.74-4.8 MBq, 100 ng) 5 days apart. Mice were
followed for survival and tumours measured every 2-3 days. Mice were sacrificed
when they reached endpoint (tumour volume=1000 mm?).

It is clear from this study that there were signs of efficacy in both the high
and medium dose groups that slowed tumour growth compared to the control
(Figure 4-9). There was a statistically significant survival advantage (P < 0.05) for
the high dose group compared to both the saline and 17 groups. A saline group was
included in this study to analyze the impact of compound 17 on the tumour growth
kinetics. Since the mice have an immune system and the tumours were being dosed
with 100 pg of BSA with each injection, there was the potential that the scaffold
possessed anti-tumour properties. It does not appear that the unlabelled compound

had any impact on the tumour growth kinetics or the survival time when compared
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to the saline control. This data suggests that the therapeutic efficacy that is seen in
the high dose group is a result of the radionuclide and not the scaffold. Throughout
the study, animals were monitored for signs of toxicity and all three dose groups
handled the therapy well, with no apparent adverse effects. Overall, the results of
this study are promising and future work towards further optimizing a

corresponding multi-dosing study should be pursued.
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Figure 4-9. Top- Tumour volume versus time graphs for each dose group; Bottom
- Kaplan-Meier plot for the therapy study. Compound 15 was injected in a range of
doses from 0.74 — 4.8 MBq with a second injection 5 days later. A statistically

significant survival advantage was seen in the high dose group compared to the
control (P<0.05).

It is difficult to draw direct comparisons between the studies using 14 and

15 due to the differences in dosing regimen. Nevertheless, some key learnings

101



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

emerged from these studies. The autoradiography results demonstrated that the
radiolabelled aggregates were more localized to the site of injection when compared
to the non-aggregates. However, the biodistribution data suggested that the
aggregates are better retained in the tumour with 81.5 + 31.9 %ID/g at 120 hours
compared to 61.6 = 31.3 %ID/g for the non-aggregates, although the values are not
statistically different. The data from the biodistribution and autoradiography studies
seem to support the use of non-aggregated BSA, therefore future studies focusing
on optimization of the frequency and amount of activity administered in addition to

studies with the alpha emitter actinium-225 are warranted.

4.4 Conclusion

A novel actinium-225 tetrazine was radiolabelled, coupled to TCO-BSA
aggregates and evaluated for tolerability in a murine breast cancer model. The mice
showed no signs of distress over the 7 day period after i.t. injection of doses up to
7.4 kBq. A multi-dosing lutetium-177 BSA aggregate therapy study was also
performed and showed a statistically significant survival advantage in the high dose
group compared to the control. In an attempt to improve these results, a single dose
study was performed at higher activity levels, however it showed no therapeutic
efficacy when compared to the control. Through autoradiography it was determined
that the spatial distribution of the radiolabelled aggregates was not ideal as the
majority of the activity remained in one area of the tumour. In contrast,
radiolabelled non-aggregated TCO-BSA showed a more homogenous distribution
in the tumour. Based on these results, two doses of lutetium-labelled non-

aggregated BSA were given 5 days apart and resulted in the most efficacious results
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to date with statistically significant survival advantage (P<0.05) compared to the
control. Overall, a TCO-BSA platform has been developed as a way to functionalize
BSA with tetrazine derived molecules for i.t. delivery of cytotoxic radionuclides.
In the future this approach can be combined with therapies that increase the immune
cell presence at the tumour site such as ARM therapies in order to increase efficacy

and build anti-tumour immunity.
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Chapter 5 — Model Development for Testing Antibody
Recruiting Small Molecule Therapies

With respect to this chapter, I was responsible for the chemical synthesis,
design and execution of the studies and interpretation of the results. The biology
work was done in collaboration with Nancy Janzen, Amber Faraday and Natalie
Mercanti who were responsible for immunizing the mice and blood draws. The
ELISAs were run by myself, Amber, Nancy and Natalie. Alyssa Vito was

responsible for developing the mouse model and performing in vivo studies.

5.1 Overview

In Chapter 3 it was shown that an i.t. injection of radiolabelled TCO-BSA
derivatives resulted in high tumoral retention over 5 days. Building on this
information, an animal model to evaluate the efficacy of R-ARMs was developed.
The model, which was derived from one studied in Chapter 4, required
immunocompetent animals that produced a high anti-DNP antibody titre after DNP
immunization. Once an appropriate antibody titre was established, the TCO-BSA
platform was used to deliver a high concentration of DNP to a breast cancer tumour.
The animals were monitored for survival advantage compared to the control with
the goal of determining an optimal dosing regimen for ARM immune-stimulating

therapy prior to combination therapy with radiation (i.e. R-ARM therapy).

5.2 Introduction

In the past decade, immunotherapies have proven to be highly effective at
treating specific types of cancers that do not respond well to traditional forms of

therapy.! One such example is the use of nivolumab, a checkpoint blockade
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antibody targeting programmed cell death (PD-1), used to treat a variety of cancers
such as melanoma, non-small-cell lung cancer, castration-resistant prostate cancer
and colorectal cancer.?* Tumours release programmed cell death ligand 1 (PD-L1)
which interacts with the PD-1 receptors expressed on T-cells. This interaction down
regulates T-cell responses minimizing the efficacy of the immune system towards
a tumour.* Through administration of an anti-PD-1 monoclonal antibody, PD-L1
can no longer interact with receptors leading to more active T-cells around the
tumour. A phase III study compared the use of nivolumab to docetaxel for the
treatment of patients with squamous-cell non-small-cell lung cancer (NSCLC). The
median overall survival and one year survival rate in patients treated with
nivolumab was 9.2 months and 42% compared to 6.0 months and 24% for docetaxel
respectively.’

A second and increasingly popular strategy for immunotherapy involves
modification of T-cells with chimeric antigen receptors (CARs), which redirect the
T-cells to the surface of a tumour.®” This treatment has proven very successful in
leukemia patients, with 90% showing a complete response in a 30 patient trial.® In
a Phase I/I trial of 101 patients with refractory large B-cell lymphoma treated with
anti-CD19 CAR T-cell therapy, 82% had an objective response and 54% had a
complete response. This compares to existing therapies that have objective response
and complete response rates of 26% and 7% respectively.® ° Although CAR T-cell
therapies have shown impressive results in the clinic, many of the patients suffer

from disease relapse between 6 weeks and 8.5 months after treatment.
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Both anti-PD-1 antibodies and CAR T-cell therapies have shown impressive
results in the clinic, where the common factor between the treatments is an
increased level of T-cells at the tumour site.” '° Antibody recruiting small molecules
(ARMs) offer an alternative means of developing immune-stimulatory therapies
that can recruit immune cells to the tumour and potentially overcome
immunosuppressive issues that promote tumour growth.!!-13

It is apparent from the ARM literature that modifying a native targeting
vector with a hapten can be deleterious to binding. For example Zhang et al.
synthesized a library of PSMA targeted glutamate-urea-lysine derivatives that were
functionalized with a DNP group through an oxyethylene (PEG) linker that ranged
from 0 to 12 units in length (ARM-PO-ARM-P12).! The ICso values of the
compounds were measured, and showed an increase in binding affinity as the length
of the linker increased from 0 to 4 PEG units (1.76 £ 0.41 and 0.46 = 0.18 M
respectively). Any subsequent increase in the linker length lead to a rapid decrease
in affinity towards PSMA to the lowest recorded value of 37.3 +£ 16.2 M for ARM
P-12. The compounds were then evaluated for anti-DNP antibody recruitment and
it was found that ARM-P4, the compound with the highest affinity towards PSMA,
was not capable of binding the antibody and therefore could not be used for ARM
therapy. ARM-P8 on the other hand had high affinity towards the antibody, but the
binding affinity towards PSMA was 7 times lower than ARM-P4. These results
highlight the weakness of the ARM platform; the binding affinity towards the target

can be compromised while optimizing antibody recruitment.'6: 17
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The TCO-BSA platform developed in Chapter 3 offers a simple way to
deliver ARMs into preclinical tumour models while alleviating issues of target
binding affinity. Compound 7 can recruit anti-DNP antibodies and once reacted
with TCO-BSA, can be retained in a tumour following i.t. injection. As was the
case with the radiolabelled form, 15, the amount of albumin derived ARM
administered in the tumour can be readily varied by simply increasing the amount
of 7 linked to TCO-BSA or by increasing the amount of protein conjugate
administered. The BSA platform is advantageous over traditional methods of ARM
therapy as the antigen is retained in the tumour after i.t. injection for prolonged
periods of time. This is likely to maximize the immune response, limit the amount
of injections required for efficacy, as well as reduce toxicity related events. Prior to
evaluating the R-ARM approach in vivo, a suitable animal model was required in
order to optimize the dosing regimen for ARM monotherapy.

5.2.1 Immunization for anti-DNP Antibody Production

It has been shown in the literature that humans natively produce detectable
levels of anti-DNP antibodies. This is thought to be caused by exposure to
pesticides and dyes containing nitroarenes or ingestion of food that develop
nitroarenes during the cooking processes.!* Since lab animals are not exposed to
the same environmental toxins as humans, mice do not natively produce high levels
of anti-DNP antibodies.'® As a result, mice must be immunized to produce anti-
DNP antibodies prior to performing ARM therapy studies.

Typically, the immunization process involves the repeated administration

of the antigen in the presence of an adjuvant in order to produce a high titre in the
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animal. One common adjuvant mechanism of action, the “depot” effect, uses a 1:1
oil-in-water emulsified antigen injected into the animal.'!” The emulsification
process helps to encapsulate the antigen, which provides protection from
degradation and conformational changes and allows for a slow, sustained release of
the antigen over time. It has been shown that daily injections of an antigen for 50
days can result in a high antibody titre that is comparable to one injection of the
antigen in an oil-in-water emulsion. However, it was also determined that after the
50 days, the antibody titre in the blood decreased rapidly for the group immunized
daily but was sustained in the adjuvant group. This study is representative of a
wealth of literature supporting the use of adjuvants in order to obtain a long-lasting
immune response. 2!

The current gold standard adjuvant is Freund’s Complete Adjuvant (FCA),
due to the long lasting immunostimulatory properties.'® 2> FCA takes advantage of
the depot effect and has an added effect from dried mycobacterial cells.!® These
bacterial cells help to activate the innate immune response through the presence of
toll-like receptors (TLR) on the cell surface, which are recognized by immune cells
such as macrophages and dendritic cells. This leads to an inflammatory response
which can potentially cause pain in the animal. Although TLRs are thought to be
one of the main components in sustained production of an antibody, many
organizations discourage the use of FCA due to animal welfare concerns. As a
result, probing different approaches to induce an immune response that do not use

TLRs were pursued.
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5.3 Materials and Methods

5.3.1 Biology: Materials and Instrumentation

Antibodies and reagents were purchased from Sigma-Aldrich, Life Technologies,
ThermoFisher, Bethyl Laboratories, Polysciences Inc, Acro Biosystems and
Conjuprobe and wused without further purification. ELISA absorbance
measurements were performed with a Tecan infinite M1000 plate reader. Flow
Cytometry was performed using a BD LSRII™ flow cytometer (BD Biosciences,
USA).

5.3.2 ELISA Protocol to Determine anti-DNP Concentration in the Blood
Briefly, 1 mg/mL DNP-BSA (Life Technologies, A23018) in sterile PBS
(ThermoFisher, 10010023) was diluted 1/1000 with coating buffer (Bethyl
Laboratories, E107) and transferred (100 uL) to a 96 well plate. Following a 1 h
incubation at room temperature, the wells were washed three times with 200 puL of
ELISA wash buffer (Bethyl Laboratories, E106). ELISA blocking buffer (Bethyl
Laboratories, E104) was then added to each well (200 uL) and left to incubate at
room temperature for 0.5 h The plate was washed three times with ELISA wash
buffer (200 pL/well) before the addition of 100 puL of serum dilutions (range 1:50
— 1:1 000 000 per well) or sample diluent alone and left to incubate at room
temperature for 1 h. The plate was washed three times with ELISA wash buffer
(200 pL/well) before the addition of 100 pL of anti-DNP-AP (Sigma-Aldrich,
A2831; 64 ng/mL). Following a 1 h incubation at room temperature, the plate was
washed three times with ELISA wash buffer (200 pL/well) before the addition of
100 uL of Goat anti-mouse IgG-AP 2°(1:5 000). Following a 1 h incubation at room

temperature the plate was washed five times with ELISA wash buffer (200 nL/well)
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before the addition of 100 uL of PNPP substrate and the plate incubated in the dark
at room temperature for 0.5 h. To quench the reaction, 50 uL of 2 M NaOH was
added to each well and the absorbance subsequently measured at 405 nm on a plate

reader.

5.3.3 Intraperitoneal Immunization with DNP-KLH

Prior to starting immunization, blood was collected from a group (n=3) of Balb/c
female mice (4-6 weeks) through a facial bleed. The mice were administered 400
pL DNP-KLH (0.5 mg/mL in PBS) 1.p three times every two weeks and blood was

drawn 3 days after each administration.

5.3.4 Intraperitoneal Immunization with FIA and FCA

Prior to starting immunization, blood was collected from two groups (n =5) of
Balb/c female mice (4-6 weeks) through a facial bleed. For vaccination of group 1,
100 pL DNP-KLH (1 mg/mL in PBS) and 100 pL Freund’s Incomplete Adjuvant
(FIA) were administered to mice i.p. three times every two weeks. For vaccination
of group 2, 100 pL. DNP-KLH (1 mg/mL in PBS) and 100 uL FCA were
administered to mice 1.p. followed by 100 pL. DNP-KLH (1 mg/mL in PBS) and
100 pL FIA 1.p two times every two weeks. The mice were given access to drinking
water containing Children’s Tylenol (1.5 mg/mL) for 48 hours before and 48 hours
after each administration. Blood was drawn through a facial bleed 3-5 days after

each i.p. administration.

5.3.5 Subcutaneous Immunization with FIA

Prior to starting immunization, blood was collected from a group (n=5) of C57BL/6

female mice (4-6 weeks) through a facial bleed. For vaccination, 50 pLL. DNP-KLH
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(1 mg/mL in PBS) and 50 uL FIA were administered to mice s.c. three times every
two weeks. Blood was drawn through a facial bleed 3-5 days after each s.c.
administration.

5.3.6 ARM Therapy Study

All animal studies were approved by the Animal Research Ethics Board at
McMaster University. Mice were maintained under clean conditions in the Central
Animal Facility with 12 hour light/dark cycles and given food and water ad libitum.
Female, 13-15 week old, C57/BL6 mice ordered from Charles River Laboratory
(Kingston, NY) were tumour inoculated with 5 x 10° EO771 cells in the left flank.
Once palpable tumours arose (~100 mm?) mice were treated three times per week
with 17. Mice were followed for survival and tumours measured every 2-3 days.
Mice were sacrificed when they reached endpoint (tumour volume=1000 mm?).
5.3.7 Calibration Curve of 7

Compound 7 was diluted in saline in decreasing concentration (0.38 — 24 nmol) and

measured on the Tecan Plate Reader at 320 nm.

Absorbance (320 nm)

¥ = 6E+07x + 0.2083
R?=0.9994

0 5E-09 1608 1.56-08 2608 25608 3608
Moles of DNP-DOTA-Tz

Figure 5-1. Calibration curve of 7 (dissolved in saline) at a concentration range of

0.38 — 24 nmol. Absorbance readings were taken at 320 nm.
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5.3.8 ELISA Protocol to Determine anti-DNP Recruiting Capabilities of 17
Briefly, 1 mg/mL DNP-BSA (Life Technologies, A23018) or 17 in sterile PBS

(ThermoFisher, 10010023) was diluted 1/1000 with coating buffer (Bethyl
Laboratories, E107) and transferred (100 pL) to a 96 well plate. Following a 1 h
incubation at room temperature, the wells were washed three times with 200 pL of
ELISA wash buffer (Bethyl Laboratories, E106). ELISA blocking buffer (Bethyl
Laboratories, E104) was then added to each well (200 uL) and left to incubate at
room temperature for 0.5 h The plate was washed three times with ELISA wash
buffer (200 pL/well) before the addition of 100 pL of anti-DNP-AP (Sigma-
Aldrich, A2831; 64 ng/mL). Following a 1 h incubation at room temperature, the
plate was washed three times with ELISA wash buffer (200 pL/well) before the
addition of PNPP substrate and the plate incubated in the dark at room temperature
for 0.5 h. To quench the reaction, 50 uL. of 2 M NaOH was added to each well and
the absorbance subsequently measured at 405 nm on a plate reader.

5.3.9 Pre-targeting Biodistribution Studies

Female 6-8 week old, Balb/c mice were injected i.t. with 100 ug of TCO-BSA (11
or 12 in 0.9% saline) or 0.9 % saline. After 1 h approximately 0.37 MBq of 8 was
administered. At 24 h post-injection (n=3 per time point), mice were anesthetized
with 3% isoflurane and euthanized by cervical dislocation. Blood, adipose,
adrenals, bone (arm bones including shoulder and leg bones including knee joint),
brain, gall bladder, heart, kidneys, large intestine and caecum (with contents), liver,
lungs, pancreas, skeletal muscle, small intestine (with contents), spleen, stomach
(with contents), thyroid/trachea, urine + bladder and tail were collected, weighed

and counted in a gamma counter. Decay correction was used to normalize organ
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activity measurements to time of dose preparation for data calculations with respect

to injected dose (i.e. %ID/g).

5.4 Results and Discussion

5.4.1 Immunization with DNP-KLH

In an attempt to immunize mice towards 2,4-dinitrophenyl, the antigen was
administered without an adjuvant following the guidelines outlined by the animal
facility at McMaster University. The mice were administered DNP-KLH, a 390
kDa protein that is functionalized with > 400 DNP groups per protein. The mice
were given three doses of DNP-KLH i.p. every two weeks, and their blood collected
three days after each dose.?* The animals were monitored for signs of distress, and
after the three treatments, the mice appeared healthy with no significant loss in body
weight. In order to evaluate the amount of antibody present, the mice were bled,
and an ELISA was performed on the serum. Briefly, an ELISA plate was coated
with DNP-BSA followed by the addition of serum samples (1:50 — 1:1 000 000
dilutions) and incubated for an hour. The plate was washed, and a secondary anti-
mouse antibody added. After one hour at room temperature, the plate was washed,
and the substrate added. The enzymatic reaction was stopped with the addition of
sodium hydroxide and the absorbance signal of each of the wells was read on a
Tecan plate reader at 405 nm. Following standard literature procedures, the
obtained absorbance values were compared to published values.!? 324

The results are shown in Figure 5-2, where each graph displays the serial
dilutions of serum from one mouse and the absorbance reading at that dilution. As

is depicted, there was a slight increase in the absorbance reading between the naive

(red) and the final (orange) bleed, with antibodies detected for two of animals at the
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1:1 000 dilution, and at the 1:100 dilution for the third. Unfortunately, the reported
titres were lower than that seen in the literature, where the antibodies can be
detected anywhere between the 1:20 000 and 1:100 000 dilution, and therefore the
mice were not suitable for therapy.'? 24 Although there is evidence that the antibody
titre could be increased through daily administration of the antigen, immunization

with an adjuvant was pursued to ensure a long lasting titre.?°
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Figure 5-2. Anti-DNP antibody titre as determined by an ELISA. Each graph
represents one mouse (N = no ear notch, L = left ear notch, R = right ear notch); the
absorbance value can be related to the amount of antibody present in the serum at

different dilutions (x-axis).

5.4.2 Immunization with DNP-KLH in PBS Emulsified with FCA or FIA
Intraperitoneal Administration
As mentioned above, the current gold standard for adjuvants is FCA which

leads to the production of a high, and sustained antibody titre.'® In order to use FCA
and Freund’s incomplete adjuvant (FIA), the animal facility at McMaster required

a pain management regimen to accompany the immunizations. It was initially
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thought that the administration of pain medication, in particular anti-
inflammatories, would be deleterious to antibody production. As previously
mentioned, the mechanism of action of adjuvants is thought to be partially
dependent on inflammation, therefore the use of the recommended pain medication
could counteract this mechanism.!” However, a publication from 2012 did a head
to head comparison of mice immunized with FCA and FIA that were given one of
four pain management regimens, none, acetaminophen, meloxicam or
buprenorphine.?? The results found no difference in average or maximum antibody
production in the control group compared to the groups administered pain
management. Based on these literature results, two groups of mice (n=5) were
administered DNP-KLH in PBS emulsified with either FIA or FCA (1:1) i.p. for
the primary injection, with all mice receiving two additional doses of DNP-KLH in
PBS emulsified with FIA (1:1) every two weeks. The mice were given Children’s
Tylenol in their water 48 hours before and 48 hours after 1.p. administration to help
alleviate any pain, with additional buprenorphine if required.

Mice were bled three days after each dose, and the final antibody titre was
compared to that of the naive animals. The results of the study are shown in Figure
5-3, where all 10 of the serum samples show antibody titres above background at
the 1:10 000 dilution. Figure 5-3 also shows the average serum antibody titres from
the FCA and FIA groups where it was evident that the FCA was more effective in
producing a high titre when compared to FIA, likely due to the TLR activation. The
study concluded that FCA produced a higher titre, but both the FCA and FIA levels

are suitable for therapy based on literature data for human anti-DNP antibody serum
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levels, and previous work in mice.'? Although the animals had sufficient antibody
titres, they unfortunately suffered from severe dehydration making them unsuitable
for tumour implantation. The dehydration was attributed to the decreased water

intake of the mice due to the use of Tylenol in their drinking water.

-o- FCA first injection
-0~ FIA all injections

Absorbance 405n,m

Absorbance95,m
i

Figure 5-3. Left - Antibody titres from 10 mice vaccinated with DNP-KLH with
either FCA (C1) or FIA (C2). Right — Average antibody titres from the 10 mice,
black line represents FCA group, and blue line represents FIA group.

5.4.3 Immunization with DNP-KLH in PBS Emulsified with FCA or FIA
Subcutaneous Administration

In an attempt to administer an adjuvant without pain medication, we opted
to alter the method of administration. There is evidence in the literature that
subcutaneous (s.c.) injections can be effective in producing a high antibody titre,
while minimizing the pain associated with the injection.!®>2! A group of mice (n=5)
were administered DNP-KLH in PBS emulsified with FIA (1:1) s.c. three times
every two weeks and bled after each dose. The antibody titre in the serum was
determined through an ELISA and compared to that of naive animals. As shown in
Figure 5-4, 4/5 of the immunized animals showed a high titre at the 1:10 000
dilution with two of the animals showing a higher than background signal at 1:100

000. Although the antibody titre is lower than with FCA, the values were high
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enough for use in therapy and the animals showed no signs of pain or distress post-

immunization.
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Figure 5-4. Absorbance readings representative of antibody titres from C57BL/6
(n=5) mice after 3 administrations of DNP-KLH with FIA. Each line is
representative of an individual mouse (legend represents ear notch).

5.4.4 Pilot Antibody Recruiting Therapy Study

Due to the reasonable antibody titre and good health of the animals, a pilot
ARM therapy study was performed. As a prelude to the future evaluation of the
efficacy of the combination R-ARM therapy, the dosing regimen of the non-
radiolabelled ARM monotherapy was first interrogated.

Up until this point, ARMs have been administered i.v. or i.p. making it
difficult to determine the optimal i.t. dose.'> % 2* Most ARMs are given at least
three times per week at concentrations of 4-100 mg/kg, or approximately 0.5-1265
nmol of antigen per injection.'? !32%25 Compounds that are administered i.v. seem
to be given at lower doses (0.5-92.8 nmol) than when delivered i.p., however there
is no information on the uptake or distribution of the reported ARMs. Since the
tumour uptake has not been quantified in any of the mentioned therapy studies, a
pilot study was performed to determine if i.t. administration of 1.5-1.9 nmol of DNP

three times per week would show any efficacy in immunized mice compared to

121



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

non-immunized mice through measurement of tumour size and immune cell
infiltration. This dose range was selected to be within the literature concentration
range used in the published ARM studies and was compatible with reasonable i.t.
injection volumes. Based on the autoradiography data presented in Chapter 4, the
therapy study was performed with the non-aggregated material, 17, due to the more
extensive 1.t. distribution compared to that for 16.

Prior to performing the therapy study, an ELISA was used to ensure that
compound 17 could recruit anti-DNP antibodies as the previously tested compound,
7, had been modified with TCO-BSA. Commercially available DNP-BSA or 17
was coated on an ELISA plate followed by addition of anti-DNP-AP. The plate was
then washed and PNPP substrate added. The wells were treated with sodium
hydroxide after 30 min to stop the reaction and the absorbance read on a plate
reader. The data (Figure 5-5) showed that the commercially available DNP-BSA,
which is known to interact strongly with anti-DNP antibodies, had a similar level
of antibody binding compared to 17. In addition, 11 was used as a negative control
and showed an absorbance signal comparable to background, suggesting that the
antibody binding is sensitive to the presence of the DNP group. This supports

moving forward with testing compound 17 in vivo.
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Absorbance 405 nm

DNP-BSA 17 11

Figure 5-5. ELISA results demonstrating anti-DNP recruiting capabilities of the
commercially available DNP-BSA, 17 and 11.

Two groups of mice, one immunized with DNP-KLH, were inoculated with
E0771 breast cancer tumours two weeks after the final DNP-KLH booster. Once
the tumours reached a palpable size (~100 mm?), the mice were administered 17 i.t.
three times per week until they reached endpoint. Since 17 is produced through the
reaction of 7 and 11, it was necessary to quantify the amount of antigen, DNP,
present on the BSA after the ligation reaction. After purification with a 50 kDa spin
filter, an aliquot of the filtrate was removed and the absorbance read. The
absorbance value was then used in conjunction with a calibration curve (Figure 5-1)
derived from 7 to determine the amount of unreacted material in the filtrate. The
mass of unreacted material was subtracted from the amount of 7 added to the
reaction, where it was found that 62-78% of the tetrazine reacted 11 (n=3) giving
an approximate dose of 1.5-1.9 nmol of DNP per 50 uL injection.

Both the control and immunized animals were treated until they reached
endpoint, and the results shown in Figure 5-6. It can be seen that there was no

statistically significant survival advantage between the control (non-immunized)
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and immunized groups, which suggests limited therapeutic efficacy of 17 with the

current dosing regimen.
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Figure 5-6. Pilot therapy study results. Top — Tumour growth charts representing
the control (left) and the immunized (right) groups. Bottom — Kaplan Meier curve
showing the survival time of the two groups.

5.4.5 Immunohistochemistry

To assess the impact of the treatment on the biology of the tumours, as
opposed to simply looking at the change in volume and survival, tumours were
harvested at endpoint for [HC analysis. The tumours were fixed and stained for cell
morphology, as well as the presence of immune cells, specifically T-cells and
macrophages. Since the main purpose of the study was to monitor tumour volume
until endpoint, the tumours from the two groups were not all harvested on the same
days. Traditionally, when comparing the overall health and immune cell presence

in a tumour, the tissue samples should be a comparable age. Nevertheless, for this
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study three tumours were harvested on both days 9 and 14 post-therapy for IHC
analysis. IHC slides were quantified as shown in Figure 5-7 where the total number
of cells on each slide were counted, and the positive signals relating to each type of
immune cell compared to the total.

On day 9, one tumour was harvested from the non-immunized control group
(grey), and two tumours from the immunized group (black and blue). The data
shows that macrophages were the most common immune cell, followed by CD8"
then CD4" T-cells. When comparing the number of immune cells in the control
tumours to the immunized tumours, it is apparent that there are more of all four
types of immune cells in the immunized animals. On day 14 one tumour was
harvested from the non-immunized control group (grey), and two tumours from the
immunized group (black and blue). Once again macrophages were the most
common immune cell, however the control tumour had the highest percentage of
macrophages, CD3" and CD8" T-cells. Based on the results of the immune cell
quantification it appears that the immune cell infiltration is higher closer to the start
of therapy, which then decreases by day 14. The increase in immune cells in the
tumours of the immunized animals 9 days after treatment suggests that there is some
therapeutic response to the treatment.

In addition to evaluating the presence of immune cells, the extent of necrosis
in the tumours was analyzed (Figure 5-7). The tumour from the non-immunized
animal (grey) had approximately 5% less necrosis compared to the two tumours
from the immunized animals on day 9. On day 14 the non-immunized animal (grey)

had less necrosis (by approximately 5% and 17%) compared to the tumours of the
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two immunized animals. These results, which are in agreement with the immune
cell data, suggest that there were morphological changes in the immunized group
that was not seen to the same extent in the non-immunized group. Although these
results were not reflected in the tumour volume measurements, they do suggest dose
optimization is warranted. It is important to note that the IHC results are based off
of individual tumours as all of the mice were not sacrificed on the same days. In
order to get data that can be analyzed for statistical significance the experiment
must be repeated and groups of control (non-immunized) and immunized animals

sacrificed on the same days.
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Figure 5-7. Graphs representing the quantification of THC slides. Top left -
Percentage of cells on the slide that were CD3" T-cells, CD4" T-cells, CD8" T-cells
or macrophages (F480) from tumours harvested on day 9. The grey bar represents
a tumour harvested from the non-immunized group, while the blue and black bars
represent tumours harvested from the immunized group; Top right- Percentage of
cells on the slide that were CD3" T-cells, CD4" T-cells, CD8" T-cells or
macrophages from tumours harvested on day 14. The grey bar represents a tumour
harvested from the non-immunized group, while the blue and black bars represent

(S}
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tumours harvested from the immunized group; Bottom left- Percentage necrosis in
the tumours harvested on day 9. The grey bar represents a tumour from the non-
immunized control, while the black and blue bars represent tumours from the
immunized group; Bottom right - Percentage necrosis in the tumours harvested on
day 14. The grey bar represents a tumour from the non-immunized control, while
the black and blue bars represent tumours from the immunized group. Legends
represent the ear notch of each individual animal.

There is evidence in the literature that immunotherapies have a “peak”
immune cell infiltration day, however there is limited literature documenting this
data for ARMs. To our knowledge, the only example in the literature to analyze the
immune cells in a tumour after ARM treatment was done through IHC in 2008.%
In this article, M109 lung cancer tumours and 4T1 breast cancer tumours were
treated with ARM, IL-2 and IFN-a. The tumours were harvested three days after
the start of treatment and the immune cell infiltration (CD4" and CD8" T-cells, and
macrophages) was analyzed. In this publication, an increase in immune cells
relative to the control was apparent through visual analysis of the IHC slides,
indicating a positive response to the therapy as early as three days post treatment.
That being said, the earliest the tumours were harvested from our therapy study
with compound 17 was 9 days after the start of therapy, therefore the IHC slides
may not be representative of the peak T-cell infiltration.

5.4.6 Anti-DNP Antibody Titre Post-Therapy

In addition to harvesting the tumours at endpoint, blood was drawn from
each animal to determine the longevity of the anti-DNP antibody titre. The titre
from the FIA group was compared to that of the control to ensure there was a
significant difference between the groups. Due to repeat administration of the
therapeutic in both the naive and FIA mice, there is a chance that the naive group

started producing anti-DNP antibodies. The level in the naive animals however
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should still be much lower than the FIA group as the antigen was administered
without an adjuvant.'®

The results of the ELISA, Figure 5-8, demonstrate that the antibody titre for
the immunized mice decreased post tumour implantation with detectable amounts
out to the 1:10 000 dilution. Although the values were lower than before tumour
implantation, it is important to note that the titre was much higher than the non-
immunized group in which only two mice showed an antibody titre higher than
background at a 1:50 dilution. After vaccination towards an antigen, it is common
for the antibody concentration in the blood to increase upon each subsequent
exposure to the antigen.?’” The ELISA results show a reduction of the antibody
concentration in the blood compared to that observed after the third DNP booster.
Since the antibody titre was sufficient to elicit an immune response based on
literature data, and compound 17 was shown to recruit anti-DNP antibodies in vivo,
the poor therapy results suggest that the antigen on compound 17, was not
adequately recognized by the immune system.'> !® 23 This could be due to

inadequate concentration of accessible ARM in the tumour.
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Figure 5-8. Left — ELISA results of anti-DNP antibody titre post-therapy of
Freund’s immunized mice; Right — ELISA results of anti-DNP antibody titre post
therapy in non-immunized mice.
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5.4.7 Antigen Accessibility by the Blood Stream After I.T. Administration

To evaluate whether TCO-BSA derivatives are accessible to molecules
circulating in the blood stream when administered i.t., pre-targeting biodistribution
studies were performed. Here, we took advantage of the bio-orthogonal capabilities
of the platform by administering TCO-BSA, aggregated (12) and non-aggregated
(11), 1.t. followed by i.v. administration of 8. A saline control group was
implemented to ensure that there is no inherent accumulation of the radiolabelled
ligand in the tumour. The results, Figure 5-9, show that the uptake in the tumour
after i.t. injection of 11 or 12 was not statistically different compared to the saline
control with the average tumour uptake less than 1 %ID/g in each group. This can
be compared to pre-targeting studies in the literature where an antibody was
administered i1.v. followed by the radiolabelling coupling partner resulting in
tumour uptake greater than 4 %ID/g.?® 2° This was done with either coupling
partner, TCO or tetrazine, in excess with molar ratios varying from 1:3.4 to1:7.7.%
30 The ratio employed for our study had the TCO-albumin conjugate present in 8.5-
fold excess compared to the tetrazine. While this value falls outside of the typical
literature range, it is important to note that an i.t. injection strategy leads to the
retention of the majority of the administered TCO groups in the tumour. When the
TCO or tetrazine is administered i.v., a smaller portion of the injected molecule
accumulates at the tumour site and the remainder is cleared from the body or taken
up in other tissues. In order to quantify the amount of TCO-antibody that
accumulated at the tumour site, one study directly labelled a TCO-derived antibody

with iodine-125.% By quantifying the amount of iodine in the tumour, the
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concentration of TCO was determined to be 0.9 nmol/g, which compares to our
study which administered 5.6 nmol/g of TCO directly into the tumour.

Based on what has been published in the literature, the administered molar
quantities of TCO-BSA and 8 should have been sufficient for the in vivo click
reaction to occur. The low uptake can be explained for the aggregates, where the
TCO groups may become less accessible in the globular structure of the protein or
the heating process required to make the aggregates lead to isomerization of the
trans-double bond. However, the low uptake seen with the non-aggregated version
was surprising as there were no modifications to the compound prior to injection.
The other tissues that were analyzed in the biodistribution study were similar
between all three groups, indicating the i.t. administration of albumin derivatives
did not significantly alter the distribution of 8. The results ultimately suggest that
when administered i.t., TCO-BSA is not readily accessible in sufficient

concentrations to react with tetrazines administered i.v..
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Figure 5-9. Pre-targeting biodistribution results of TCO-BSA injected i.t. in a 4T1
tumour model followed by i.v. administration of 8 after one hour. Mice, n=3, were
sacrificed 24 hours after radioactive injection and their organs counted for
radioactivity. The light grey bar is the data from the control where saline was given
in place of TCO-BSA, the medium grey bar is for 11 and the dark grey 12. Data at
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the time points indicated are expressed as the mean percent injected dose per gram
(%ID g') £ SEM.

5.5 Conclusion

The ability of immunocompetent mice to produce anti-DNP antibodies was
tested through administration of DNP-KLH with and without adjuvants. It was
determined that immunization without an adjuvant resulted in a low antibody titre
which was not useful for therapeutic studies. The use of FCA and FIA resulted in
high antibody titres that could be used for antibody recruiting therapy, with the
preferred method of immunization being a subcutaneous injection every 2 weeks,
which reduced the site-pain associated with adjuvant administration. A pilot
therapy study in immunized mice was performed in an E0771 breast cancer model
with the mice receiving compound 17 i.t. three times per week. Unfortunately, no
difference in tumour size was seen between the non-immunized control group and
the immunized treatment group. That being said IHC results show an increase in
the number of macrophages and T-cells at the tumour site for the immunized group
on day 9 after the start of therapy. The immunized group also showed a higher
percentage of necrotic tissue compared to the non-immunized control group,
however a larger study is required to determine if the results are statistically
significant. In an attempt to explain the lack of observed efficacy, a pre-targeting
biodistribution study was performed which showed that TCO-BSA is not readily
accessible for the in vivo click reaction in either aggregate or non-aggregate forms
after i.t. injection. These results indicate that the i.t. administration of TCO-BSA in

the manner described here is not suitable for ARM therapy as it is likely that the
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anti-DNP antibodies are not able to reach the ARM, which is a key step in

promoting immune cell recruitment and response.
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Chapter 6 - Conclusions and Future Work

6.1 Summary of Findings

Due to the potential synergistic effects of combination radiotherapy and
immunotherapy, the goal of this thesis was to develop a platform that would enable
the evaluation of the efficacy of combined radionuclide and antibody recruitment
therapies. The first step was to synthesize a molecule that contained a tetrazine, for
rapid bio-orthogonal ligation to a targeting vector, a 2,4-dinitrophenyl group for
antibody recruiting, and a DOTA macrocycle for chelation of radiometals (Chapter
2). The lead construct was radiolabelled with lutetium-177, and the clearance
profile evaluated in a biodistribution study. Due to the ideal pharmacokinetics
observed with the ligand, an additional biodistribution study was performed to
determine the targeting potential of the platform. Prior to administration, the
lutetium-labelled compound was incubated with TCO-BP, a bone targeting
bisphosphonate, which revealed activity in the bone as early as one hour post-
injection. In addition, there was high off-target uptake in the lungs rendering the
platform impractical for therapy. Taking advantage of the versatility of the
platform, a pre-targeting strategy was employed where TCO-BP was injected,
followed by the radiolabelled tetrazine where after one hour, the lung uptake was
significantly reduced while maintaining similar uptake in the bone.

Once the ability to target the ligand was confirmed through both active and
pre-targeting strategies, the antibody recruiting capabilities were tested. Using both
ELISA and flow cytometry, the ligand alone and clicked to a vector or surface

showed dose dependent anti-DNP antibody recruitment. The in vitro and in vivo
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data suggested that the ligand can be used to localize an antigen and a radionuclide
to the site of interest for combination antibody recruiting and TRT.

Moving forward, a suitable target and targeting strategy were required to
evaluate the therapeutic efficacy of the R-ARM platform. While the TCO-BP
construct was successful in targeting regions of high calcium turnover, orthotopic
bone tumour models were not optimal for testing R-ARM therapies. As a result,
two other approaches were investigated: a TCO-derived vector targeting melanin
was synthesized and tested for uptake in a melanoma tumour line, and two
technetium-labelled bisphosphonates were evaluated in an osteosarcoma flank
tumour model (Chapter 3). The melanin targeted vector showed uptake in the
melanoma tumour, however the activity washed out over 24 hours. Although in the
literature bisphosphonates have been known to accumulate in osteosarcoma flank
tumours, neither of the radiolabelled bisphosphonates showed significant uptake in
the tumour. As an alternative to developing biomolecule targeted TCO-derivatives,
research into creating a construct that would allow for i.t. administration of the R-
ARM was pursued. TCO-functionalized bovine serum albumin (BSA) derivatives
were prepared and used as “protein anchors” to help retain the R-ARM in the
tumour after i.t. injection. Both aggregated and non-aggregated BSA derivatives
were highly retained in 4T1 breast cancer tumours for at least 120 hours. Based on
these promising results, therapy studies were pursued using i.t. injections.

To interrogate the platform, both alpha and beta emitting radionuclides
were evaluated through i.t. administration in a breast cancer tumour model (Chapter

4). Prior to performing a therapy study, a method for preparing the actinium-
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labelled aggregates was developed and a tolerability study performed. After 7 days
the mice showed no signs of radiotoxicity with the majority gaining or maintaining
weight, however future studies were performed using lutetium-177 due to the facile
detection of the isotope. Single and multi-dosing studies were performed with the
lutetium-labelled aggregates, in which the latter showed a statistically significant
survival advantage compared to the control, however the treatment was not
curative.

To better understand the observed results, an autoradiography study was
performed to evaluate the spatial distribution of the radiolabelled aggregated and
non-aggregated material within tumours after i.t. administration. The aggregated
material was concentrated in a few small areas of the tumour whereas the non-
aggregated material was distributed throughout the tumour by 24 hours. Based on
these findings, a multi-dosing therapy study was performed with the lutetium-
labelled non-aggregated material which showed a statistically significant survival
advantage compared to the control and the longest survival advantage to date. The
results from the therapy studies were promising, and dose optimization for complete
tumour regression will be pursued with the actinium and lutetium derivatives.

In addition to radiotherapy, the antibody recruiting efficacy of the platform
was tested (Chapter 5) in an attempt to determine a dosing regimen which could
then be applied to combination therapy. As shown in Chapters 3 and 4, the
radiolabelled non-aggregated BSA was highly retained in the tumour and
autoradiography data showed preferable spatial distribution versus the aggregates

for ARM therapy. Prior to further in vivo experiments, an ELISA was performed
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which showed the ligand clicked to TCO-BSA was still capable of recruiting
antibodies. This was followed by extensive work to develop mice that had
appropriate anti-DNP antibody titres. A protocol involving subcutaneous injections
of DNP-KLH in Freund’s incomplete adjuvant (FIA) every two weeks was found
to create a titre that was sufficient for ARM therapy. To this end animals were
administered the ARM linked to BSA (1.5-1.9 nmol of DNP) i.t. three times per
week and tumour size was compared to treated but anti-DNP naive animals.
Unfortunately, there was no difference in survival advantage or change in tumour
growth rate between the immunized group and the control. While analysis of the
immune cells in the tumour provided preliminary evidence of an elevated immune
response it is not yet possible to make the connection to ARM therapy. To probe
the system further, both aggregated and non-aggregated TCO-BSA were given i.t.
followed by the i.v. administration of the radiolabelled tetrazine. The study showed
minimal uptake in the tumour for either agent with a clearance profile that was
similar to that of the ligand alone. This data suggests that with 1.t. administration
the antigen was not readily accessible creating a barrier to anti-DNP recruitment

and ultimately ARM therapy.

6.2 Future Work and Preliminary Data
6.2.1 Antibody Penetration

The concept of therapeutic antibodies being unable to reach the intended
target is well known, which is often associated with limited tumour penetration of
20-130 pm from a blood vessel.! This is thought to be due to poor blood flow caused
by distorted blood vessels and increased interstitial fluid pressure from the

irregularly shaped, poorly connected endothelial cells lining the vessels.? It has
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been documented that alpha radiation can be used to increase permeability in the
tumour vasculature.® * Heyerdhal and colleagues used magnetic resonance imaging
(MRI) to image ovarian cancer xenografts after RIT with [*2’Th]Th-trastuzumab.
The MRI scans were performed 1, 2 and 3 weeks post-treatment and it was found
that over time the rate constant of diffusion from the extracellular extravascular
space to plasma, kep, increased significantly. In addition, an increase was seen in Ae
kep, the product anticipated to be released to vessel permeability, shown to be
associated with increased vessel and tumour permeability.>

Based on these findings, it appears that first irradiating the tumour with an
alpha emitter could help increase anti-DNP antibody penetration, leading to a more
pronounced therapeutic effect. In addition, it has been noted that causing apoptosis
in the tumour can lead to a decrease in tumour interstitial fluid pressure, leading to
better antibody penetration.? Therefore, the R-ARM platform should be pursued in
the future by first delivering cytotoxic radiation to the tumour followed by antibody
recruiting therapy. Preliminary steps of this experiment have been completed
through the labelling of 7 with actinium-225 (18), conjugation to TCO-BSA
aggregates (19), followed by a tolerability study in a breast cancer tumour model.
6.2.2 Targeting The R-ARM Platform Using BSA

Preliminary work to evaluate the tumour uptake of 8 linked to TCO-BSA
when administered i.v. was reported in Chapter 3. The resulting tumour uptake was
thought to be caused by the enhanced permeability and retention (EPR) effect seen
in many tumours.” With that being said there is evidence that BSA accumulation at

a tumour site can be due to the interaction with secreted protein acidic and rich in
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cysteine (SPARC); a glycosylated protein known to have a high binding affinity for
albumin.®!?2 SPARC is overexpressed in many cancers, with the expression in
healthy tissue limited to bone and tissues undergoing repair.® In a study of 119
patient samples, it was found that 61% of head and neck cancers were positive for
SPARC, compared to 0% of healthy tissue biopsies.® It was also noted that patients
with SPARC positive tumours treated with albumin-bound paclitaxel had an overall
response rate of 83% compared to 25% in the SPARC negative group. A study by
Hoang and colleagues found that in the presence of BSA, the uptake of docetaxel-
functionalized nanoparticles increased two-fold in SPARC positive tumours.’
Based on the promising clinical and preclinical data, the i.v. administration of 8
linked to TCO-BSA should be pursued further, specifically in SPARC positive
tumours. This has the potential to increase therapeutic efficacy, as i.v.
administration may help to increase the availability of the DNP-antigen to the anti-
DNP antibody.

As noted in Chapter 3, it has been demonstrated that the number of
conjugates linked to albumin can have a significant impact on its distribution.
Stehle and colleagues compared the biodistribution of rat serum albumin
conjugated with 1 to 20 methotrexate molecules.'® It was found that as the number
of methotrexate molecules increased, the circulation time of the compound in the
blood decreased, tumour uptake decreased and liver uptake increased. At the
highest conjugation ratio, the uptake in the liver and tumour were 60 and 2%
compared to 6 and 25% respectively for the 1:1 ratio 24 hours post-injection. This

study shows the impact that the level of functionalization can have on the
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distribution of an albumin-drug conjugate. Using this information, the distribution
of 8 linked to TCO-BSA should be re-evaluated with a conjugation ratio less than
3 in an attempt to increase tumour uptake and decrease liver uptake. Here there is
also the opportunity to take advantage of the bio-orthogonal capabilities of the
platform, as the molecular weight of the conjugate linked to albumin could play a
role in the distribution. An active and pre-targeting study can be performed using
TCO-BSA and the R-ARM (8), to evaluate the differences in distribution. After the
biodistribution studies are performed, the model with the highest tumour to non-
target ratios should be pursued for R-ARM therapy.
6.2.3 Evaluating the Distribution and Uptake of Anti-DNP Antibodies
Although ARMs have shown promising preclinical results, studies have not
been done to determine the amount of antibody required at the site of interest in
order to achieve a therapeutic response. The current method to demonstrate in vivo
recruitment of anti-DNP antibodies is through therapeutic efficacy, which gives no
insight into the amount of antibody at the tumour.'*!7 In 2018, Schrand and
colleagues used IHC to analyze tumour slides for the presence of IgG/IgM
antibodies in mice immunized towards DNP compared to naive controls.!® The IHC
slides showed a distinct increase in the number of antibodies present in the tumour
for the immunized group compared to the control. Although these results suggest
that anti-DNP antibodies are being recruited to the tumour, it is difficult to
differentiate antibodies reactive to DNP from other antigens as the IHC stain was

for generic IgG/IgM antibodies. Additionally, IHC only takes into account a single

141



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

slice of the tumour at a specific time as it requires ex vivo analysis of the tumour,
complicating its use to predict efficacy.

Instead of using a post-mortem form of analysis such as IHC, there is an
opportunity to radiolabel anti-DNP antibodies in order to visualize their distribution
and tumour uptake over time. Following administration of an ARM, the
radiolabelled anti-DNP antibody can be administered and tracked through
SPECT/positron emission tomography (PET) imaging. The amount of activity in
the tumour can then be quantified ex vivo and used to determine the extent of ternary
complex formation at the tumour site, which has traditionally been done through in
vitro assays such as flow cytometry.'# 1719, 20

SPECT and PET have been used clinically to obtain images of antibody
distribution.?! 22 Of particular interest was zirconium-89, due to its multiday half-
life of 78.4 hours, which accommodates the long circulation times of antibodies. In
addition, its relatively low energy positron emission of 395.5 keV allows for high
resolution PET images to be obtained.?!>23-23 The most commonly used chelate for
zirconium-89 is desferrioxamine (DFO), a hexadentate siderophore with three
hydroxamate donor groups.?' Some preliminary experiments were performed to this
end.

Due to the high cost of anti-DNP monoclonal and polyclonal antibodies,
initial conjugation and radiolabelling reactions were performed using the anti-DNP
antiserum. The antiserum was incubated with the bifunctional chelator, p-
isothiocyanatobenzyl (p-SCN)-DFO, in order to non-specifically functionalize free

lysine residues on the protein.?® The functionalized antiserum was purified using
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size exclusion chromatography, and a MALDI mass spectrum confirmed
functionalization of approximately 1.4 DFO groups per antibody. The DFO-
antibody conjugate was radiolabelled with zirconium-89, purified by size exclusion
chromatography and analyzed by iTLC with 20 mM citric acid as the eluent (Figure
6-1). The isolated radiochemical yield of the reaction was 57% with radiochemical
purity of 95%, as determined by iTLC. Due to the reasonable yield and high
radiochemical purity, the conjugation and labelling procedures were applied to anti-

DNP polyclonal antibodies.
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Figure 6-1. Radio-TLC spectra of the radiolabelling reaction (left) and the purified
reaction (right) run in 20 mM citric acid pH 4.9-5.1. The peaks at the baseline are
representative of the radiolabelled antibody, and the peaks at the solvent front
represent the free zirconium-89.

Although anti-DNP antibodies are used frequently in the literature, it proved
difficult to find a commercially available mouse anti-DNP antibody in quantities
needed for radiolabelling and imaging studies. We were able to identify a rabbit
polyclonal antibody reactive to DNP-KLH, however it was only available in 500
ug quantities at a concentration of 2 mg/mL. Due to commercial limitations, the
previously employed procedure could not be used directly and was modified to
accommodate the dilute, low mass antibody stock.?® The procedure was scaled
down, using 200 pg of antibody and when analyzed by MALDI, showed no

conjugation. The reaction was repeated and purified by 100 kDa spin filter instead
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of SEC but once again revealed no functionalization. The reaction was performed
a third time with 1 mg of antibody and the MALDI spectrum once again revealed
no conjugation. The dilute reaction conditions and solubility issues associated with
the DFO chelate were likely responsible for the low yield, therefore conjugation
with another radiometal chelate was pursued.

Although PET is often the preferred choice for diagnostic imaging, there are
a wide variety of radionuclides suitable for SPECT imaging of antibody
distribution, many of which use the macrocyclic chelate DOTA.?” The antibody
conjugation was attempted with 5 and 10 equivalents of DOTA-NHS, and
purification was performed on a size exclusion column. Unfortunately, neither of
the reactions showed successful conjugation to DOTA, suggesting that
functionalization of the polyclonal anti-DNP antibody was not feasible. In order to
circumvent this issue, direct radioiodination was pursed as no modifications to the
antibody were required prior to radiolabelling.?®
6.2.3.1 Radioiodination of Anti-DNP Antibodies

In order to maximize the data produced from these experiments, a mouse
monoclonal antibody was iodinated in addition to the rabbit polyclonal antibody.
The antibodies were radiolabelled through direct iodination with iodogen, as well
as the Bolton-Hunter method which is thought to decrease in vivo deiodination.?
Initial attempts at direct iodination methods suffered from low yield (2-11%), as
well as low radiochemical purity (17-43%) after purification by size exclusion

chromatography.
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In an attempt to increase the radiochemical purity of the product, the
polyclonal antibody was radiolabelled using the Bolton-Hunter method (Figure
6-2). The Bolton-Hunter reagent was iodinated using iodogen as the oxidant and
purified through liquid-liquid extraction to give the product in 37% yield and >97%
radiochemical purity. The polyclonal anti-DNP antibody (80 pg) was added to the
radiolabelled ligand and agitated for 30 minutes followed by purification through a
size exclusion cartridge. The radiolabelled antibody was isolated in 30% yield with
RCP of 83%, which is an improvement from the direct iodination conditions. The
radiolabelled antibody was then used in an ELISA to confirm the antibody was
reactive towards the DNP target post-labelling. Unfortunately, the results of the
ELISA showed only background binding of the antibody to the antigen, suggesting
that the Bolton-Hunter method is not suitable as it renders the antibody unreactive
to the antigen. That being said the direct iodination method was pursued further in

an attempt to isolate a pure product that retains reactivity towards the antigen, DNP.

Figure 6-2. Structure of the Bolton-Hunter reagent

Due to the low mass of both the antibody and iodine used in the preliminary
reactions, the amount of antibody was increased (30 — 200 pg). The reactions
exhibited modest yields ranging between 65-74%, with radiochemical purity of 75-
93%. In hopes of achieving a more consistent product with higher purity iodine-

127, in addition to iodine-125, was added to the reaction mixture.’® 3! To each of
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the radiolabelling reactions was added Nal (0.01 pg) in addition to antibody,
radioiodine and iodogen. The addition of non-radioactive iodine helped to increase
the radiochemical purity of the polyclonal antibody to 95-97% (n=3) however the
yield was reduced to 40-64%. The monoclonal antibody was labelled with a
radiochemical yield of 13-64% and radiochemical purity of 88-93% (n=3). The
radiochemical purity of the reaction was determined by iTLC and the concentration
of antibody post-purification was determined by SEC HPLC.
6.2.3.2 Antibody Reactivity

As was reported earlier for the Bolton-Hunter labelled antibody, prior to
evaluating the distribution in mice, the reactivity of the antibody towards the
antigen must be tested. This was done through a sandwich ELISA using an alkaline
phosphatase functionalized secondary antibody. The results, Figure 6-3,
demonstrate that the radiolabelled antibodies have similar reactivity compared to
the parent antibody and therefore are suitable for in vivo studies. It is apparent from
the ELISA that the polyclonal antibody interacts more strongly with the antigen
compared to the monoclonal antibody. This can be explained as the immunogen for
the antibody was DNP-KLH, which is different than the antigen used in this assay,
DNP-BSA .32 Monoclonal antibodies are known to be highly specific towards a
particular antigen as all of the antibodies are identical in structure, compared to

polyclonal antibodies which can bind to different epitopes of the same antigen.?3 3
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Figure 6-3. Sandwich ELISA results, where p-anti-DNP represents the unmodified

polyclonal antibody and m-anti-DNP represents the unmodified monoclonal
antibody.

6.2.3.3 Antibody Biodistribution

Once the reactivity of the antibody was confirmed, a biodistribution study
was performed on both the radioiodinated monoclonal and polyclonal antibodies.
The antibodies were administered to healthy, Balb/c mice and the distribution
evaluated at 24, 48 and 96 h. It was apparent from the iTLC results that there would
be some uptake of radioiodine in the thyroid as the radiochemical purity of the
radiolabelled antibodies ranged from 93-98%, and iodide is known to accumulate
in the thyroid.*3 After 96 hours, the thyroid uptake of the monoclonal and polyclonal
antibodies were 198 + 5 and 134 + 21 %ID/g (Figure 6-4). Although this number
seems high, when the absolute value is considered there is approximately 7% and
2% of the injected dose in the thyroid for the monoclonal and polyclonal
respectively. This can be directly related to the starting iodide impurity and is
comparable to the thyroid uptake seen in the literature for iodinated antibodies.?

The monoclonal antibody seemed to clear the blood rapidly, with less than 1 %ID/g
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left at 24 hours, with minimal uptake in other tissues. The polyclonal derivative
showed a longer blood circulation time with 19.4 + 0.8 %ID/g at 24 hours post-
injection which decreased to 12.2 + 1.0 %ID/g by 96 hours. Due to the high blood
retention of the polyclonal antibodys, it is difficult to determine if uptake in the other
tissues such as the lung and liver are a result of residual blood in the organ, or actual
uptake. Overall, the ability of the iodinated anti-DNP antibodies to bind the antigen
and the promising biodistribution results suggest that this method could be used to

visualize ARM recruitment of the anti-DNP antibodies in vivo.
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Figure 6-4. Biodistribution of ['?’I]I-anti-DNP monoclonal antibody (top) and
['%I]I-anti-DNP polyclonal antibody (bottom) in Balb/c mice. Animals were
administered 0.15-0.26 MBq i.v. and data at the time points indicated are expressed
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as the mean percent injected dose per gram (%ID g') + SEM at 24, 48 or 96 hours
post-injection (n=3).

6.2.4 Targeting Gram-Positive Bacterial Infection

In a world where bacterial resistance is increasing and antibiotics are
becoming less efficacious, additional treatment options for infections are becoming
increasingly important.3® In order to combat this issue, TRT has been investigated
in order to treat resistant infections.’” In 2004, an antibody known to bind the
surface of Streptococcus pneumoniae, a major cause of pneumonia, meningitis,
sepsis, bacteremia, and otitis media, was linked to a CHXA’’ chelate and
radiolabelled with the alpha emitter, bismuth-213.37-38 [n vitro assays demonstrated
dose-dependent killing of the bacteria after a 30 minute incubation with the 2!3Bi-
D11 antibody (0-148 kBq).*” This was compared to an untargeted antibody, 2!3Bi-
IgM, which showed no killing of the bacteria suggesting the antibody must be
targeted for this approach to be efficacious. An in vivo study was then performed
by administering infected mice with D11 antibody, 21*Bi-D11 antibody, 2"*Bi-IgM
or no treatment and the mice monitored over 14 days for survival. The study showed
that the mice that received no treatment succumbed to the infection after 1-3 days
and the mice treated with 2.96 MBq of 2'°Bi-D11 antibody had an 87-100% survival
rate over the treatment period. There was no survival advantage for the mice that
received D11 antibody or 2*Bi-IgM compared to the control, with the 2!3Bi-D11
treatment group showing no infection as early as 3 hours post-treatment. These
results demonstrate the susceptibility of bacteria to TRT suggesting bacteria would

be a good target for the R-ARM platform.
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Infections caused by multi-drug resistant gram-positive bacteria are
becoming more common in the USA, and pose a threat due to the minimal treatment
options and the capability of the bacteria to evade the immune system.?% 34! It is
known that the antibiotic vancomycin can be used to target the cell walls of gram-
positive bacteria through hydrogen bonds with the terminal D-alanyl-D-alanine
peptide units.*® Through facile functionalization of vancomycin, gram-positive
bacteria have been imaged through both optical and nuclear techniques (Figure 6-5)
using active and pre-targeting strategies.’® 4>*** Building on this work, and as a
proof of concept study, the previously validated TCO-vancomycin was used to
target R-ARM 8 to a Staphylococcus aureus (S. aureus) infection. In 2011, Chung
et al. demonstrated that pre-targeting TCO-vancomycin to S. aureus resulted in a
6-fold higher signal than active targeting of the same compound, therefore our in

vitro experiments were tested using pre-targeting.>°
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Figure 6-5. Structure of TCO-vancomycin (left)*? and 20 (right)

TCO-vancomycin was synthesized as previously described®® and used in a
pre-targeting binding assay with 8 as previously described.** Briefly, S. aureus was

incubated with TCO-vancomycin (20 uM) for 30 minutes followed by incubation
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with 8 for 1, 4 and 24 hours. The bacterial binding was then determined by counting
the radioactivity in the supernatant and the pellet, followed by normalization with
the amount of protein in the pellet. The results are summarized in Figure 6-6, which
shows 4% activity bound/pug of protein in the pellet after a 1 hour incubation, which
decreases to 1% by 24 hours. To confirm that the radioactive uptake was dependent
on the presence of TCO-vancomycin, a competitive inhibition study was performed
by adding 200 pg of vancomycin to the 30 minute incubation step. The presence of
vancomycin did reduce the amount of binding where at 1 and 24 hours a decrease

in uptake of 1.6 and 0.65 %/ug of protein respectively was observed.

Competative Binding Assay
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Figure 6-6. TCO-vancomycin binding assay with compound 8. Blue bars represent
incubation of the bacteria with TCO-vancomycin (20 uM), and the red bars
represent incubation of the bacteria with TCO-vancomycin (20 pM) and
vancomycin (200 uM) as a block.

To assess whether this strategy would allow for selective localization of the
DNP group to infections in vivo, mice were incoluated with S. aureus in their right
thigh and 24 hours later administered 20 i.v. (Figure 6-5). The animals were
sacrificed 1 and 24 hours post-injection and their organs counted for radioactivity.

The uptake in select tissues are shown in Figure 6-7, where the infected thigh (right)
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showed 3.29 £+ 1.00 and 0.38 £ 0.20 %ID/g relative the to the healthy thigh at 1.63
+ 0.84 and 0.09 £ 0.15 %ID/g at both 1 and 24 hours post-injection respectively.
The results are not statistically different and the overall uptake in the infected tissue
at 1 and 24 hours is low for use as a therapeutic. The blood concentration of 4.27 +
1.16 %ID/g at one hour post-injection is higher than that observed in the infected
and non-infected thighs, making it difficult to interpret whether the uptake is
specific, or from residual blood in the tissue. The biodistribution should be repeated
using a pre-targeting strategy in an attempt to increase uptake in the infection while

decreasing blood retention.
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Figure 6-7. Biodistribution data for the active targeting study of 20 in Balb/c mice
bearing a S. aureus infection in the right thigh (n=3) at 1 and 24 hours post-
injection. Data at the time points indicated are expressed as the mean percent
injected dose per gram (%ID g™') +£ SEM.

In parallel with the in vivo studies, viability studies were performed to
determine if TCO-vancomycin clicked with compound 8 had cytotoxic effects.

Briefly, S. aureus were incubated with saline, TCO-vancomycin, 8 (3.6 MBq) or
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TCO-vancomycin followed by 8 (3.6 MBq) and the viability monitored over time.
After a 144 hour incubation, the number of viable bacteria in each treatment group
were compared and it was determined that there was no cytoxic effect on the
treatment group relative to the controls (Figure 6-8). Although the results were not
ideal, this was the first attempt at a viability assay with lutetium-177 and there were
many variables that would require optimization to generate the desired results. It
has been reported in the literature that the half-life of the isotope should be similar
to that of the doubling time of the bacteria in order to achieve the highest efficacy.*’
That being said the half-life of lutetium-177, 6.6 days, is significantly longer than
the doubling time of S. aureus, 26 minutes.**#’” Optimization of the assay with a
shorter lived radionuclide such as bismuth-213 should be attempted to determine if

S. aureus is succeptible to TRT.

S. aureus Viability Assay

1001
80
60

40

Percent Live Bacteria

204

8 TCO-Vanc TCO-Vanc+8  Control

Figure 6-8. S. aureus was treated with 8, TCO-vancomycin, TCO-vancomycin and
8 or saline and the viability monitored at 144 hours. The results show no statistically
significant difference between the control and the treatment groups.
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6.3 Future Work Summary

The priority for future work should focus on optimizing the dosing regimen
for 1.t. administration of both the lutetium-177 and actinium-225 labelled BSA,
building on the results observed in Chapter 4. In addition, R-ARM therapy with the
TCO-BSA platform should be pursued in immunized mice to determine if treatment
with alpha or beta radiation can help to increase antibody penetration and therefore
recognition of the antigen. Finally, the pharmacokinetics of the i.v. administered
TCO-BSA should be optimized in order to increase uptake in the tumour by
changing the number of conjugates and attempting a pre-targeting strategy. Once
these experiments have been performed, the results can be used to shape the future

direction of the R-ARM scaffold.

6.4 Materials and Methods

6.4.1 General Materials and Instruments

Chemicals and reagents for synthesis were purchased from Sigma-Aldrich,
Invitrogen and Macrocyclics and used without further purification. Biological
reagents from multiple sources were used and are listed in the text below. MALDI
data were obtained using a Bruker Ultraflextreme spectrometer. High-performance
liquid chromatography (analytical) were performed on a Waters 1525 Binary HPLC
system connected to a Bioscan y-detector and a 2998 photodiode array detector
monitoring at 254 nm and 280 nm or a Waters 2545 binary gradient model, 2998
photodiode array equipped with a 2767 sample manager. For analytical runs a
Phenomenix Yarra (3 um, 7.8 x 300 mm, SEC-3000) was used, at a flow rate of 1.0

mL/min. The elution method for HPLC procedures were: Method A: Solvent A =
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50 mM NaPOs pH 6.8 + 300 mM NaCl isocratic elution 0-20 min. ['*I]I was
produced by the McMaster Nuclear Reactor (MNR, Hamilton, Ontario) and was
provided as a solution of ['**I]Nal in 0.1 M NaOH. [¥°Zr]Zr was produced by 3D
Imaging (Little Rock, Arkansas) and was provided as a solution of [¥°Zr]Zr-oxalate
in 1M oxalic acid. Radio-TLC was performed using a Bioscan AR-2000 imaging
scanner on iTLC-SG glass microfiber chromatography paper (SGI0001, Agilent
Technologies) plates using 0.1 M EDTA as the eluent. For each TLC performed,
plates were spotted with approximately 2 uL. (~3.7 kBq) and run for 5 minutes.
6.4.2 DFO- Conjugation anti-DNP anti-serum

To a solution of 100 puL of anti-DNP antiserum (55.3 mg/mL) was added
0.9 mL of saline. The pH of the reaction mixture was adjusted to 8.9-9.1 using 30
pL of 0.1 M NaxCOs. To the mixture was added 2.1 uL p-SCN-Bn-DFO (1.1 x 10
8 mol) in DMSO, and the reaction was heated to 37°C for 30 minutes. The reaction
was then loaded onto a preconditioned (20 mL of 5 mg/mL gentisic acid in 0.25 M
sodium acetate pH 5.4-5.6) PD-10 column. The column was washed with 1.5 mL
buffer, and the product eluted in 2 mL of buffer. The product was submitted for
MALDI analysis and approximately 1.4 DFO moieties are present per antibody.
6.4.3 Condition 1- DFO-Conjugation to Polyclonal anti-DNP Antibody

To a solution of 100 uL of anti-DNP polyclonal antibody (2 mg/mL) was
added 5 uL of 0.1 M Na>COs to adjust the pH of the reaction mixture to 8.9-9.1 To
the mixture was added 1.6 uL p-SCN-Bn-DFO (4.0 x 10® mol) in DMSO, and the
reaction was heated to 37°C for 30 minutes. The reaction was diluted to 1 mL with

saline and loaded onto a preconditioned (20 mL of 5 mg/mL gentisic acid in 0.25
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M sodium acetate pH 5.4-5.6) PD-10 column. The column was washed with 1.5
mL buffer, and the product eluted in 2 mL of buffer. The product was submitted for
MALDI analysis and no difference was seen between product and parent antibody.
6.4.4 Condition 2- DFO-Conjugation to Polyclonal anti-DNP Antibody

To a solution of 100 uL of anti-DNP polyclonal antibody (2 mg/mL) was
added 5 uL of 0.1 M Na>COs to adjust the pH of the reaction mixture to 8.9-9.1 To
the mixture was added 1.8 pL p-SCN-Bn-DFO (3 equivs, 4 x 10% mol) and the
reaction was heated to 37°C for 30 minutes. The reaction was purified using a high
molecular weight (100 kDa) spin filter, centrifuging at 14000 x g for 10 minutes,
followed by recovery through flipping the filter and running at 1000 x g for 2
minutes. The product was submitted for MALDI analysis and no difference was
seen between product and parent antibody.
6.4.5 Condition 3- DFO-Conjugation to Polyclonal anti-DNP Antibody

To a solution of 500 uL of anti-DNP polyclonal antibody (2 mg/mL) was
added 500 uL of saline and 80 uL of 0.1 M Na>COjs to adjust the pH of the reaction
mixture to 8.9-9.1. To the mixture was added 8.9 uL p-SCN-Bn-DFO (2 x 10-* mol)
in DMSO, and the reaction was heated to 37°C for 30 minutes. A portion, 200 uL,
of the reaction mixture was purified using a high molecular weight (100 kDa) spin
filter, centrifuging at 14000 x G for 10 minutes, followed by recovery through
flipping the filter and running at 1000 x G for 2 minutes. The remaining 800 uL
was diluted to 1 mL with saline and loaded onto a preconditioned (20 mL of 5
mg/mL gentisic acid in 0.25 M sodium acetate pH 5.4-5.6) PD-10 column. The

column was washed with 1.5 mL buffer, and the product eluted in 2 mL of buffer.
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The product was submitted for MALDI analysis and no difference was seen
between product and parent antibody.
6.4.6 Condition 1- DOTA-Conjugation to Polyclonal anti-DNP Antibody

To a solution of 200 uL of anti-DNP polyclonal antibody (2 mg/mL) was
added 5 equivalents of DOTA-NHS ester (6.67 x 10 mol in 5 uL of 5% NaHCO3)
and 100 pL of 0.1 M Na»COs to adjust the pH of the reaction mixture to 8.0-9.0.
The reaction was gently agitated for an hour followed by purification using
Sephadex resin pre swelled in saline 0.01% TWEEN 80. The reaction was loaded
and the column was washed with 200 mL of saline 0.01% TWEEN 80, followed by
product elution in 400 uL saline 0.01% TWEEN 80. The product was submitted for
MALDI analysis and no difference was seen between product and parent antibody.
6.4.7 Condition 2- DOTA-Conjugation to Polyclonal anti-DNP Antibody

To a solution of 100 pg of anti-DNP polyclonal antibody (2 mg/mL) in 50
pL of PBS was added 50 uL of 0.5 M acetate buffer 0.01% TWEEN 80, followed
by 2.5 uL of DOTA-NHS ester (10 equivalents, 6.67 x 10°mol, 0.0051 g). The pH
of the reaction mixture was adjusted to 8.0-9.0 using 20 uL of 0.1 M NaHCOs at
which point the reaction was gently agitated for an hour. The reaction mixture was
purified using Sephadex resin pre swelled in 0.5 M acetate buffer 0.01% TWEEN
80. The reaction mixture was loaded and the column was washed with 275 pL of
0.5 M acetate buffer 0.01% TWEEN 80, followed by product elution in 400 uL 0.5
M acetate buffer 0.01% TWEEN 80. The product was submitted for MALDI

analysis and no difference was seen between product and parent antibody.
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6.4.8 Radioiodination of anti-DNP Monoclonal/Polyclonal Antibodies
To a precoated iodogen vial (25 pg) was added ['>’1]Nal (36.1 - 39.2 MBq),

10 uL 0.1 M NaOAc, 10 uL 0.01 mg/mL Nal solution and anti-DNP antibody (100
pg and PBS to make the total reaction volume 130 pL). The reaction mixture was
agitated for 30 minutes at room temperature at which point it was diluted to 1 mL
with PBS and loaded on a preconditioned PD-10 column. The column was rinsed
with 1.5 mL of PBS, and the antibody eluted in three 1 mL fractions. The fractions
were analyzed by iTLC with isolated radiochemical yields between 13 — 64%, and

radiochemical purity from 93 — 97%.

6.4.9 Sandwich ELISA Protocol
Briefly, 1 mg/mL DNP-BSA (Life Technologies, A23018) in sterile PBS

(ThermoFisher, 10010023) was diluted 1/1000 with coating buffer (Bethyl
Laboratories, E107) and transferred (100 uL) to a 96 well plate. Following a 1 h
incubation at room temperature, the wells were washed three times with 200 pL of
ELISA wash buffer (Bethyl Laboratories, E106). ELISA blocking buffer (Bethyl
Laboratories, E104) was then added to each well (200 uL) and left to incubate at
room temperature for 0.5 h. The plate was washed three times with ELISA wash
buffer (200 uL/well) before the addition of 100 pL of either DNP (Sigma-Aldrich,
D19850; 40 nmol per well), or sample diluent alone followed by 100 puL of
monoclonal anti-DNP antibody (Sigma-Aldrich, D-8406; 1 pg/mL), polyclonal
antibody (Life Technologies, A-6430; 1 pg/mL), ['*’I]-monoclonal anti-DNP
antibody (1 pg/mL) or ['?*I]I-polyclonal anti-DNP antibody (1 pg/mL). Following

a 1 h incubation at room temperature, the plate was washed three times with ELISA
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wash buffer (200 pL/well). To each well, 100 pL of 2° antibody was added Goat
anti-rabbit IgG-AP 2° (Jackson ImmunoResearch, 111055045; 1:5000) or Goat
anti-mouse IgG-AP 2° (Jackson ImmunoResearch, 115055062; 1:5000). Following
a 1 h incubation at room temperature, the plate was washed three times with ELISA
wash buffer (200 uL/well). PNPP substrate was added and the plate incubated in a
dark at room temperature for 0.5 h. To quench the reaction, 50 uL. of 2 M NaOH
was added to each well and the absorbance subsequently measured at 405 nm on a
plate reader.
6.4.10 Antibody Biodistribution Studies

Female 5-6 week old, Balb/c mice were injected intravenously with [23I]I-
labelled anti-DNP antibody (0.148 — 0.259 MBq, monoclonal or polyclonal). After
24, 48 and 96 hours post-injection (n = 3 per time point), mice were anesthetized
with 3% isoflurane and euthanized by cervical dislocation. Blood, adipose,
adrenals, bone (arm bones including shoulder and leg bones including knee joint),
brain, gall bladder, heart, kidneys, large intestine and caeccum (with contents), liver,
lungs, pancreas, skeletal muscle, small intestine (with contents), spleen, stomach
(with contents), thyroid/trachea, urine + bladder and tail were collected, weighed
and counted in a gamma counter. Decay correction was used to normalize organ
activity measurements to time of dose preparation for data calculations with respect
to injected dose (i.e. %ID/g).
6.4.11 Staphylococcus aureus Biodistribution
Female, 6-7 week old Balb/c mice ordered from Charles Rive Laboratory

(Kingston, NY) were inoculated with 1 x 10® Staphylococcus aureus CFU in the
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right thigh. After 20 hours the mice were administered 0.370 MBq of 11 and at 1
and 24 hours post-injection (n = 3 per time point), mice were anesthetized with 3%
isoflurane and euthanized by cervical dislocation. Blood, liver with gall bladder,
spleen, kidneys and adrenals, small intestine (with contents), right thigh, left thigh,
bladder (with urine), lymph nodes from leg and tail were collected weighed and
counted in a gamma counter. Decay correction was used to normalize organ activity
measurements to time of dose preparation for data calculations with respect to
injected dose (i.e. %ID/g).

6.4.12 Staphylococcus aureus Viability Assay

For the viability: An aliquot of Staphylococcus aureus (S. aureus, ATCC 25923)
culture was added to 7 mL (% 2) of TSB (ATCC, 25923) in a 15 mL snap cap tube.
The culture was grown in a shaker incubator at 37°C and 300 rpm for 16 to 24 h.
The cells were pooled and 2 mL was removed for the standards, the remaining 12
mL was used for the viability. An aliquot of the bacteria was diluted (1:10) in PBS
in a cuvette in duplicate. The ODgoo and ODs70 were measured using the plate
reader. Cells were aliquoted in 1 mL portions to 12 % 1.5 mL Eppendorf tubes and
centrifuged for 2 min at 10,000 x g at which point the supernatant was removed and
the cells washed x 2 with 1 mL PBS-F. The cells were resuspended in PBS-F and
incubated with TCO-vancomycin or vehicle for 30 minutes. The samples were then
centrifuged for 2 min at 10,000 x g at which point the supernatant was removed and
the cells washed x 2 with 1 mL PBS-F. The cells were resuspended in PBS-F and
incubated with 8 or vehicle for 30 minutes. The cells were then washed with 1 mL

of saline (% 2) and resuspended in saline at an ODg70 ~ 0.3. The cells were then
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incubated with rotation for 144 hours, removing samples at 1, 24 and 144 h to test
for viability.

For the standards: The bacterial suspension aliquoted previously was centrifuged
for 10-15 min at 10,000 x g. The supernatant was removed and the pellet was
resuspended in 200 pL of saline. To create the live and dead standards 100 pL of
the bacteria suspension was added to 2 mL of saline (live) and 100 uL was added
to 2 mL of EtOH (dead). The samples were incubated with rotation for 1 h followed
by centrifugation at 10,000 x g for 10-15 min. The supernatant was discarded and
the cells washed with 0.5 mL of saline followed by resuspension in 1 mL of saline.
The optical density at 670 nm was measured and the samples diluted to ODg70 ~
0.3. Mix the live and dead cells in the following ratios (Live:Dead): 0:100, 10:90
(40 pL:360 pL), 25:75 (100 pL:300 pL), 50:50 (200 pL:200 pL), 75:25 (300
puL:100 pL), 90:10 (360 uL:40 pL), 100:0. Mix 16.5 pL of Component A
(Live/Dead BacLight Bacterial Viability Kit, Thermofisher, L7012) with 16.5 uL
of Component B (Live/Dead BacLight Bacterial Viability Kit, Thermofisher,
L7012) and dilute with 5.5 mL of DI water (2x staining solution). Load 100 pL of
each control and experimental (TCO-vancomycin + 8 ) cell suspension mixture, in
triplicate, onto a 96-well black, clear bottom plate. Load 100 pL of the 2x staining
solution to each well and mix well by pipetting up and down several times. Incubate
the plate at room temperature in the dark for 15 minutes then read on the plate reader

Ex: 485bnm, Em;: 530 nm, Emy: 630nnm.
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Appendix I
Supporting Information for Chapter 2
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Figure S2-1. "H NMR spectrum of 2a (CDCls, 600 MHz)
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Figure S2-2. 3C NMR spectrum of 2a (CDCls, 150 MHz)
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Figure S2-3. HRMS (ESI") of compound 2a: top- theoretical spectrum; bottom-
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Figure S2-4. "H NMR spectrum of 3 (CDCls, 600 MHz)

167



Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

| 1 | J ‘ ‘ (. \ ‘ "
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
Figure S2-5. *C NMR spectrum of 3 (CDCls, 150 MHz)
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Figure S2-6. HRMS (ESI") of compound 3
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Figure S2-8.°C NMR of 4 (CDCls, 150 MHz)
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Figure S2-9. HRMS (ESI") of compound 4
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Figure S2-11. 3C NMR spectrum of 5 (CDCls, 150 MHz)
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Figure S2-12. HRMS (ESI") of compound 5
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Figure S2-13. 'H NMR spectrum of 6 (CDCls, 600 MHz)
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Figure S2-14. 3C NMR spectrum of 6 (CDCls, 150 MHz)
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Figure S2-15. HSQC spectrum of 6 (CDCl3, 600 MHz)
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Figure S2-16. HRMS (ESI") of compound 6
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Figure S2-18. 3C NMR spectrum of 7 (CD;0OD, 150 MHz)
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Figure S2-19. HSQC spectrum of 7 (CD30OD, 600 MHz)
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Figure S2-20. HRMS (ESI*) of 7
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Figure S2-21. UV HPLC trace of 7 at 254 nm (Method B)
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Figure S2-22. UV HPLC trace of 9 at 254 nm (Method A)
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Figure S2-23. HRMS (ESI*) of 9 calculated 1277.0629, found 1277.0625
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Figure S2-24. Gamma HPLC trace of 10

Table S2-1. Biodistribution results for 8 reported as %I1D/g + SEM

Time (h)

Organs 1 4 24

Blood 0.64 + 0.10 0.07 + 0.01 0.03 + 0.01
Adipose 1.17 + 0.38 0.39 + 037 0.00 + 0.00
Adrenals 1.30 + 0.75 0.10 + 0.09 0.00 + 0.00
Bone 2.91 + 094 1.47 + 147 0.00 + 0.00
Brain 0.21 + 0.09 0.06 + 0.06 0.00 + 0.00
Gall Bladder 2.59 + 1.71 0.00 + 0.00 0.00 + 0.00
Heart 0.30 + 0.07 0.03 + 0.01 0.00 + 0.00
Kidneys 3.14 + 0.05 2.54 + 0.85 138 * 0.16
Lg Intestine + Caecum 0.22 + 0.06 0.40 + 0.07 0.14 £ 0.02
Liver 0.99 + 0.16 0.37 + 0.02 025 + 0.03
Lungs 0.51 + 0.07 0.19 + 0.06 0.06 + 0.01
Pancreas 0.21 + 0.02 0.04 + 0.01 0.01 + 0.00
Skeletal Muscle 0.89 + 0.26 0.41 + 041 0.00 + 0.00
Sm Intestine 0.83 + 0.60 0.07 + 0.04 0.04 + 0.00
Spleen 0.29 + 0.08 0.08 + 0.01 0.03 + 0.00
Stomach 13.26 + 1252 0.13 + 0.03 0.08 + 0.02
Thyroid/Trachea 7.1 + 2.68 2.69 + 2.69 0.00 = 0.00
Urine + Bladder 1104.74 + 252.71 86.08 + 7999 0.12 + 0.06
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Table S2-2. Biodistribution results for 10 reported as %ID/g + SEM

Time (h)
Organs 1 4 24
Blood 1.43 + 0.09 0.29 + 004 0.01 + 0.01
Adipose 1.21 + 032 1.11 + 002 0.09 + 0.01
Adrenals 5.99 + 0.53 6.86 + 112  3.06 + 087
Bone (arm +
shoulder) 9.30 + 0.41 8.24 + 265 9.08 + 0.50
Bone (leg + knee) 14.07 + 0.62 15.52 + 0.79 1499 + 0.51
Brain 0.18 + 0.04 0.24 + 0.01 0.02 + 0.00
Gall Bladder 12.38 + 575 7.47 + 149 395 + #DIV/O!
Heart 1.93 + 0.16 1.14 + 004 0.67 + 0.06
Kidneys 5.77 + 0.21 3.93 + 027 289 + 0.03
Lg Intestine +
Caecum 0.38 + 0.10 0.56 + 010 0.25 + 0.10
Liver 6.48 + 047 6.71 + 0.21 6.81 + 023
Lungs 17126 + 15.04 12827 + 2445 4757 + 393
Pancreas 0.57 + 0.04 0.37 + 0.01 0.22 + 0.03
Skeletal Muscle 1.05 + 024 1.64 + 025 0.08 + 0.02
Sm Intestine 0.34 + 0.03 0.07 + 002 0.17 + 0.04
Spleen 7.40 + 0.39 13.24 + 152 1491 + 0.85
Stomach 0.71 + 0.06 0.52 + 0.01 0.29 + 0.09
Thyroid/Trachea 6.35 + 2.02 16.23 + 3.67 1.34 + 0.24
Urine + Bladder 628.17 + 21842 49270 + 6243 3.11 + 0.11

Table S2-3. Biodistribution results for pretargeting with TCO-BP followed by 8
reported as %ID/g + SEM

Time (h)

Organs 1 4 24

Blood 8.20 + 046 1.66 + 005 012 + 0.02
Adipose 0.53 + 0.08 0.35 + 010 0.11 £ 0.03
Adrenals 4.02 + 045 1.55 + 010 1.09 + 0.39
Bone (arm + shoulder) 8.04 + 0.35 7.18 + 038 695 =+ 1.00
Bone (leg + knee) 11.23 + 043 11.61 + 053 999 + 124
Brain 0.15 + 0.03 0.04 + 000 0.01 £ 0.01
Gall Bladder 1.87 + 017 0.94 + 008 011 + 0.06
Heart 1.51 + 0.10 0.42 + 001 016 + 0.03
Kidneys 6.34 + 124 3.40 + 010 225 + 0.22
Lg Intestine + Caecum 0.36 + 0.03 0.41 + 003 021 £ 0.03
Liver 3.55 + 0.06 2.19 + 011 152 + 046
Lungs 5.28 + 027 3.57 + 021 165 + 0.38
Pancreas 0.52 + 0.02 0.17 + 0.01 009 £ 0.03
Skeletal Muscle 0.43 + 0.03 0.15 + 003 005 + 0.00
Sm Intestine 0.60 + 0.02 0.27 + 001 012 £ 0.01
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Appendix I1
Supporting Information for Chapter 3
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Figure S3-1. MALDI-TOF spectrum of unfunctionalized BSA (top) and TCO-BSA
(11, bottom)
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Figure S3-2. SEC HPLC of 11 at 214 nm (top) and 254 nm (bottom)
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Figure S3-3. SEC HPLC of 7 at 214 nm (top) and 254 nm (bottom)
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Figure S3-4. SEC HPLC of 15 gamma spectrum (top) 214 nm (middle) and 254 nm
(bottom)

Table S3-1. Biodistribution results for pretargeting with TCO-BZA followed by 8 in a
B16F1 melanoma tumour model. Results are reported as %ID/g = SEM.

n=2 n=3 n=2
| 1ThTCO | 4hCTO | 21hTCO |
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Organs avg SEM | avg SEM avg SEM
Blood 3.06 0.15 | 2.13 0.17 1.83 0.46
Adipose 1.50 1.11 | 1.47 1.05 0.24 0.08
Adrenals 1.43 030 | 1.11 0.22 0.53 0.22
Bone 0.00 0.00 | 0.10 0.07 0.00 0.00
Brain 0.18 0.02 | 0.11 0.03 0.23 0.01
Eyes 0.30 0.02 | 0.16 0.02 0.11 0.03
Gall Bladder 2.65 1.60 | 1.20 0.54 1.02 0.39
Heart 0.73 0.03 | 0.54 0.07 0.47 0.08
Kidneys 9.52 0.46 | 594 0.33 5.57 0.93
Lg Intestine +

Caecum 0.31 0.04 | 0.13 0.01 0.19 0.01
Liver 3.82 0.56 | 2.64 0.30 2.12 0.39
Lungs 1.64 0.10 | 1.16 0.12 1.16 0.25
Skeletal Muscle 1.83 0.58 | 1.04 0.55 1.53 0.17
Sm Intestine 0.70 0.03 | 045 0.02 0.42 0.07
Spleen 0.82 0.05 | 0.58 0.05 0.50 0.09
Stomach 0.48 0.20 | 0.52 0.13 0.41 0.15
Thyroid/Trachea 0.78 0.01 | 0.58 0.04 0.31 0.09
Tumour 2.22 023 | 1.30 0.17 0.99 0.09
Urine + Bladder 668.65 2.64 | 727.65 377.24 | 699.03 157.39

Table S3-2. Biodistribution results for [**"Tc¢]Tc-MDP and [**™Tc]Tc-TCO-BP in a
143B Osteosarcoma flank tumour model. Results are expressed as %ID/g + SEM.

n=3 n=3

99mTc-MDP 9mTc-TCO-BP
Organs avg SEM avg SEM
Blood 0.67 0.03 0.97 0.20
Adipose 0.09 0.06 0.06 0.01
Adrenals 0.38 0.05 0.62 0.22
Bone 11.88 0.85 15.26 2.23
Brain 0.03 0.00 0.05 0.02
Gall Bladder 1.61 0.09 0.62 0.09
Heart 0.24 0.02 0.36 0.07
Kidneys 2.23 0.53 10.23 1.43
Lg Intestine + Caecum 0.47 0.03 0.16 0.03
Liver 0.52 0.02 0.53 0.10
Lungs 0.54 0.03 0.65 0.11
Pancreas 0.19 0.02 0.21 0.04
Skeletal Muscle 0.14 0.01 0.16 0.02
Sm Intestine 0.54 0.06 0.34 0.04
Spleen 0.32 0.04 0.43 0.08
Stomach 2.69 0.25 0.59 0.10
Tumour 1.00 0.07 1.03 0.14
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Thyroid/Trachea 4.61 0.56 2.72 0.36
Urine + Bladder 198.81 112.63 619.27 319.64

Table S3-3. Biodistribution results for 14 administered intratumorally in a 4T1 flank
tumour model. Results are expressed as %ID/g + SEM.

24h 72h 120h

Organs avg SEM avg SEM avg SEM
Blood 0.16 0.05 0.07 0.03 0.07 0.03
Adipose 0.45 0.29 0.25 0.09 0.18 0.09
Adrenals 0.00 0.00 0.16 0.11 0.00 0.00
Bone 0.63 0.39 11.42 6.32 19.71 10.74
Brain 0.10 0.06 0.06 0.03 0.09 0.07
Gall Bladder 0.00 0.00 0.10 0.10 0.03 0.03
Heart 0.00 0.00 0.20 0.06 0.17 0.10
Kidneys 10.15 3.74 10.26 1.69 8.54 4.68
Lg Intestine +

Caecum 0.31 0.13 0.47 0.06 0.31 0.08
Liver 0.33 0.17 4.08 0.56 1.83 0.76
Lungs 0.00 0.00 0.84 0.11 0.62 0.31
Pancreas 0.00 0.00 0.24 0.04 0.45 0.29
Skeletal Muscle 0.24 0.13 4.18 4.08 0.15 0.08
Sm Intestine 0.03 0.02 0.39 0.04 0.25 0.10
Spleen 0.10 0.10 2.25 0.43 0.28 0.17
Stomach 0.01 0.01 0.53 0.07 0.53 0.28
Thyroid/Trachea 1.79 0.95 4.16 0.71 3.74 1.81
Tumour 949.54 77091 | 16740 9443 | 8146 31.91
Urine + Bladder 7.29 2.73 2.45 0.35 1.90 0.83

Table S3-4. Biodistribution results for 15 administered intratumorally in a 4T1 flank
tumour model. Results are expressed as %ID/g + SEM.

n=3 n=3 n=3

24h 72h 120h
Organs avg SEM avg SEM avg SEM
Blood 2.12 0.61 0.13 0.02 0.02 0.00
Adipose 0.48 0.22 0.38 0.19 0.79 0.22
Adrenals 1.12 0.60 0.60 0.30 2.13 0.67
Bone 0.65 0.28 0.48 0.25 1.83 1.08
Brain 0.05 0.03 0.01 0.01 0.06 0.03
Gall Bladder 1.40 1.40 0.63 0.63 4.80 2.10
Heart 0.88 0.28 0.58 0.30 1.04 0.35
Kidneys 3.35 0.85 3.07 0.77 5.08 1.83
Lg Intestine + Caecum 0.58 0.18 0.44 0.10 0.52 0.12
Liver 3.09 071 4.67 1.98 6.72 1.81
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Lungs 1.02 0.33 0.55 0.30 0.71 0.26
Pancreas 0.55 0.19 0.52 0.27 0.70 0.24
Skeletal Muscle 0.42 0.15 0.31 0.16 8.52 5.47
Sm Intestine 0.49 0.10 0.34 0.09 0.36 0.13
Spleen 1.67 0.52 1.91 1.02 2.32 0.87
Stomach 0.36 0.09 0.34 0.05 0.42 0.15
Thyroid/Trachea 1.37 0.63 0.61 0.34 1.00 0.16
Tumour 55.77 17.59 95.71 16.70 61.61 31.34
Urine + Bladder 3.22 2.10 3.97 2.44 6.12 2.56

Table S3-5. Biodistribution results for 15 administered intravenously in a 4T1 flank
tumour model. Results are expressed as %ID/g + SEM.

24h 72h
Organs avg SEM avg SEM
Blood 4.68 0.14 0.29 0.09
Adipose 1.39 0.12 1.04 0.11
Adrenals 4.64 0.60 2.95 0.44
Bone 1.57 0.08 0.97 0.13
Brain 0.09 0.00 0.02 0.00
Gall Bladder 5.88 2.10 2.56 1.39
Heart 2.63 0.19 1.50 0.22
Kidneys 5.01 0.09 3.33 0.43
Lg Intestine + Caecum 1.04 0.05 0.70 0.16
Liver 7.68 0.46 6.93 1.35
Lungs 2.31 0.22 0.96 0.18
Pancreas 1.82 0.47 0.99 0.14
Skeletal Muscle 1.05 0.11 0.57 0.09
Sm Intestine 1.00 0.10 0.46 0.09
Spleen 4.94 0.42 3.00 0.70
Stomach 0.68 0.02 0.52 0.12
Thyroid/Trachea 2.03 0.12 1.06 0.16
Tumour 7.76 0.54 5.12 0.89
Urine + Bladder 4.34 0.70 2.93 0.60
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Appendix I

Supporting Information for Chapter 5

Table S5-1. Biodistribution results of a pre-targeting study (100 pg of 12 injected
intratumorally to Balb/c mice with 4T1 tumours followed 1 or 24 hours later by 8
administered intravenously). Animals were sacrificed 24 hours post injection of 8;
results are reported as %ID/g.

n=3 n=3
24h TCO-BSA 1h TCO-BSA
Organs avg SEM avg SEM
Blood 0.08 0.01 0.08 0.01
Adipose 0.00 0.00 0.00 0.00
Adrenals 0.00 0.00 0.00 0.00
Bone 0.00 0.00 0.00 0.00
Brain 0.00 0.00 0.00 0.00
Gall Bladder 0.00 0.00 0.01 0.01
Heart 0.02 0.01 0.02 0.02
Kidneys 2.02 0.11 2.07 0.03
Lg Intestine + Caecum 0.14 0.02 0.14 0.03
Liver 0.54 0.02 0.57 0.04
Lungs 0.20 0.03 0.28 0.10
Pancreas 0.02 0.00 0.02 0.01
Skeletal Muscle 0.00 0.00 0.00 0.00
Sm Intestine 0.07 0.00 0.07 0.00
Spleen 0.21 0.02 0.45 0.06
Stomach 0.05 0.01 0.05 0.00
Thyroid/Trachea 0.00 0.00 0.00 0.00
Tumour 0.30 0.03 0.34 0.04
Urine + Bladder 0.71 0.24 0.60 0.22

Table S5-2. Biodistribution results of a pre-targeting study (100 pg of 11 or saline
injected intratumorally to Balb/c mice with 4T1 tumours followed 1 hour later by

8 administered intravenously). Animals were sacrificed 24 hours post injection of
8; results are reported as %ID/g.

n=3 n=3
Vehicle TCO-BSA
Organs avg SEM avg SEM
Blood 0.07 0.01 0.09 0.01
Adipose 0.00 0.00 0.00 0.00
Adrenals 0.00 0.00 0.00 0.00
Bone 0.02 0.02 0.00 0.00
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Brain 0.00 0.00 0.00 0.00
Gall bladder 0.21 0.16 0.22 0.13
Heart 0.01 0.01 0.02 0.02
Kidneys 2.19 0.12 1.88 0.49
Lg Int + Caecum (+cont) 0.13 0.01 0.27 0.06
Liver 0.68 0.07 0.61 0.16
Lungs 0.20 0.01 0.19 0.03
Pancreas 0.00 0.00 0.00 0.00
Skeletal Muscle 0.01 0.01 0.02 0.01
Sm Int (+ contents) 0.06 0.01 0.06 0.01
Spleen 0.15 0.02 0.11 0.04
Stomach (+ contents) 0.08 0.01 0.07 0.01
Thyroid/Trachea 0.00 0.00 0.00 0.00
Tumor 0.49 0.08 1.03 0.38
Urine + Bladder 0.17 0.03 0.21 0.07

186




Ph.D. Thesis — S. Rathmann; McMaster University — Chemistry.

Appendix IV
Supporting Information for Chapter 6

Table S6-1. Biodistribution results for ['2°1]I-m-anti-DNP antibody administered
intravenously. Results are expressed as %ID/g = SEM.

n=3 n=3 n=3
24h 48h 96h

Organs avg SEM avg SEM avg SEM
Blood 0.99 0.08 0.37 0.03 0.13 0.01
Adipose 0.14 0.06 0.04 0.00 0.02 0.00
Adrenals 0.50 0.13 0.20 0.01 0.08 0.01
Bone 0.86 0.15 0.32 0.03 0.08 0.00
Brain 0.05 0.00 0.02 0.00 0.01 0.00
Gall Bladder 0.92 0.23 0.44 0.09 0.11 0.01
Heart 0.30 0.04 0.12 0.01 0.05 0.01
Kidneys 0.45 0.03 0.25 0.02 0.13 0.00
Lg Intestine +

Caecum 0.39 0.04 0.23 0.04 0.10 0.01
Liver 1.06 0.08 0.59 0.04 0.36 0.03
Lungs 0.77 0.04 0.34 0.03 0.11 0.01
Pancreas 0.32 0.12 0.08 0.01 0.03 0.00
Skeletal Muscle 0.15 0.07 0.14 0.05 0.06 0.01
Sm Intestine 0.41 0.04 0.21 0.03 0.08 0.00
Spleen 5.12 0.43 1.42 0.16 0.33 0.06
Stomach 1.49 0.14 0.66 0.15 0.23 0.01
Thyroid/Trachea 26198 66.29 | 341.46 19.95 | 198.57 51.75
Urine + Bladder 4.25 0.21 0.54 0.28 0.38 0.13

Table S6-2. Biodistribution results for ['31]I-p-anti-DNP antibody administered
intravenously. Results are expressed as %ID/g = SEM.

n=3 n=3 n=3

24h 48h 96h
Organs avg SEM avg SEM avg SEM
Blood 19.42 0.79 15.57 0.49 12.23 1.03
Adipose 1.60 0.16 1.17 0.16 0.72 0.02
Adrenals 3.09 0.27 2.58 0.20 2.12 0.06
Bone 2.68 0.17 1.85 0.09 1.48 0.09
Brain 0.41 0.04 0.32 0.02 0.23 0.03
Gall Bladder 2.57 0.28 1.06 0.12 0.74 0.29
Heart 5.36 0.86 3.14 0.15 2.70 0.10
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Kidneys

Lg Intestine + Caecum
Liver

Lungs

Pancreas
Skeletal Muscle
Sm Intestine
Spleen

Stomach
Thyroid/Trachea
Urine + Bladder

5.17
1.52
4.06
7.38
2.24
1.71
2.07
5.40
3.26
140.67
5.28

0.32
0.12
0.14
1.00
0.04
0.20
0.07
0.17
0.09
2.28
0.87

4.08
1.10
3.05
4.73
1.64
1.47
1.60
4.30
2.21
128.85
3.42

0.10
0.01
0.07
0.09
0.05
0.01
0.03
0.06
0.08

24.61

0.10

3.11
0.79
243
4.08
1.19
1.07
1.17
3.30
1.24
134.76
2.96

0.22
0.08
0.16
0.40
0.02
0.05
0.10
0.44
0.06

21.15

0.35

Table S6-3. Biodistribution results for 20 administered intravenously in a S.

aureus infection model. Results are expressed as %ID/g + SEM.

n=3 n=3 n=3
24h 48h 96h
Organs avg SEM avg SEM avg SEM
Blood 19.42 0.79 15.57 0.49 12.23 1.03
Adipose 1.60 0.16 1.17 0.16 0.72 0.02
Adrenals 3.09 0.27 2.58 0.20 2.12 0.06
Bone 2.68 0.17 1.85 0.09 1.48 0.09
Brain 0.41 0.04 0.32 0.02 0.23 0.03
Gall Bladder 2.57 0.28 1.06 0.12 0.74 0.29
Heart 5.36 0.86 3.14 0.15 2.70 0.10
Kidneys 5.17 0.32 4.08 0.10 3.11 0.22
Lg Intestine + Caecum 1.52 0.12 1.10 0.01 0.79 0.08
Liver 4.06 0.14 3.05 0.07 2.43 0.16
Lungs 7.38 1.00 4.73 0.09 4.08 0.40
Pancreas 2.24 0.04 1.64 0.05 1.19 0.02
Skeletal Muscle 1.71 0.20 1.47 0.01 1.07 0.05
Sm Intestine 2.07 0.07 1.60 0.03 1.17 0.10
Spleen 5.40 0.17 4.30 0.06 3.30 0.44
Stomach 3.26 0.09 2.21 0.08 1.24 0.06
Thyroid/Trachea 140.67 2.28 128.85  24.61 134,76  21.15
Urine + Bladder 5.28 0.87 3.42 0.10 2.96 0.35
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