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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most dismal diagnoses that a patient
can receive. PDAC is extremely difficult to treat, as drug delivery is challenging in part due to

the lack of vascularization, high stromal content, and high collagen content of these tumors. We
have previously demonstrated that attaching drugs to the cobalamin scaffold provides selectivity
for tumors over benign cells due to a high vitamin demand in these rapidly growing cells and

an overexpression of transcobalamin receptors in a variety of cancer types. Importantly, we have
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shown the ability to deliver cobalamin derivatives to orthotopic pancreas tumors. Tyrosine kinase
inhibitors have shown promise in treating PDAC as well as other cancer types. However, some

of these inhibitors suffer from drug resistance, and as such, their success has been diminished.
With this in mind, we synthesized the tyrosine kinase inhibitors erlotinib (EGFR) and dasatinib
(Src) that are attached to this cobalamin platform. Both of these cobalamin-drug conjugates cause
visible light-induced apoptosis, and the cobalamin-erlotinib conjugate (2) causes X-ray-induced
apoptosis in MIA PaCa-2 cells. Both visible light and X-rays provide spatial control of drug
release; however, utilizing X-ray irradiation offers the advantage of deeper tissue penetration.
Therefore, we explored the utilization of 2 as a synergistic therapy with radiation in athymic
nude mice implanted with MIA PaCa-2 tumors. We discovered that the addition of 2 caused an
enhanced reduction in tumor margins in comparison with radiation therapy alone. In addition,
treatment with 2 in the absence of radiation caused no significant reduction in tumor size in
comparison with the controls. The cobalamin technology presented here allows for the spatial
release of drugs in conjunction with external beam radiation therapy, potentially allowing for more
effective treatment of deep-seated tumors with less systemic side effects.
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INTRODUCTION

Patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) have a very low long-
term survival rate of approximately 3%.1 The recurrence rate is high among patients

who do respond to initial treatment due to the development of resistance. Delivery

of chemotherapeutics to pancreatic tumors remains challenging due to the lack of
vascularization, as well as the high stromal and collagen content in these tumor types.2:3
PDAC clinical outcomes are poor, and there is a critical need to develop new strategies for
treatment of this terrible disease.
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Gemcitabine is widely used as a general treatment for PDAC. Approximately one-half of
PDAC patients exhibit aberrant EGFR pathway signaling.* The combination of gemcitabine
with the small-molecule EGFR inhibitor erlotinib provides patients with a statistically
significant enhancement in survival.5 In addition, significant research has been conducted
investigating the addition of other kinase inhibitors as part of a treatment cocktail and have
been utilized for PDAC that has been demonstrated to overexpress protein kinases.68 While
these combination therapies have shown promise, significant improvements are needed to
enhance the survival of PDAC patients. These chemotherapies have extensive systemic side
effects due to a lack of selectivity for malignancies over healthy tissue. Kinase inhibitor
therapy can cause widespread disruption of a large number of facets of the endocrine system,
including thyroid function, bone and glucose metabolism, and adrenal function.® A more
targeted therapy is necessary to improve patient outcomes.

Light-activated chemotherapy affords spatial control of drug release in a region of interest,
thereby mitigating systemic side effects. Photodynamic therapy (PDT) has proven to be
invaluable for treating a variety of cancers, including skin, lung, brain, bladder, esophagus,
and head and neck cancer. This type of treatment involves the use of photosensitizers

to generate singlet oxygen that is activated in a specific area, typically with laser light.
Traditional PDT is effective only up to several millimeters depth, which limits this

therapy to relatively shallow tumors.10.7 External beam radiation therapy (EBRT) allows the
penetrating, precise delivery of high-dose radiation, limiting damage to surrounding tissue.
X-ray-activated chemotherapy provides promise for the ability to treat deep-seated tumors,
such as those in PDAC, in conjunction with EBRT.2:11-15 \ialuable studies have focused

on the excitation of photosensitizers via nanoscintillators, which release luminescence when
exposed to X-rays.>16-18 This technology allows the X-ray-induced production of singlet
oxygen, provided that there is efficient energy transfer between the nanoscintillator and the
photosensitizer.

We developed a drug delivery technology derived from alkylcobalamins. Alkylcobalamins
are vitamin B12 derivatives that are known to be photosensitive.19-21 We have demonstrated
that these compounds undergo a tunable Co—C bond cleavage when exposed to light
spanning the electromagnetic spectrum from X-ray to near-infrared (NIR).22-2% We have
characterized this precedent in numerous model systems via fluorescence quenching and
mass spectrometry assays, as well as translational applications that have included light-
induced cell viability assays, cytoskeleton rearrangements, DNA cleavage, and hydrogel
formation.22-2% We have previously demonstrated that these alkylcobalamin-drug conjugates
are tumor-selective in vivo. This is likely due to an enhanced demand for vitamin B12 and
overexpression of transcobalamin receptors (TCbIR) in a range of cancer types, including
PDAC. Importantly, we found that fluorescently labeled cobalamins accumulated not only in
PDAC flank tumors but also in orthotopic pancreas tumors.22 This is an exciting discovery,
as it indicates that the cobalamin platform can deliver drugs directly to the pancreas tumor,
which is something that is difficult to accomplish with traditional chemotherapy.23

We have discovered that cargo can be released from the cobalamin platform at radiation
doses as low as 0.2 Gy, with maximal release of cargo at 2 Gy, which is the equivalent of a
single fraction dose in radiation therapy.2
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We wanted to expand on the X-ray chemotherapy that the cobalamin platform can provide.
Therefore, in this article, we discuss the synthesis of the conjugation of two tyrosine

kinase inhibitors, erlotinib and dasatinib, to the cobalamin scaffold to provide two new
cobalamin-drug conjugates, cobalamin-erlotinib (Cbl-Erl, 2) and cobalamin-dasatinib (Chl-
Das, 3). We show that these cobalamin-drug conjugates cause light-induced apoptosis in
the K-Ras mutant, drug-resistant PDAC cell line MIA PaCa-2. In addition, we found that

2 causes X-ray-dependent cell killing at clinically relevant radiation doses. Finally, we
demonstrate the in vivo application of this technology in athymic nude mice bearing MIA
PaCa-2 tumors, whereby we see enhanced reduction in tumor margins with the combination
of the cobalamin technology with radiation therapy. This work represents X-ray-activated
chemotherapy, whereby a known cancer drug is released synergistically with radiation
therapy in a finite area, providing the potential to reduce systemic side effects of traditional
chemotherapy (Figure 1).

EXPERIMENTAL PROCEDURES

General.

3-Chloropropylamine was purchased from Sigma-Aldrich. Desmethylerlotinib
hydrochloride (OSI1-420) was obtained from SelleckChem, and dasatinib was purchased
from LC Laboratories. All were used without further purification. Isolation of cobalamin
compounds was accomplished by utilizing a Biotage SP1 chromatography system. The

MIA PaCa-2 (CRL-1420) cell line was purchased from ATCC. Dubecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), phosphate buffered saline (PBS), and Cell
Titer 96 Aqueous One Cell Proliferation Assay were purchased from Thermo Fisher.
Athymic nude mice were purchased from Charles River Laboratories. lllumination with
visible light was accomplished with a Zeiss Colibri Il LED system, and X-ray activation was
accomplished with a linear accelerator (Varian LINAC 2100CD).

Synthesis and Characterization of Cobalamin-Erlotinib Conjugate (Cbl-Erl, 2).

Desmethylerlotinib hydrochloride (3.6 mg, 0.0087 mmol), triethylamine (NEts, 16 zL, 0.116
mmol), and anhydrous Na,SO,4 (excess) were combined in 500 L of DMSO, and allowed
to incubate at room temperature with agitation for 30 min. 1,1"-Carbonyl-di(1,2,4-triazole)
(CDT, 18.9 mg, 0.116 mmol) was added to this mixture and allowed to react for 1 h at

room temperature with agitation. Finally, S-aminopropylcobalamin 1 (8.0 mg, 0.0058 mmol)
was added, and the mixture was agitated for 18 h at room temperature in the dark. The
desired compound was purified by reverse phase column chromatography (C-18 column)
using a linear gradient binary solvent system (solvent A: 0.1% TFA/H,0; solvent B: 0.1%
TFA/CH3CN) with a ratio of A/B that varied from 97:3 (0 min) to 10:90 (40 min). Solvent
was removed by lyophilization to afford an orange solid (7.8 mg, 76%). ESI-MS calcd for
Cg7H115CON1701gP: (M™ + 2H) mlz= 1794.0, found 1793.8; (M2* + 3H): m/z= 897 .4,
found 897.2; calcd for (M3* + 4H) m/z=598.6, found 598.5.

Synthesis and Characterization of Cobalamin-Dasatinib Conjugate (Cbl-Das, 3).

Dasatinib (4.2 mg, 0.0087 mmol), triethylamine (16 4L, 0.116 mmol), and anhydrous
NaySO4 (excess) were combined in 500 gL of DMSO, and allowed to incubate at room
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temperature with agitation for 30 min. CDT (18.9 mg, 0.116 mmol) was added to this
mixture and allowed to react for 1 h at room temperature with agitation. Subsequently,
B-aminopropylcobalamin 1 (8.0 mg, 0.0058 mmol) was added, and the mixture was agitated
for 18 h at room temperature in the dark. The desired compound was purified by reverse
phase column chromatography (C-18 column) using a linear gradient binary solvent system
(solvent A: 0.1% TFA/H,0; solvent B: 0.1% TFA/CH3CN) with a ratio of A:B that varied
from 97:3 (0 min) to 10:90 (40 min). Solvent was removed by lyophilization to afford an
orange solid (8.1 mg, 76%). ESI-MS calcd for CggH120CICON21017PS (M2 + Ho0 + 2H):
milz=959.9, found 960.1.

Cell Culture.

MIA PaCa-2 cells were grown in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. Cells were placed in an incubator at 37 °C with 5% CO, and 100% humidity
and allowed to grow until the desired confluency was reached.

Cell Viability Assays.

MIA PaCa-2 cells were seeded in black 96-well plates with clear bottoms (8000 cells/well),
with a recovery period of 24 h. Media was removed, and cells were then treated with the
following: 1 ¢/ erlotinib, 1 4M dasatinib, 1 ¢/M 2, and 1 M 3 in phenol red-free media
supplemented with 0.5% BSA and 0.1% DMSO (cobalamindrug conjugates, negative and
radiation controls), and allowed to incubate at 37 °C for 24 h. The cells were irradiated
with a Zeiss Colibri Il LED system at 530 nm for 10 min or treated with a 2 Gy dose of
radiation from a linear accelerator, followed by incubation at 37 °C for 72 h. Cell viability
was assessed utilizing the Cell Titer 96 Aqueous One Cell Proliferation Assay (Promega,
absorbance read at 492 nm).

In Vivo Studies with 2.

Athymic nude mice were injected in the flank with 1 x 10° MIA PaCa-2 cells and mice
with subcutaneous PDAC tumors in the range of 125-175 mm?3 were selected for these
studies. Mice were anesthetized by inhaling isofluorane to maintain blood flow and tumor
oxygenation. Compound 2 (10, 50, 100 zM) was injected intravenously (IV), and mice were
allowed to rest in the dark for 24 h post-injection. The tumors were irradiated with a 6 MeV
electron beam using a 5 mm cone and 1 cm bolus over the tumor area to ensure that Dmax
was reached at the tumor site. A single dose of 8 Gy was used for radiation therapy. The
tumor volume was then measured at regular intervals for 30 days. Controls included sham
(PBS) injection, 2 without radiation, radiation only, and erlotinib (100 @/M).

RESULTS AND DISCUSSION
Synthesis of Cbl-Erl (2) and Cbl-Das (3).

We have extensive experience with the synthesis of cobalamin-drug conjugates.22:23.27
Our previous reports were limited to conjugating drugs with a modifiable amine or a
modifiable carboxylic acid to form amide bonds between the alkylcobalamin and the
drug. The synthesis of these new conjugates invokes a different methodology that allows
the modification of drugs that contain an alcohol functionality to the cobalamin platform
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through a carbamate linkage (Scheme 1). S-aminopropylcobalamin 1 was synthesized
from hydroxocobalamin acetate and 3-chloropropylamine hydrochloride according to the
literature procedure.?” Erlotinib, an EGFR kinase inhibitor, was attached to the cobalamin
scaffold 1 utilizing a functionalizable desmethylerlotinib via a carbamate bond between the
amine handle on the cobalamin and the primary alcohol of the erlotinib derivative. This
bond formation was facilitated by the coupling agent CDT to form Cbl-Erl 2. Dasatinib,

a Src kinase inhibitor, was attached to this cobalamin platform in the same fashion to
form the cobalamin-drug conjugate Cbl-Das 3 (Scheme 1). These reactions are facile to
complete and require no special equipment or inert atmosphere. The successful synthesis
of these cobalamin-drug conjugates was confirmed via highresolution electrospray mass
spectrometric analysis, which is the standard method of characterization for cobalamin
derivatives.22:24-29

Radiation-Induced Apoptosis.

The MIA PaCa-2 PDAC cell line, shown to overexpress TCbIR3%:31 and to be drug
resistant,”-32-34 was treated with 1 M 2 or 1 M 3, respectively, for 24 h. Following
incubation with cobalamindrug conjugate, the cells were illuminated with 530 nm as

a positive control since this is the natural absorbance of the cobalamin scaffold. We

have previously demonstrated that the release of cargo from the cobalamin platform is
tunable.2” The incubated cells were also given a 2 Gy radiation dose with a clinical

linear accelerator (Figure 2). Cell death was assessed with an 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2 H-tetrazolium, inner salt (MTS) assay.
Cells exposed to 530 nm light in combination with the cobalamin-drug conjugate showed
significant apoptosis that was more effective than just erlotinib or dasatinib alone (Figure
2a). Remarkably, a similar trend was observed when the cells were exposed to radiation in
the presence of 2. The synergism of the cobalamin-drug conjugate with radiation was more
efficient at killing PDAC cells than erlotinib alone (Figure 2b). This is a promising result
since MIA PaCa-2 cells have been shown to be resistant to erlotinib treatment.”-32-34

However, the combination of 3 with radiation in MIA PaCa-2 cells did not seem to result
in significant cell death, most likely due to lower photon flux with radiation in comparison
to 530 nm light as well as lower basal expression of Src in MIA PaCa-2 cells.3® Incubation
of the cells with the cobalamin-drug conjugates stored in the dark (Figure S2), illumination
with 530 nm, or radiation alone showed no significant cell killing, as expected.

Synergistic Treatment of Mice Implanted with MIA PaCa-2 Xenografts.

Due to the promising results obtained in vitro showing successful apoptosis with the
combination of 2 and radiation in MIA PaCa-2 cells, we embarked on a study to explore this
combination in vivo. A series of cohorts of athymic nude mice implanted with flank MIA
PaCa-2 tumors were treated as follows: 1. sham injection of PBS; 2. erlotinib (100 zM);

3. radiation only; 4. 2 (50, 10 ¢M) as a dark control; and 5. 2 (50, 10 £M) with radiation
therapy. The cohorts undergoing radiation therapy were exposed to a single dose of 8 Gy,

as recommended by our medical physicist consultant, and tumor volumes were measured

at regular intervals for 30 days post-treatment. We observed no significant reduction in
tumor growth in the sham or dark controls that were injected with multiple concentrations
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of 2 without radiation therapy. However, we assessed a marked reduction in tumor volumes
when 2 (50 and 10 £M) was utilized in conjunction with radiation therapy (28 and 29%,
respectively, relative to no treatment control) in comparison to radiation therapy (53%), or
the parent erlotinib (89%) alone (Figure 3). These results were recapitulated by seeing a
marked reduction in tumor cellularity with the combination of 2 with radiation therapy by
H&E staining (Figure S3).

CONCLUSIONS

We synthesized two new cobalamin-drug conjugates where tyrosine kinase inhibitors,
desmethylerlotinib and dasatinib, with alcohol functionality are linked to the cobalamin
scaffold with a synthetic methodology different from that previously reported. We have
shown visible light-induced apoptosis with both drug conjugates in the K-Ras-mutated,
multidrug-resistant PDAC cell line MIA PaCa-2. In addition, erlotinib conjugate 2 displayed
enhanced cell killing in combination with clinical radiation doses (2 Gy) in comparison

to radiation or the parent drug erlotinib alone. Excitingly, it was demonstrated that the
combination of the cobalamin platform with radiation therapy in vivo elicited an enhanced
reduction in tumor margins in mice implanted with MIA PaCa-2 tumors in comparison with
radiation alone or erlotinib treatment. This is an interesting result because MIA PaCa-2 cells
have been shown to be insensitive to erlotinib treatment.”32-34

We developed a tumor-targeted radiochemotherapy that can be directly activated by X-rays
from a linear accelerator. This technology could allow tumor-selective stereotactic release
of a drug in accordance with a physician’s designed plan for radiation treatment. We are
currently studying the application of the cobalamin platform in other pancreatic tumors as
well as expanding this versatile technology to other cancer types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PDAC pancreatic ductal adenocarcinoma
EBRT external beam radiation therapy

NIR near-infrared

Mol Pharm. Author manuscript; available in PMC 2024 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gendron et al.

Page 8

TC transcobalamin

TCbIR transcobalamin receptor

Gy gray

TFA trifluoroacetic acid

CDT 1,1’-carbonyl-di(1,2,4-triazole)

NEt3 trimethylamine

DM SO dimethyl sulfoxide

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt

H&E hematoxylin and eosin
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Figurel.
Radiation-activated cobalamin technology. (a) The general cobalamin-drug conjugate

structure (see Supporting Information Figure S1 for the full structure of the vitamin By,

scaffold); (b) tumor targeting with IV injection of the cobalamin-drug conjugate; and (c)
selective drug uptake at the cellular level of drug conjugates via the transcobalamin (TC)
pathway and release of free drug upon radiation into the cell.
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Figure 2.
Light-triggered release of kinase inhibitors from cobalamin scaffold induces apoptosis of

MIA PaCa-2 cells. (a) Cells were loaded with 1 M 2 or 3 and illuminated at 530 nm for
10 min. (b) Cells were loaded with 1 M 2 or 3 and exposed to a 2 Gy radiation dose. Cell
viability was assessed after 72 h via an MTS assay (absorbance measured at 492 nm and
normalized to the untreated control). The data shown are the average of six experiments +

SEM.
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Figure 3.
Synergistic pancreatic tumor reduction with 2. Mice were IV-injected with 2 (50 and 10

4M) and exposed to a single dose of targeted 8 Gy radiation. Tumor volumes for all cohorts
were monitored at regular intervals for a period of 30 days. The data shown is the relative
end-point tumor volume normalized to no treatment and is the average of /7= 3-6 mice £

SEM.
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Scheme 1. Synthesis of Cobalamin-Drug Conjugates?
4Desmethylerlotinib and Dasatinib were conjugated to the cobalamin scaffold via a

carbamate bond linkage.
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