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Theranostics Targeting Metastatic Breast Cancer

A. Introduction (1paragraph)

The emphasis of this first year of the award, as planned, has been on synthetic chemistry to obtain materials to
test in histology, PET (positron emission tomography) and PDT (photodynamic therapy) studies. We have
been successful in preparing samples for the testing studies that begin in year 2. However, as anticipated, the
synthetic chemistry work was not without problems and must continue and adapt to overcome challenges that
now become evident. For instance, one of the molecules first prioritized, compound 1, was prepared, but only
after a great deal of effort; in retrospect it is now clear that this compound has stability issues that make it hard
to make, and inappropriate for further studies. Another target compound (2) was then prepared, much more
efficiently than the first because it does not have stability issues, and because of the experience we gained
from making the first target. This compound has poor solubility characteristics despite the fact that it contains
two sulfonic acid groups and may required delivery in micelles; this is something that could not have been
predicted until the compound was made. Both structures 1 and 2 are based on the aza-BODIPY dye fragment;
as a back-up we have also initiated work on a compound based on a different-dye type, eg compound 3. The
original proposal outlined plans to add cytotoxic entities other than PDT agents; for this we entered into a
collaboration with a biotechnology company who have provided us a small sample of the previous, highly
cytotoxic, compound maytensin A. We have also prepared an agent intended solely for PET, ie compound 4;

this takes advantage of very recent advances in the field that enable more efficient capture of 8F than was
possible before, via so-called “Perrin capture agents.

B. Keywords (limitto 20 words)
reagents for histology of TrkC* tumors * photodynamic therapy (PDT) ¢ positron emission tomography (PDT)

C. Accomplishments

What were the major goals of the project?

1 Design and synthesis of second-generation fluorescent, PDT and PET/PDT agents that absorb >700 nm,
bind TrkC, are localized in TrkC* cells, generate singlet oxygen under conditions for PDT, and have
TrkC* selective photocytoxicities.

begins inyear 1and continues throughout grant period (about40 % of total work required achieved this year)

2 Validation of a fluorescent form of one of these agents in histochemistry for diagnosis of patients with
TrkC*-expressing tumors.

year 2 and then continues throughout grant period

3 Validation of the iodinated second-generation agent PET imaging human breast cancer tumors in mice,
and ablation of these tumors via PDT. This study will involve determination of toxicity in vivo, pharmaco-
kinetics and -dynamics (using PET) to ascertain distribution and clearance of the labels.

only in years 2and 3



What was accomplished under these goals?

Synthesis Of Compound 1
Compound 1 was a structure in the original proposal.
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As proposed, the control compound 1’ (bearing an isomeric sequence that does not bind TrkC) was prepared
from an intermediate in the above sequence, ie via this route.
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Part of the revised SOW was to determine the maximum tolerated dose of compound 1. We did this: >40
mg/Kg (23 micromole/Kg) in mice.

Many photophysical properties of 1 were determined too, but these studies were curtailed as it became clear
that the iodine atoms in 1 are labile, ie this compound is insufficiently stable for high yield synthesis and
presumably not in vivo either. Consequently, we moved on to target 2.



Synthesis Of Compound 2

Compound 2 was conceived from a very recent literature reports on a similar structure without targeting
groups. That compound was reported to have favorable photophysical properties, good PDT properties, and
the PDT effect was enhanced in the slightly acidic media of cancer cells. Our design 2 is similar, but with an
extra attachment point for targeting groups.

Compound 2 was prepared via the following route:
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We are still working with compound 2 though its solubility is a concern. As a back-up plan this material may be
formulated as a micelle and tested in cellular studies.

Targeted PET Label 4

In the last two years, fluoride capture agents pioneered by Perrin have been tested in other laboratories and
found to be highly efficient ‘8F capture agents.
Part of our back-up plans was to prepare a targeted PET agent 4. This is not a theranostic, it does not have

optical imaging or PDT characteristics, but it is probably the simplest probe imaginable for imaging TrkC*
metastatic tumors.

The synthesis of 4 is not shown here, but it is considerably shorter than those described above, so not too
many resources were spent on this project. This compound is currently with our collaborator, Dr Li, awaiting
her second year funding to initiate PET studies.
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What opportunities for training and professional development has the project provided?
Two graduate students and one postdoctoral research associate were supported on this project.
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How were the results disseminated to communities of interest?

| presented the following presentations:

Active Targeting of Cancer Cells, Georgia State University, Atlanta, Georgia, September 2015.
Small Molecules that Bind Proteins, University of Regensburg, Regensburg, GERMANY, June 2016.
Active Targeting of Cancer Cells, Masaryk University, CZECH REPUBLIC, May 2016.

What do you plan to do during the next reporting period to accomplish the goals?
During the next reporting period we will:

() initiate in vivo studies (PDT and PET) on some of the compounds already prepared; and,

(i) continue the synthetic studies to produce agents with superior solubility and PDT characteristics.

D. Impact

What was the impact on the development of the principle(s) of the project?

At this early stage, the impact is mostly on improvement of the chemical design of the agents being developed.
For instance, we have learned that aza-BODIPY dyes have many desirable properties, but they can be
unstable when substituted with iodine at a certain position, and solubilities can be an issue. Consequently, we
revised our plans that use aza-BODIPYs and have introduced a back-up option.

What was the impact on other disciplines?
Too early to impact other disciplines.

What was the impact on technology transfer?
A patent application is still in process for the IY-IY targeting groups.

What was the impact on society beyond science and technology?

Too early to impact society outside science, but eventually the goal of this work is to produce a lead compound
that will be iteratively improved to form a “theranostic” for diagnosis, imaging, and therapy.

E. Changes/Problems

Changes in approach and reasons for change

Compounds 1 and 2 are both based on azaBODIPY dyes. Since their properties so far have not been ideal,
our plan is to broaden the scope of our work so that we are no longer 100% dependent on the azaBODIPY
framework.

It recently came to our attention that cyanine dyes with combinations of trimethylammonium and sulfonic acid
groups are water soluble, have superb optical characteristics, and can be functionalized. We have embarked
on a plan to do this. This work is at an early stage, but our initial target is compound 5.

Compound 5 is anticipated to have appropriate optical and PET properties. We will introduce bromine atoms
in a modified synthesis to induce PD properties.
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Actual or anticipated problems or delays and actions or plans to resolve them

Problems are nearly always encountered in chemical syntheses, but we have anticipated the obvious weak
links and constantly consider alternative routes.

If the solubility of compound 2 is insufficient, we plan to deliver it in a micellular system.

Changes that had a significant impact on expenditures

Postdoctoral salaries are more than before as a result of the new labor laws. This will be a problem going
forward, but it has not been a problem so far.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents
none

Significant changes in use of care of human subjects
n/a

Significant changed in use of care of vertebrate animals
none

Significant changes in use of biohazards and/or select agents

none

F. Products

Publications, conference papers, and presentations

Small Molecules for Active Targeting in Cancer, C. S. Kue, A. Kamkaew, K. Burgess, L. V. Kiew, L. Y. Chung,
H. B. Lee, Med. Res. Rev., 2016, 36, 494-575. (DOI:10.1002/med.21387)

Anthranilic Acid-containing Cyclic Tetrapeptides: At the Crossroads of Conformational Rigidity and Synthetic
Accessibility, D. Xin, K. Burgess, Org. Biomol. Chem., 2016, 14, 5049-5058. PMID: 27173439 (DOI:

10.1039/C60B00693K)

Heterogeneous Phase Transfer Catalysis in Solid Phase Syntheses of Anth-Cyclic Tetrapeptides, D. Xin, K.-Y.
Wong, K. Burgess, J. Org. Chem., 2016, 81, 8077-8081.

Active Targeting of Cancer Cells, Georgia State University, Atlanta, Georgia, September 2015.
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Small Molecules that Bind Proteins, University of Regensburg, Regensburg, GERMANY, June 2016.

Active Targeting of Cancer Cells, Masaryk University, CZECH REPUBLIC, May 2016.

Websites or other Internet sites
none

Technologies or techniques
Only the novel syntheses already described.

Inventions, patent application, and/or licenses
A patent application covering the targeting ligands is still in progress.

Other Products
none

G. Participants & Other Collaborating Organizations

What individuals have worked on the project?
Name: Zhengyang Jiang

Project Role: graduate student at TAMU

ORCID ID: 0000-00002-1725-2883

Nearest person month worked: 12 months.

Contribution: Mr. Jiang prepared the original aza-BODIPY lead compound and tests of its photophysical
properties; resynthesis on a scale sufficient for in vivo toxicity studies; and, initiated synthesis of second
BODIPY lead compound.

Name: Syed Usama

Project Role: graduate student at TAMU
ORCID ID: 0000-0002-7487-1568
Nearest person month worked: 3 months.

Contribution: Mr. Usama performed the syntheses of new targeted agents designed for PET and optical
imaging based on cyanine dyes.

Name:Dr. Jaya Shrestha

Project Role: postdoctoral associate at TAMU

ORCID ID: 0000-0002-1357-0251

Nearest person month worked: 2 months

Contribution: Dr. Shrestha initiated a synthesis of a new potential lead compound based on squariene dye
framework.

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel?
None

What other organizations were in involved as partners?
None yet, but Dr Li's role as co-Pl at Methodist is about to begin.

Special Reporting Requirements
none
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Abstract: For the purpose of this review, active targeting in cancer research encompasses strategies
wherein a ligand for a cell surface receptor expressed on tumor cells is used to deliver a cytotoxic or
imaging cargo. This area of research is more than two decades old, but in those 20 and more years, how
many receptors have been studied extensively? What kinds of the ligands are used for active targeting?
Are they mostly naturally occurring molecules such as folic acid, or synthetic substances developed in
campaigns for medicinal chemistry efforts? This review outlines the most important receptor or ligand
combinations that have been used in active targeting to answer these questions, and therefore to address
the most important one of all: is research in active targeting affording diminishing returns, or is this an
area for which the potential far exceeds progress made so far? © 2016 Wiley Periodicals, Inc. Med. Res. Rev.,
36, No. 3, 494-575, 2016

Key words: drug delivery; active targeting; cancer therapeutics; cancer imaging; small-molecule ligands

1. INTRODUCTION

A. Specific Aims of This Review

Effective cancer treatment hinges around (i) early diagnosis, (ii) location of the primary tumor
and metastases, (iii) killing cancer cells as effectively as possible while minimizing toxicity to
the patient (i.e., optimizing therapeutic index), and (iv) high accumulation in tumor lesion.
Drug targeting can be used to address all four issues (i) to (iv), to overcome some limitations
of conventional nontargeted approaches. There are generally two types of drug targeting to
deliver therapeutic cargoes to tumor sites.! Passive targeting is based on enhanced permeability
and retention (EPR, discussed in Section 2) effect using big, usually polymeric molecules

Correspondence to: Hong B. Lee, Department of Pharmacy, Faculty of Medicine, University of Malaya, 50603
Kuala Lumpur, Malaysia. E-mail: hongboonlee@um.edu.my.

Additional corresponding author: Burgess Kevin, Department of Chemistry, Texas A & M University, Box 30012,
College Station, TX 77842. E-mail: burgess@chem.tamu

Medicinal Research Reviews, 36, No. 3, 494-575, 2016
© 2016 Wiley Periodicals, Inc.
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Targeted Cancer Therapy
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Figure 1. Different targeting strategies for anticancer therapeutics.

as carriers. Active targeting is based on targeting moieties such as ligands and antibodies
(Figure 1). These targeting methods are different from mechanistic or direct targeting strategies
that employ monoclonal antibodies (mAbs) or small-molecule compounds to bind to surface
proteins or to interfere in biochemical pathways that are upregulated in cancer. Mechanistic
targeting is illustrated in Figure 1 and examples for each target have been extensively reviewed.>3
Unfortunately, many mechanistically targeted chemotherapeutic agents have limitations such
as toxicities to the heart, skin, and gastrointestinal tract*; low accumulation in tumor lesion’;
and resistance in cancer cells.®

Active targeting of anticancer therapeutics may increase their affinities and endocytic
internalization in tumors.”-® These linked targeting moieties may selectively bind to surface
molecules (proteins, sugars, or lipids), perturbing tumor accumulation and residence time.” !!
Indeed, many of the small molecules in mechanistic/direct targeting have been used either as
delivery agents (e.g., probestin for CD13) or cargoes (e.g., mitogen-activated protein kinase
kinase [MEK] kinase) in active targeting (Section 4).

This review on small molecules for active targeting is to identify the following:

their potential in oncology;

the most significant obstacles that must be overcome to realize this potential;

illustrative types of cargoes that can be used for imaging and for chemotherapeutics;
strategies for joining active targeting agents and cargoes to form conjugates;

illustrative entities that have been used for targeting, and what they interact within tissue;
and,

state-of-the-art small-molecule active targeting strategies with respect to particular cancer
types.

ARl S e

a

Finally, we are intrigued by successful strategies used to investigate targeting cancer with
small-molecule agents. Highlighted here are approaches and important data that should be
collected, and in what order, to validate targeting approaches.

Medicinal Research Reviews DOI 10.1002/med
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B. Significance

Diagnosis of cancer types typically involves treating biopsied material with a targeting agent
conjugated to a fluorescent dye; if the tissue stains this implies that cancer type expresses
whatever the agent bound. Most often, the targeting agent is an mAb (histochemistry). Small-
molecule alternatives to mAbs can have advantages in terms of cost and reagent stabilities in
diagnoses, but the most significant unmet need for small-molecule active targeting agents is in
imaging and chemotherapy.

Imaging usually involves injection of a conspicuous spectroscopic probe into a subject, then
observing regions of interest. Magnetic resonance (MR), positron emission tomography (PET),
and optical probes are most common in imaging. Probes must preferentially accumulate in the
tissue of interest to be of value, though they can work if the probe accumulated everywhere else
but the region of interest. Preferential accumulation of a probe relative to nontargeted agents
tends to facilitate greater resolution and sensitivity.

Chemotherapy of cancer requires destroying tumor tissue, or at least restricting its growth
and metastatic spread. Compounds with potent cytotoxicities have no use as medicines if
they cause intolerable side effects or death. Consequently, therapeutic index tends to be more
important than absolute toxicity in cancer chemotherapy'?, where:

Toxic dose Lethal dosesy  Tolerated dosesg
Therapeutic index = Therapeutic dose Effective doses, Effective doses -
In general In animals In humans

Pharmaceuticals that are actively targeted can have enhanced therapeutic indices because
their concentrations proximal to tumors are increased, and/or their accumulation in healthy
tissue is decreased over a suitable time frame. There are distinct advantages to using the same
active targeting entity for histochemical diagnosis, imaging, and chemotherapy because in
those cases positive staining characterizes one property of the tumor, and it also indicates the
active targeting agent used has potential to deliver imaging and chemotherapeutic agents in vivo
because of that property!®. Unfortunately, state-of-the-art oncology has not arrived at that level
yet. Most current standards of care involve various agents for staining tissue biopsy samples,
imaging and therapeutic agents that are not actively targeted, or feature different targeting
entities. The “holy grail” is to use exactly the same substance to diagnose, image, and treat; this
is the intention behind the design of theranostics (chimeras of therapeutics and diagnostics).

Various building blocks for active targeting, imaging, and therapy are available, so forma-
tion of theranostics can be achieved by joining these together. It is relatively easy to do this,
particularly if the fragments are not covalently bound to each other but are simply captured
into nanoparticle, polymeric, or liposome constructs. However, unless the stance of the drug
regulatory agencies changes, constructs such as these are unlikely to be approved for use in hu-
man subjects because they are essentially mixtures. Even if regulatory agencies would overlook
the complexity and potential batch-to-batch variability problems, one pivotal issue related to
distribution in vivo remains. Actively targeted constructs should preferentially accumulate in
the tumor tissue. Size matters for ease of penetration into tumors, and the ideal size is usually
small. For these reasons, discrete small-molecule theranostics can have significant advantages
over nanoparticle, polymeric, or liposome constructs'#.

This review focuses on small molecules used for active targeting, excluding peptides longer
than five-mers. It does not cover nanoparticle, polymer, or liposome constructs, even if small-
molecular targeting groups have been attached, because pharmacokinetic and pharmacody-
namic issues favor small-size agents for targeting tumors.

Medicinal Research Reviews DOI 10.1002/med
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2. PHARMACOKINETIC AND PHARMACODYNAMIC ISSUES GOVERNING
DELIVERY INTO TUMORS

A. Enhanced Permeation and Retention, and Tumor Back Pressure

Rapid growth of solid tumors is often constrained by availability of oxygen and nutrients,
and lack of supply of these triggers tumor cell death.'> Overall, this competition for raw
materials results in development of highly disordered and fenestrated (porated) blood vessels
in tumor tissues separated by vascular basal membrane. These fenestrations are typically of
200- to 2000-nm diameter, depending on the tumor type.!®!” Fenestrated blood vessels favor
extravasation (leakage) of both small-molecule and macromolecular therapeutics, including
drug-carrier conjugates and drug inclusion complexes, from blood to the tumor interstitial
fluid. Small molecules can readily diffuse back into blood circulation via the fenestrations,
but macromolecules (>4 nm or 30 kDa) are retained in the interstitial fluid due to their larger
hydrodynamic radii and the defective intratumor lymphatic drainage.'® ! This passive targeting
leads to the preferential accumulation of macromolecular therapeutics around tumors, through
the enhanced permeation and retention (EPR) effect.”

Uncontrolled tumor tissue expansion and angiogenesis promote disorganization of the
tumor interstitial space, which is also congested with collagen fibers, glycosaminoglycans,
proteins, and cellular debris,”? as well as fenestrations in tumor neovasculature.”* Overall, these
effects produce relatively high pressure in the tumor interstitial space (tumor back pressure),
particularly at its core. Tumor back pressure strongly distorts macromolecule diffusion patterns
in tumor tissue.”>?% These effects synergize with residual lymphatic activity and de novo lymph-
angiogenesis in the peripheral tumor tissues’’ to promote drug clearance and disseminate
metastases.”®

B. MDR and Efflux from Cells

Ineffective chemotherapy is often due to drug resistance. Factors that contribute to multidrug
resistance (MDR) include changes in the tumor geometry and extracellular matrix,?’ impaired
delivery of cytotoxic agents,*” genetic and epigenetic alterations leading to overexpression of the
cell membrane transporter P-glycoprotein (P-gp), and ATP-dependent transporter expression,
thatis, “the drug efflux pump.”’3!-3* MDR inhibitors such as verapamil, tariquidar, OC-1440935,
laniquidar, and elacridar have been used in the clinic to block the P-gp function to prevent efflux
function of cells in cancer chemotherapy.>* >’ Active targeting can also counteract the MDR
effect compared with targeted therapy.3® 4

C. Rate of Infusion/ Dosing Rates

It was known that receptors involved in receptor-mediated internalization of drugs tend to be
recycled back to cell surface (Figure 2). Several factors may regulate the receptor internalization
and trafficking, thus impacting the efficacy of receptor-mediated drug delivery for cancer
therapy. These factors include the following: (i) the rate of ligand-receptor binding before
being cleared by metabolism, (ii) level of receptor occupancy or saturation, (iii) rate of receptor
recycling, and (iv) rate of drug release from linker upon internalization.*!-** Cell surface receptor
internalization and recycling parameters vary among cell and cancer types. In the absence of
information about what these parameters are, continuous administration of drug conjugates
might be used, but it can result in downregulation of the receptor, elevated toxicities, and
reduced therapeutic efficacies.
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Figure 2. Receptor-mediated internalization. Generally, receptor targeted ligands bind to the receptors and
are internalized together. An early endosome is formed, followed by budding off separation to form late en-
dosomes with receptors and targeted ligands in separate units. The vesicle with receptors will return to the
plasma membrane (recycling). The late endosome with targeted ligands will fuse with lysosome for subsequent
degradation.

3. MONOCLONAL ANTIBODIES VERSUS SMALL-MOLECULAR FRAGMENTS
FOR ACTIVE TARGETING

mAbs are widely used for active targeting, but they have serious limitations. Paramount among
these is that mAbs do not easily penetrate into solid tumors.!”-?1:4* Most mAbs do not pene-
trate into tumors because they are too big to easily leave blood vessels and efficiently diffuse
into tissue. mAbs that do diffuse into tissue tend to be trapped by antigens located on the
perivascular tumor cells, preventing permeation into the tumor mass,* that is, there is an
“antigen barrier,”* 4’ even around micrometastases.*> Moreover, slow clearance of mAbs from
the body results in high normal tissue exposure*®°; hence, most mAbs tend to accumulate
in the excretory organs (intact mAbs in the liver, fragments in the kidneys) and do not reach
their targets.”’>>> mAbs also can be immunogenic, even when they are humanized>?; this can
cause hypersensitivity, neutralizing effects, and changeable pharmacokinetic properties.’> These
limitations should be considered alongside problems with nonspecific conjugation chemistry
leading to reduced product homogeneity,>* cost, and stability/shelf life issues. Despite these
factors, interest in mAb targeting has surged because it is comparatively easy to raise antibodies
to cell surface receptors.>

Small-molecule targeting entities are not constrained by the factors outlined above for
mAbs. For instance, fluorescence studies have shown that folate-rhodamine conjugates rapidly
exit blood vessels and can saturate folate receptors (FRs) on tumors within 5 min of intravenous
injection.>® The antigen barrier still perceptibly impacts folate-small molecule conjugates, but
it has a negligible effect at saturating doses.® This implies small-molecule conjugates can be
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Figure 3. Common classes of ligands and cargoes used for active targeting in cancer. The common target-
ing agents used are vitamins (biotin, folate), hormones (estradiol, DHT, progestin), peptide ligands, glucose
derivatives, and synthetic small-molecule ligands. These targeting agents are known to have high binding
affinity to their respective receptors. The common cargoes used for anticancer therapy are alkylating agents
(chlorambucil, isosfamide), antibiotic (mitomycin-C, geldanamycin), antimetabolites (5-fluorouracil), apoptotic
agents (Bim, Smac), DNA intercalating/damaging agents (histone deacetylase, cisplatin), mitotic inhibitors (pa-
clitaxel, maytansinoids, desacetylvinblastine monohydrazine, tubulysin b hydrazide), photosensitizers (Boron-
dipyrromethene, pheophorbide-a), protein kinase inhibitor (mitogen activated protein kinase kinase inhibitor), and
topoisomerase inhibitor (indenoisoquinolines, camptothecin). For imaging of cancer using PET/SPECT/CT/optical
or fluorescence imaging system, the common agents used are bromine-77, carbon-11, copper-64, fluorine-18,
gallium-68, indium-111, iodine-123, technetium 99m, and near-infrared dye.

topoisomerase
inhibitors

ideal for rapid accumulation in solid tumors, and for brisk clearance afterward. Overall, small
molecules tend to quickly reach their target in vivo, and be nonimmunogenic; they are amenable
to chemical synthesis, have superior stability/shelf lives, and tend to be cheaper than mAbs.

One of the core messages of this review is that active targeting with mAbs is far more
common than with small molecules that have relatively few known examples. Further, many of
the small molecules commonly used for active targeting, as discussed in this review, are limited
because not all tumor types overexpress the corresponding receptors at usable cell surface
copy-numbers, and some of these ligands have suboptimal properties for targeting entities.”’
Figure 3 summarized the common types of small molecules and their cargoes (radiolabelled
imaging agent or cytotoxic agent) used for active targeting in cancer.

4. EXAMPLES OF TARGETING MOLECULES AND THEIR SMALL-MOLECULE
CONJUGATES

A. Folic Acid Receptors

All living cells require vitamins for their survival, but cancer cells need them in greater amounts
to sustain rapid growth,*® so vitamin uptake receptors tend to be overexpressed on cancer
cells. Among vitamin receptors, the FR is the one that has been most extensively studied as
a biomarker for the imaging and identification of tumor cells as well as tumor-targeted drug
delivery.
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Folic acid (folate) is responsible for DNA (purines and thymine) synthesis, metabolic
reactions, methylation, and repair.’® Folate and its derivatives are taken up by cells via three
different pathways. Normal cells take up folate via reduced folate carrier (RFC) at neutral pH
with low affinity,’® and in acidic environment such as the duodenum and intestine via the proton-
coupled folate transporter (PCFT)%; both routes do not accommodate folate conjugates.®!
Cancer and embryonic cells instead preferentially use the FR that has high affinity for folic acid
(K; = 1-10 nM) to absorb folate via receptor-mediated endocytosis.>

FRs are glycosyl-phosphatidylinositol (GPI) anchored to cell surfaces. There are three
functional FR gene isoforms: «FR, h-8FR, and h-yFR or FOLR1, FOLR2, and FOLR3,
respectively.®> « FR is displayed on the apical surface of polarized epithelial cells such as kidney
and the choroid plexus for folate reabsorption and transcytosis via the kidney to central nervous
system (CNS). BFR expression is restricted to the placenta during embryonic development,
spleen, and thymus. Unlike the other two, y FR contains an imperfect GPI anchor sequence and
is expressed in low levels on the cell surface of haematopoietic tissues, with the majority released
as secreted proteins.®>% Among the three receptor isoforms, « FR is the most widely expressed.
In many cases, it is seen at negligible levels in human normal tissues (<2.5 pmol FR/mg protein)
but highly expressed on malignant tissues (>6—40 pmol FR/mg protein depending on cancer
type).®> Tumors that express high FR levels are ovarian, uterus, endometrial, cervical, lung,
pancreas,® breast,®’ colorectal,®® brain,% bladder,”® and testicular.”!

A significant fraction of all the research on active targeting concerns folate-conjugated
pharmaceuticals targeting FR-positive cancers. Conjugation of agents to the y-carboxylate
of folate does not affect the receptor-binding affinities much’> because that domain does not
interact with the binding pocket of the FR during binding, as supported by the crystal structure
of folate bound to the « FR.7?

Receptor amino acids involved in folate-FR binding are conserved between the - and
B-FR isoforms, indicating that binding for « FR is similar to SFR. During binding, the pterin
folate fragment becomes buried in a deep FR pocket, forming extensive interactions. Derivatives
of folic acid that lack the exocyclic oxygen of the pterin ring cannot form the same interactions,
and this accounts for why methotrexate and aminopterin have reduced affinity for « FR, relative
to the reduced folate carrier. When folate binds FR, the two carboxylates of the glutamic acid
region protrude from the positively charged entrance to the binding cavity. This mode of binding
explains why the Glu carboxylic acids can be used for conjugation, and why functionalization
of the y-carboxylate has least impact on affinity.

O COOH

o) SR
N H

N S N "~cooH

A J o H

HN" N7 N

;

folic acid

Folic acid (1, also known as pteroylglutamate, MW 441) is water soluble and stable to
diverse solvents and heat. It has functionalities that allow it to be conjugated to various cargoes
for imaging or therapeutic purposes (though the chemistry is somewhat impeded because folic
acid is insoluble in most organic solvents apart from DMSO). In general, folic acid tends to
be nonimmunogenic, tissue permeable, and rapidly cleared from folic acid receptor negative
tissues. Low receptor density restricts applications of folate conjugates to imaging agents for
which the sensitivity of detection is such that high concentrations are not required, or to very
toxic therapeutic agents. However, this requirement is less restrictive than those on untargeted
drugs and opportunities arise to use cargoes that may be so toxic that they cannot be used
without targeting. Folic acid also can be used to target cells that would otherwise be resistant
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to untargeted drug cargoes.”* Nevertheless, there are other limitations; for instance, the FR
does not contain pores or channels, so the conjugates must themselves be cell permeable for the
conjugates to be internalized into the cells. Conjugating folate directly to macromolecules, genes,
or siRNA for nucleotide-based methods does not overcome the intrinsic issues surrounding the
cell permeability of these entities, or endosomal release when these molecules are successfully
imported into cells.”® It is often necessary to tether drugs to folic acid via hydrophilic linkers
since many potential cargoes are lipophilic. Impressive new applications of folate conjugates
in targeting cancer emerged in the first decade of this century, primarily by Philip Low and
co-workers at Purdue and Endocyte. Much of that work has been summarized in a series of
excellent reviews® 7078 that have appeared as recently as 2015.” Consequently, what follow
here are a summary of the highlights from that work and an update of recent developments.
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9mTe-EC20 or etarfolatide (2) and '''In-DTPA-folate (DTPA is diethylenetriaminepen-
taacetic acid) (3)** are among the earliest FR-targeted imaging agents to reach the clinic.
Conjugate 2 has high FR-binding affinity of K; 3 nM,?! whereas 3 has a 1 nM K and reached
50% saturation in 3 min® on FR* KB cells. Comparison of 2 and 3 was conducted in FR*
syngeneic M 109 lung tumor model.®! Nearly identical biodistribution profiles were observed in
all organs with the highest uptake in kidneys (138 and 191% injected dose [[D]/g tissue, respec-
tively), followed by tumor (17 and 19% ID/ g tissue, respectively). Clearance of 2 and 3 was rapid
in blood, showing less than 1% ID/g at 4 hr post administration. These data suggest the efficacy
and rapid clearance of 2 and 3 are independent of the half-lives of the radioisotopes (6 and
67 h, respectively).®! Phase I clinical studies of 2 revealed that 68% of patients showed uptake
of radiotracer 2 in solid tumors by planar scintigraphy or single-photon emission computed
tomography (SPECT), whereas 67% of patients were positive for « FR in immunohistochemistry
(IHC).%? Only 72% of the patients with positive IHC staining for FR showed positive imaging
result using 2. The authors speculated that the poor correlation was due to the suboptimum
time of tissue sampling as well as variations in the status and heterogeneity of FR in primary
and metastasis tumors. Currently, 2 is in clinical studies to monitor the progress of FR-targeted
therapeutic agents EC145 and EC1456 (see below; NCT01577654, NCT(01999738).

Phase I/1I clinical studies of 3 in ovarian cancer showed 100% success (n = 7) in the
detection of malignancy for newly detected ovarian masses. All the malignant lesions had

Medicinal Research Reviews DOI 10.1002/med



502 o« KUEETAL.

increased radiotracer uptake and fast clearance in nontargeted organs. However, the detection
of recurrent ovarian or endometrial tumors (n = 7) was difficult using 3 even though it gave
good correlations with the anatomical imaging results.®* Reasons for this are the small size
of recurrent, compared with newly diagnosed, tumors and difficulties predicting the exact
location of recurrent tumors. Agent 3 failed commercialization due to the high cost and long
radiochemical half-life (67 hr) of 111-Indium.

folate/N\/\ JkN X

EC17

Folate-fluorescein, EC17 (4), was designed to induce a hostile immune reaction toward
FR-expressing tumors. A series of vaccinations with hapten fluorescein (EC90 vaccine) admin-
istrated with an adjuvant called GPI-0100 caused the induction of a high titer of antifluorescein
mAbs. Treatment with EC17 labeled the tumors that expressed the FR with a bound immuno-
genic hapten, making them conspicuous to the host’s immune system, and this led to elimination
of the tumors while leaving healthy cells unaffected.®>3” Phase I clinical evaluation of EC17
regimes in renal-cell carcinoma patients showed 4% of partial remission, 54% stable disease, and
43% progressive disease after the first cycle of therapy. Nevertheless, hypersensitivity or allergy
with an increased in mAb titer was reported.®® Recently, a similar phase I clinical application
of the immunotherapeutic agent with cytokines interleukin (IL) 2 and interferon (IFN) « to
stimulate the enhancement of antibody-dependent and cell-mediated killing against mAb op-
sonized tumor cells was conducted. Twenty-four kidney cancer patients featured in this work.
This regime proved safe and had only mild-to-moderate clinical toxicities (less than 50% of the
patients suffered from hypersensitivity). Moderate antitumor responses were observed (29% of
patients had stable disease for 123-340 days and 4% had partial remission for 71 days).%’
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Another folate conjugated with cytotoxic cargo for cancer therapy was EC72 (5): folic
acid-y-cysteine linked to 7-N-modified mitomycin-C (MMC) via disulfide bond. EC72 had a
high affinity (relative binding affinity [RBA] of 0.59 relative to folic acid) to FR™ KB cells and
induced dose-dependent cytotoxic activity on FR* tumor cells with no activity on FR™ cells
both in vitro and in vivo.”® However, it was not a very potent anticancer drug compared with
the therapeutic agent alone, as the reduction of tumor was moderate to negligible for huge-sized
tumor (750 mm?).”!
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An important feature of delivery systems is release of drug in endosomes from the conjugate
upon cellular internalization. Short intrinsic cleavage half-lives, especially when enforced by
pH sensitivity, can improve the rate and efficiency of cargo release in endosomes.”>“® For
instance, endosome cleavable acylhydrazones and reducible disulfides were used in EC140°* (6)
and EC145%% (7), respectively. The binding affinities for the resultant conjugates were 0.35
(EC140) and 0.47 (EC145) relative to folic acid. Reduction-mediated release of the cargo from
the disulfide bond from EC145 was highly efficient in endosomes: cleavage half-life 1 hr and
complete cleavage within 6 hr.®>»% Conversely, EC140 has a cleavage half-life of 5.5 hr in an
endosome environment (pH 5.5).%*

In animal studies, the maximum tolerated disease (MTD) of both EC140 and EC145 was
10 umol/kg. When dosed three times per week for 3 weeks in mice xenografted with human
nasopharyngeal KB tumors, the efficacy of EC145 was 100% full remission at half MTD,
compared with EC140, which showed only 20% full remission.’® One hundred percent full
remission was also observed with a much lower dose of EC145 (1.2 umol/kg) in more-frequent
dosing regimens (i.e., daily administration for two consecutive weeks or daily administration at
week 1 and 3) with no significant adverse effects.”” Taken together, the authors claimed better
efficacy of EC145 over EC140 due to the relative efficiency of linker cleavage in each construct.
The acylhydrazone in EC140 was not expected to cleave efficiently inside cells based on its long
cleavage half-life at pH 5.5.%7

EC140 has not been investigated in the clinic, but phase I clinical studies of EC145 in pa-
tients with solid refractory tumors (mainly colorectal, head and neck, and ovarian) established
MTD with no toxicities. Antitumor responses were effective against head and neck cancer,
with 100% (n = 3) showing stable disease for 95-211 days, whereas ovarian cancer (n = 2) had
50% of partial response and 50% stable disease for periods of more than 100 days.”® A phase
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IT study was then initiated in ovarian and endometrial cancer patients (n = 43). EC145 was
effective in reducing tumor sizes and increasing survival of FR™ cancer patients, where 57%
showed Disease Control Rate (DCR, defined as total percentage of patients achieving complete
response, partial response, and stable disease) in FR100% (all target lesions were FR ™) patients
(90% confidence interval, 90% CI 29.1-55.5%), 36% DCR in FR10-90% (at least one but not
all target lesions were FR™) patients (90% CI 19.6-56.1%), and 33% DCR in FR0% (all target
lesions were FR™) patients (90% CI 1.7-86.5%). Median overall survival was 14.6 months for
FR100% patients, 5 and 11.6 months higher than FR10-90% (hazard ratio = 0.574, p = 0.135)
and FR0% patients (hazard ratio = 0.219, p = 0.020), respectively.” Adverse effects of EC145
were constipation and fatigue due to the hepatic clearance and metabolism of EC145 that
caused the release of active vinca alkaloid agent to gastrointestinal organs.
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Modification of EC145 by a carbohydrate to give EC0489 (8) was conducted to reduce hep-
atic clearance and metabolism. Compound 8 contains novel carbohydrate segments (1-amino-
1-deoxy-glucitolyl-y -glutamate) spaced in between the folate and vinca alkaloid moieties.'” In
biodistribution studies, EC0489 showed >4-fold reductions in elimination half-life in rat and
dog compared with EC145. In addition, EC0489 had more tolerable toxicity profile with no
mortality whereas with EC145 two animals died at an equimolar dosage. Antitumor efficacies
of 8 and EC145 were identical.!’! Phase I clinical trial of 8 for refractory and metastatic solid
tumors began in 2009; in December 2010, the study reported EC0489 was safely administered
at weeks 1 and 3 of a 4-week cycle at dosages of equivalent to or less than 2.5 mg/m?, with no
significant or severe constipation and gastrointestinal toxicities.!?!- 192 This study was completed
in 2012, with no further update reported.
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Synergistic multidrug EC0225 (9) uses folate to deliver mitomycin C and desacetylvin-
blastine monohydrazide (DAVLBH).!?* Outstanding therapeutic efficacy was observed at three
doses per week for two consecutive weeks. Specifically, 9 was able to eradicate tumors re-
gardless of initial tumor sizes, and it showed increased antitumor response compared with
folate-mitomycin C (EC72), folate-vinca alkaloid (EC145), or a combination of both (highly
FR-expressing xenograft KB tumor).!® EC0225 was brought to phase I clinical trial for
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treatment of refractory and metastatic solid tumors, including colorectal, breast, and prostate
in 2007 (NCT00441870). In December 2009, reports indicated that an intravenous bolus of
EC0225 given at three times per week for 2 weeks within 28-day cycle has MTD of 2.3 mg/m?,
with anemia and constipation as the common adverse effects. Long-term disease stabilization
was reported in colorectal (4.6 months), breast (4 months), prostate (10 months), leiomyosar-
coma (4 months), and mesothelioma (4 months) cancers.'> No further update on the clinical
status of EC0225 is found to date.
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Folate conjugates containing epothilones and tubulysin, which act by disrupting and de-
polymerizing microtubules, have been studied. Conjugation of epothilones to folate via a disul-
fide bond and a bifunctional Asp—Arg peptide spacer to produce BMS-753493 (epofolate, 10)
was carried out by Endocyte and Bristol Myers Squibb (BMS).!% Epofolate (K; = 10 nM)
was brought to phase I clinical trial for patients with advanced cancers and to phase Ila to
determine its efficacy in shrinking or slowing the growth of cancer in patients with advanced
ovarian, renal, or breast cancers (NCT00550017). Epofolate was tolerable with MTD of 26
mg/cycle (study 1; days 1, 4, 8, 11 with starting dose of 5 mg; 21-day cycle) and 15 mg/cycle
(study 2; days 1-4 with starting dose of 2.5 mg; 21-day cycle) and was less toxic than epothilones
alone. However, the antitumor responses were poor: 19% have disease stabilization with a me-
dian duration of 85 days and 50% progressive disease for study 1. For study 2, stable disease
was 23% with a median duration of 88 days and 51% of progressive disease. In 2010, epofolate
was discontinued from clinical studies due to the poor response.'?’

Tubulysin B hydrazide (TubBH, EC1456) was brought to phases 1 and 2 clinical studies
(NCTO01999738) due to its 100% cure rate in a high-FR* xenograft MDA-MB-231 breast cancer
model and syngeneic M 109 lung carcinoma.'’® However, no further update on the clinical status
of EC1456 is found to date.
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Many novel potent folate conjugates have reached preclinical studies. One example is
EC0905 (11), which is similar to EC0489 (8 discussed above) except for an additional unit
of 1-amino-1-deoxy-glucitolyl-y-glutamate in the spacer.'”” EC0905 showed high affinity and
high cytotoxicity (ICsy = 2 nM) to FR™ KB cells. Antitumor responses to EC0905 were stud-
ied in canine invasive urothelial carcinoma (1UC); 56% partial remission and 44% of disease
stabilization, with a median overall survival of 115 days, were reported. Immunohistochem-
istry showed a higher percentage of human iUCs express FRs, with 78% of samples having
immunoreactivity in the tumor cells,”’ suggesting that the translation of EC0905 to treating
human iUC is possible. However, no further study of EC0905 on clinical was found to date.
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Methyl-B-cyclodextrin, a lipid-raft-disrupting agent was linked to folate to produce FA-M-
B-CyD (12).'1% Methyl-B-cyclodextrin can extract cholesterol from lipid rafts that are highly
abundant on cancer cells. Tumor suppression occurred for all mice treated with FA-M-g-CyD.
They survived for up to 140 days whereas those treated with free doxorubicin (Dox) and M-
B-CyD respectively all died within 70 days.!!" Other potent folate conjugates that are pending
preclinical evaluation include folate-indenoisoquinoline (13) where indenoisoquinoline is a
topoisomerase I inhibitor °> and photosensitizer pheophorbide-a conjugated to folate (14).!?
Both can target FR™ tumor cells with minimal perturbation of normal cells.
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B. Cholecystokin Receptor

Cholecystokin receptors (CCKRs) are membrane G protein coupled receptors. These can be
categorized as CCKI1R and CCK2R, where CCKIR was first characterized in pancreas of
rat,!’3 and CCK2R was found in mammalian brain.!'* In humans, the CCK 1R gene is located
at chromosome 4p15.1-p15.2 while CCK2R is located at 11p15.4.'1

CCKR have different organ distributions and binding affinities toward their natural ligands
cholecystokinin (regulation of appetite and energy intake) and gastrin (an important gastroin-
testinal hormone and neurotransmitter peptide in brain).!!> Studies have shown that CCK1R
is mostly located in gall bladder and CNS, especially in the brain domain that regulates food
intake.!'® CCK 1R has about 500-1000 x higher affinity toward sulfated cholecystokinin (CCK)
than the unsulfated form.""” Conversely, CCK2R binds to gastrin (hence also known as gas-
trin receptor) can also bind CCK with the same affinity regardless of their sulfation status.!!’
CCK2R is distributed in the cerebral cortex and hypothalamus of brain,''® and stomach mu-
cosa for regulation of the physiological and pathological proliferation of mucosal cells.!'” Apart
from normal expression in CNS and gastrointestinal tract, CCK2R especially and its splice
variant are overexpressed in cancers of the pancreas,'?* 1! medullary thyroid,'?? lung,'?* breast
and ovarian,'?* gastrointestinal tract,'>>!'?® and colon. For each of these cases, there is no
detection in their corresponding normal tissues.'?’

A few CCK2R-specific radiolabeled-imaging agents feature a CCK2R antagonist as a de-
livering agent. Use of synthetic molecules (nonpeptide) targeting ligands has several advantages
over peptide ligands for CCKR. There are antagonists that bind in a similar manner to the
natural ligand'?® and can access a greater number of binding sites because they dock to the
inactive state of receptor whereas the natural ligand only binds to the active state.'”” Second,
the natural peptide ligand tends to be taken up by peptide scavenging receptor, especially in
liver,'3* resulting in high level of retention, which might give false-positive data for imaging
metastases in malignant disease.
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One imaging agent that uses an antagonist as a delivery ligand is CRL-LS288 (15), com-
posed of Z-360, a benzodiazepine-derived antagonist as targeting ligand (K; = 0.47 nM,
672-fold lower affinity to CCK1R),"*! a highly charged hydrophilic tetrapeptide spacer, and
a sulfonated NIR dye, LS-288. Conjugate 15 is the first CCK2R-targeted small-molecule
conjugate.'*? It binds to CCK2R- and CCK?2i4svR-transfected (splice variant of CCK2R)
HEK?293 cells with high affinity (K; = 8 and 7 nM, respectively). In vivo biodistribution stud-
ies show high binding specificity of 15 in both primary and metastasized tumors. No uptake
was observed in receptor-negative tumor, and fluorescence intensity decreased when a 100-fold
excess of a nonfluorescent targeting ligand was added. A highly polar conjugate was designed
in this case to limit nonspecific binding to CCK2R-expressing brain and gastrointestinal tract
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tissue. In the event, kidney was the only normal organ that was positively stained other than
tumor tissues. Significantly, the uptake in kidney is not receptor mediated and was reversible
upon administration of excess natural ligand.!3?
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The effect of spacer chemistry on CCK2R targeting was evaluated for four conjugates
(CRL1-4) with peptidosaccharide spacers of different lengths.!*3 *™Tc-radiolabeled CRL-1
(tripeptide spacer) and CRL-4 (no spacer) showed nonspecific binding with indeterminate
K, values, suggesting the need for a more hydrophilic spacer to offset the hydrophobicity of
the core ligand Z-360. A hydrophilic spacer is included in CRL-3 (peptidosaccharides with a
octanoyl moiety, 16); this has K; values of 30 and 4 nM on HEK293-transfected CCK2R and
CCK2i4svR, respectively. Conjugate 16 was administered into CCK2R ™ xenograft embryonic
kidney tumor bearing mice and examined by y-scintigraphy and SPECT/CT. Uptake of 16
was negligible in normal tissues (0.051-2.5% ID/g), but not in kidney (7.6-8.4% ID/g) at
2 hr post administration. In tumor, the accumulation was 8.1% ID/g at 2 hr and remained
relatively high compared with the other organs up to 24 hr. The retention in the kidney was
independent of CCK2R expression, as the uptake of 16 was not affected by excess CRL-3.
The data suggest that **™Tc-CRL-3 is a useful radioimaging agent for detecting, sizing, and
monitoring CCK2R-expressing tumor.

Two new CCK2R-seeking therapeutic agents feature a targeting warhead and a hydrophilic
peptide linker, just as in 16, but they carry different antimicrotubule cargos: (i) desacetyl
vinblastine hydrazide (DAVBH) and (ii) TubBH. Preclinical data for the DAVBH conjugate
was encouraging, but more significant antitumor activity and prolonged survival in CCK2R-
expressing kidney cancer xenograft were observed for TubBH conjugate. For the latter agent,
no tumor lesion was detected in all treated mice compared with nontargeted TubBH, which
has comparable tumor growth with control groups. Receptor selectivity was confirmed when
non-CCK 2R -expressing xenografts showed similar antitumor activities to control.'3*

C. Prostate-Specific Membrane Antigen (PSMA)

PSMA is a type Il membrane protein with a 19-amino-acid cytoplasmic amino-terminal region,
a 24-amino-acid transmembrane domain, and a 707-amino-acid extracellular portion. The
PSMA gene is located on the short (p) arm of chromosome 11 at position 11.2.13%13¢ Expression
of PSMA was first found in prostatic secretory epithelium cells and prostate cancer (PCa),'?’
correlating with higher grade and metastatic PCa.'3® However, PSMA is also present (at low
levels) in some normal cells such as those at small-intestine brush-border membrane, proximal
renal tubules, and salivary glands.!3-140
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PSMA is a surface glycoprotein'#!:14? that behaves like a cell surface receptor under scan-
ning confocal microscopy. It has a high rate of internalization after binding mAbs or other
ligands, but it is then transported to endosomal compartment and recycled back to plasma
membrane surface through recycling endosomal compartment. PSMA also has glutamate car-
boxypeptidase and folate hydrolase activities due to its role in facilitating the generation and
uptake of nutrients as substrates, especially glutamate and folate.!** 14

123|
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CEOH 123) CEOH
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H H H H
17 18
[1231}-MIP-1072 [123(]-MIP-1095

Two small-molecule inhibitors of glutamate carboxypeptidase are based on glutamate-
urea-lysine, MIP-1072 (K; = 4.6 + 1.6 nM), and MIP-1095 (K; = 0.24 4+ 0.14 nM). These
inhibitors were modified with an iodo-aromatic substituent at the lysine nitrogen to produce
123[-MIP-1072 (17) and '*I-MIP-1095 (18). Conjugates 17 and 18 exhibited high affinity and
specificity (K; = 3.8 £ 1.3 and 0.81 £ 0.39 nM, respectively) for PSMA-expressing cancer
cells (LNCaP) in vitro and in vivo'4%!%7 with no or minimal effects on non-PSMA-expressing
cancer (PC3) and normal cells. Conjugate 17 has been used with paclitaxel (PTX) in PCa
preclinical studies'*® to verify the suitability of this agent in monitoring tumor progression post
chemotherapy. Tumor uptake of radiolabeled agent was proportional to the tumor mass and
this demonstrated the potential of this compound to track tumor mass changes in response
to therapy. Following this, 17, trade named as TROFEX, underwent phase I clinical trials
for imaging metastatic tumors of PCa patients undergoing prostatectomy (NCT00712829)
and 18 was included in this study for comparison. Both 17 and 18 showed rapid uptake
and localization to lesions of bone and soft tissues in metastatic PCa patients at 1-4 hr post
administration. They had different pharmacokinetics profiles, with 17 having fivefold faster
clearance from circulation and nontargeted tissues compared with 18.!%° Both these molecules
are promising for diagnosis and imaging PCa, but there are still challenges to be overcome
regarding the nonspecific uptake in lymph nodes, salivary glands, liver, and kidney in PCa
patients.!>’
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More hydrophilic small-molecule ligands, with better pharmacokinetic profiles than 17 and
18, were also designed. The PSMA inhibitors from the MIP-1072 and MIP-1095 glutamate-
urea-glutamate/lysine analogs were functionalized at the polar lysine imidazole derivatives to
include alcohols, ether, and acids, which were then labeled with radionuclide technetium-99m
(*™Tc), to yield four agents: *™Tc-MIP-1427 (K; = 0.64 £ 0.46 nM), *™Tc-MIP-1405 (K, =
4.35 + 0.35 nM), " Tc-MIP-1404 (K; = 1.07 & 0.89 nM), and **™Tc-MIP-1428 (K; = 1.75
+ 0.32 nM)."! In animal studies, these four compounds showed low nontargeted cells uptake
by hepatobiliary and normal tissues, and rapid renal clearance. *™Tc-MIP-1404 (19) had the
best localization in PSMA* LNCaP xenograft tumors over 4 hr.'>!:!52 These four drugs were
brought to phase I clinical trials for SPECT imaging in patients with metastatic disease, in
comparison with 17 and 18, and the mAb ''In capromab pendetide (Prostascint). Both 19
and ™ Tc-MIP-1405 (20) gave promising results with rapid detection of metastatic PCa in soft
tissues and bone with high specificity. The diagnosis accuracy and sensitivity were both 83% for
19 and 84% for 20, that is, better than 17 and Prostascint (diagnosis accuracy and sensitivity
of 67% for 17 and 63% for Prostascint).!> Conjugate 19 is now in phase II clinical trials for
high-risk PCa patients who have been scheduled for radical prostatectomy and extended pelvic
lymph node dissection (NCT01667536).
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The high-affinity PSMA-targeting ligand 2-[3-(1,3-dicarboxy propyl)-ureido] pentanedioic
acid (DUPA) conjugated to technetium 99m (**™Tc) with peptide spacer NH-(CH,);-CO-Phe-
Phe gives a novel radionucleotide EC0652 (21).!3* In phase 0 trials, high-affinity localization of
EC0652 in all obvious cancerous areas in seven patients was confirmed by CT and bone scan
and there were no reported toxicities.'>> Conjugate 21 is now in phase I/11 trials with larger

patient populations.
WSF
\©\ COOH

22
18F.DCFBC
Imaging agent '8F-DCFBC (22), sponsored by Sidney Kimmel Comprehensive Cancer
Center to undergo phase I trials, was found to be concordant with the conventional imaging as
well as applicable for the use in early bone metastases that are not detectable by conventional
imaging.'>
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Antineoplastic agent TubBH conjugated with a PSMA inhibitor EC1169 (23) inhibited
growth of PSMA-positive cells with no activity against PSMA negative cells ex vivo. Treatment
of EC1169 in a xenograft nude mice model bearing human LNCaP led to tumor remission
in five of seven animals and the remaining two were “cured,” that is, no tumor regrowth up
to 90 days. EC1169 did not have any effects on a PSMA negative xenograft model, neither
did the nontargeted TubBH conjugated have effects on the PSMA-positive tumor model.'*’
This targeted therapeutic agent is currently undergoing phase I clinical trials for patients with
metastastic PCa under sponsorship by Endocyte (NCT02202447).
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D. Sigma-2 Receptor

Receptors sigma-1 and sigma-2 (25.3 and 21.5 kDa, respectively)'*® are found in the CNS
and peripheral tissues such as liver, kidney, and gastrointestinal tract.!>-1% Sigma-1 modulates
ion channels and mobilizes intracellular ions, such as calcium and potassium ions, especially
in glutamatergic neurotransmission.'®-1%% It has been widely studied in learning and memory
processes, depression and anxiety, schizophrenia, and analgesia.'

Unlike sigma-1, sigma-2 regulates cell differentiation, morphology, survival, and
growth!*1% and is eight to ten times overexpressed in rapidly proliferating cells (stem and
cancer) compared with quiescent mouse mammary adenocarcinoma lines.'®1% The sigma-2
receptor therefore is a biomarker for proliferating status and a focus for targeted cancer therapy
of solid tumors.'®” It is abundant in human and murine pancreatic and ovarian cancer cell
lines, and is expressed minimally in brain, liver, pancreas, spleen, lung, and kidney. Sigma-
2 in the ligand bound form is internalized via endocytosis before localizing in lysosomes,
the endoplasmic reticulum, and mitochondria. It participates in both caspase-dependent and
caspase-independent pathways of cell death.'®®

sigma-2 ligand
SV119 Bim = EIWIAQELRRIGDEFNAYYAR-OH

24

Conjugate 24 containing synthetic ligand SV119 did not interfere with the proapoptotic
Bim activity in inducing apoptosis (ICsyp = 71 nM), and the caspase-3 activity was augmented
by 1.6-fold in vitro compared with SV119 alone (ICsy = 460 nM). Preclinical studies of 24 on
a syngenic murine pancreatic tumor model and a xenograft human pancreatic tumor model
showed it significantly reduced tumor growth and increased animal survival. This targeting
agent preferentially localized in the pancreas relative to other organs. A mild increase in cas-
pase activity was detected in normal pancreas, but there was no toxicity and caspase activity
diminished quickly once treatment was ceased.
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sigma-2 ligand Smac mimic

SW43 SWIv-52

25
SW-IV-134 or SW llI-123

SW IV-134 (25) is a chimera of SW43 and a Smac mimetic SW 1V-52.!7° Smac induces
apoptosis by deactivating the Inhibitor of Apoptosis (IOP) protein in cells. Chimeric 25 has
a lower binding affinity to sigma-2 receptor (K; = 22.6 &+ 1.8 nM) than SW43 (K; = 7.1 £
1.3 nM), but five- to sevenfold lower ICs in six pancreatic cancer cell lines compared with its
components SW43 and SW 1V-52. Furthermore, xenografts in murine models demonstrated
that 25 treated mice have delayed tumor growth and increased survival compared to SW43 and
SW 1V-52 controls.!”!

A different group used 25, but with a different name SW III-123 and for treating ovarian
cancer (K; = 189.90 nM).!”? In that model, 25 is a potent active targeting cytotoxic agent,
inducing TNF-¢-dependent cell death through rapid degradation of the apoptosis inhibitor
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proteins cIAP1 and cIAP2. In a xenograft model of ovarian cancer, the median survival for
mice treated with 25 was 86.5, 10, and 12 days more than mice treated with SW43 and vehicle
solvent, respectively.'’?

26, ['8F]3c: R' =H, R2=CHj,

27, ['8F13f: R = OCHg, R2 =|

Radiotracer agents that selectively target the sigma-2 rather than sigma-1 receptor have
been developed to detect and stage solid tumors, as well as to monitor therapeutic efficiency. The
first two radiolabeled small-molecule ligands in this series were benzamide analogues ['*F]3c
(26) and ['*F]3f (27). These gave high tumor-to-normal tissues ratios, rapid blood clearance,
and minimal defluorination in a mouse mammary tumor model.!”* Conjugate 26, also referred
to as '8 F-ISO1 (K, = 4.66 & 0.87 nM)'7° was assessed in 30 patients with breast (n = 13), head
and neck (n = 10), and lymphoma (n = 7) cancers.!’® There was a significant positive correlation
between Ki-67 staining (a cellular proliferation marker) with 26 uptake, as assessed by tumor-
to-muscle ratio and tumor maximum standardized uptake value, suggesting that this imaging
agent may be an alternative to diagnosis via specimen biopsy. Moreover, 26 almost completely
cleared from blood in 5 min, had high tumor uptake within minutes post injection, and a tumor
uptake level that remained at peak throughout 60 min of imaging.'’® These data suggest that
26 is safe for imaging proliferation and growth of cancer cells. Indeed, 26 is currently used
for PET/CT imaging of sigma-2 receptor expression in primary breast cancers (University of
Pennsylvania; NCT02284919).

125]

28

[1251]ISO-1 or [1251)3f

The long half-life of iodine-125 (59 days) is ideal for animal biodistrubution studies com-
pared with fluorine-18 (¢, 110 min). Both ['*F]3f (27) and ['*°I]3f (28) have high tumor-to-
normal tissues ratios and rapid clearance from blood, muscle, fat, and lung (5-120 minutes),'”’
suggesting that the high affinities of 27 (K; = 0.26 nM) and 28 (K; = 2.8 nM) were not affected
by the radioisotope attached. However, 28 is unlikely to be useful in imaging human tumor
because of it low gamma energy from iodine-125.

E. Tropomyosin Receptor Kinase ( Trk)

Tropomyosin receptor kinase (Trk) includes three common receptor tyrosine kinases, TrkA-C.
Each neurotrophin ligand has different Trk-binding specificities; TrkA predominantly binds
to neurotrophin growth factor (NGF), TrkB to brain-derived neurotrophic factor (BDNF)
and neurotrophin-4 (NT-4), TrkC has greatest affinity for neurotrophin-3 (NT-3). p7SNTR
is a cell surface receptor that binds all the neurotrophins.!”® Extracellular domains of Trk
receptors include a combination of two cysteine clusters, a tandem array of leucine-rich
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motifs, and two immunoglobulin-like domain in the membrane proximal region.!” Specificity
and affinity to neurotrophin ligands are dictated by the second immunoglobulin-like domain
(residues 266-381) of the receptor,'®" whereas the leucine-rich motif serves as a binding site for
neurotrophins. '8!

Trk receptors were first identified as a colon-derived oncogene, and subsequently in the nor-
mal cellular counterpart of adult neurons with functions that include regulation of neuronal cell
survival, proliferation, differentiation, axon and dendrite growth, as well as regulation of synap-
tic strength and plasticity.'®? Trk receptors are expressed in neurons, but overexpressed in various
cancers including neuroblastoma, '3 184 glioblastoma,'®> 8¢ thyroid cancer,'®” melanoma,'®?
and breast cancer.'$>!°" Consequently, Trk receptors are potential molecular targets for
new chemotherapeutics, and useful biomarkers for prognosis of tumor progression and
invasion.'!

Studies of Trk internalization in lysosomes upon neurotrophin binding!®> have led to
small-molecule ligands that target this receptor for drug delivery. A series of small-molecule
agonistic ligands have been discovered to bind to the ectodomain of TrkC receptor and trans-
duce signals similar to the natural ligand NT-3 for regulating neuritogenesis.'”*> Subsequently,
the same group conjugated a synthetic bivalent peptidomimetic (IY-IY) composed of frag-
ments containing isoleucine (I) and tyrosine (Y) side chains, to cytotoxic cargoes. Conju-
gates to a rosamine and to 6-mercaptopurine were delivered into lysosomes, just as NT-3 is,
and showed increased cytotoxicity in cells transfected with TrkC compared to wild-type cells.
Competitive binding assays between the conjugated agents with NT-3 or a synthetic control
ligand demonstrated that these compounds mediated dose-dependent cytotoxicities via TrkC

binding.'*
OH OH
NH, TrkC HoN -
N targeting
region
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Solubility and toxicity issues restricted further development of the 6-mercaptopurine and
rosamine conjugates, so the same targeting group was conjugated with boron dipyrromethene
(BODIPY) to give IY-IY-F (29) for fluorescence imaging studies, and to an iodinated BOD-
IPY, resulting in IY-IY-PDT (30) for targeted photodynamic therapy (PDT). Conjugate
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30 induced significant photocytotoxicity in TrkC-transfected NIH-3T3 and TrkC-expressing
SYSY neuroblastoma cells in a dose-dependent manner upon irradiation as compared to
TrkC-negative cells (NIH-3T3). A non-TrkC-targeted scrambled control (YI-YI) induced less
photocytotoxicity.!”> In another study featuring both human and murine breast cancer cell
lines, 30 was shown to have a significantly lower ICsy in TrkC overexpressing murine 4T1
(ICso = 0.325 uM) and human HS578t cell lines (ICsy = 0.285 uM) compared to non-TrkC-
expressing murine 67NR and human MCF-10A. Biodistribution of 30 in a syngeneic murine
model showed that it accumulated maximally in 4T1 tumors at 1 hr post intravenous adminis-
tration and maintained a high level up to 6 hr. YI-YI-PDT had a similar accumulation pattern
but at twofold less tumor-uptake. Outstanding antitumor activity was observed in 30 in a 4T1
breast cancer model: 71% of the 4T1 tumor-bearing mice healed from cancer up to 90 days
with no evidence of metastasis in major organs as verified by histopathological analyses. Sur-
prisingly, tumor remission was also not observed in mice bearing 67NR (TrkC") tumors, or for
YI-YI-PDT treated 4T1 tumor-bearing mice.'”® Relatively high toxicity was observed for 30
(MTD 20 mg/kg) and this could be because many types of neuronal cells also expressed TrkC
receptors

F. Carbonic Anhydrase IX

Carbonic anhydrase (CA) is a transmembrane zinc metalloenzyme found in cervical cancer
HeLa cells.! It regulates physiological pH homeostasis by reversibly converting carbon dioxide
to bicarbonate.'”® In humans, CA exists in 16 different isoforms having varying subcellular
localizations, catalytic activities, and susceptibility to different inhibitors. These isozymes exist
in diverse tissues such as gastrointestinal and reproductive tract, nervous system, kidney, lung,
skin, and eyes.'” Among the 16 isozymes, membrane-bound CA-IX and CA-XII have been
shown to link to carcinogenesis.

CA-IX contains 459 amino acids, with an N-terminal signal peptide region, a long extra-
cellular CA domain, a transmembrane region, and an intracellular C-terminus domain.?* It
exists as a dimeric protein and is the most active form of CA for CO, hydration.?”! CA-IX
is not expressed in most normal tissues except for stomach and gallbladder epithelia,’*> but
is highly expressed in aggressive glioblastoma,’®® colorectal,’®* and breast cancers.”” CA-IX
expression has been studied as a prognosis biomarker for survival in patients.’’® CA-IX and
CA-XII expression apparently do not overlap; the latter is only a marker for less-aggressive

tumors.2?’
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There are highly specific small-molecule delivery vehicles applicable in CA-IX due to its
high and constitutive expression. Neri et al. has synthesized a few ligand-linker dye conjugates
to study their CA-IX binding affinity and biodistribution: the FITC-conjugated (FITC is flu-
orescein isothiocyanate) CA inhibitor acetalozamide (AAZ) targeted CA-IX positive cells (K,
= 12.6 nM). The biodistribution in mouse model revealed that the dye accumulated in tumor
at 1 hr post administration, and the accumulation value was 22-fold higher than nontargeted
ligand,**® further confirming the selectivity of this ligand conjugate. In determining the thera-
peutic efficacy, the AAZ was conjugated with the cytotoxic agent duocarmycin. The conjugate
possessed high affinity for CA-IX receptor. Disappointingly, a human renal-cell carcinoma
xenograft model indicated only moderate tumor growth inhibition compared with untargeted
conjugates.””® Conversely, another cytotoxic drug, maytansinoid or “DM-1,” conjugated to
the same ligand produced pronounced tumor shrinkage after seven consecutive days of treat-
ment, though regrowth was observed at 20 days post therapy when no additional drugs were
given. DM-1 conjugates were more effective than the clinical chemotherapy agents, sorafenib
and sunitinib, in preclinical studies.’’® A bivalent AAZ-maytansinoid DM-1 (31) gave superior
characteristics compared to the monovalent AAZ with respect to the following: (i) affinity with
no apparent dissociation from CA-IX coated surface, (ii) approximately threefold higher tumor
accumulation than the monovalent conjugate, (iii) longer persistence in tumor (fluorescence
signal of 40% compared with 14% for the monovalent 24 hr post administration) and, (iv)
ablation of approximately 75% of the tumor compared to initial, with 33% of mice disease free
up to 90 days in human renal carcinoma SKRC52 xenograft model.”"’

G. Glucose Transport System

Glucose is obtained through the small intestine before being transported into circulation and
target cells. It is an essential energy source for eukaryotic organisms, as it generates adenosine-5
triphosphate (ATP).?!” Uptake of glucose across plasma membrane depends on glucose trans-
porter carrier proteins. Transporters for uptake of glucose into cells have been identified, namely
sodium-dependent glucose cotransporters (SGLT family) and facilitative sodium-independent
transporters (GLUT family).”!' SGLT family of transporters (SGLTs 1-6) transports glucose
via active transport, which is mainly found in small intestines and renal proximal tubules,*'!
while the GLUT transporter family (GLUTs 1-14) are expressed in specific cells and tissues and
they vary in binding affinities and substrate selectivities.?'> Among the 14 transporters in the
GLUT family, only GLUT 1 and GLUT 3 have high affinity for glucose. They are closely linked
to cell growth and development, especially in malignant cancer but not in normal epithelial
and benign epithelial tumors.”!® Studies have proposed that cancer cells highly rely on glucose
and glycolysis for survival (Warburg effect)*'* and express GLUT, especially GLUT 1 abun-
dantly to increase glucose uptake and energy usage.’'® This explains how GLUT 1 expression
is correlated with the aggressive behavior of cancer.
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32

glufosfamide

A glucose transporter targeting agent glufosfamide (D-19575, 32) was synthesized by
linking 8-D-glucose as a ligand covalently to an alkylating agent isophosphoramide mustard
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in 1990s through a collaboration between Baxter Oncology (Asta Medica) and the Cancer
Research Centre (DKFZ) in Heidelberg, Germany.?!® Compound 32 is cytotoxic in glucose
transporter overexpressing cancer cells and its potency is correlated with the amount of enzyme
B-glucosidase in cytosol and lysosome, which were required to hydrolyze 32 to release its
cytotoxic agent.”!” Cytotoxic action of 32 involves inhibition of DNA and protein synthesis,
followed by reduction in the level of anti-apoptotic Bcl-2 protein and activation of caspase-3,
caspase-8, and caspase-9.2!721Y

Clinical evaluation of the toxicity of 32 showed increased serum creatinine and renal
acidosis,”?>??! probably caused by acute tubular necrosis. Other reported toxicities include
neutropenia, leukopenia, and thrombocytopenia when administrated intravenously at dosage
of more than 5000 mg/m? regardless of infusion schedules.”?’??* Phase I studies of 32 on
refractory solid tumors indicated clear antitumor activity. Treatment with 800-6000 mg/m?
of drug every 3 weeks yielded long-lasting complete response for an advanced pancreatic
adenocarcinoma, as well as minor tumor shrinkage for two refractory colon carcinomas and
one heavily pretreated breast cancer.’?

The efficacy of conjugate 32 in phase Il metastatic pancreatic cancer and non-small-cell lung
cancer was reported moderate when administrated at dosage of 5000 mg/m? every 3 weeks, with
median overall survival of 5.3 months for PCa,?** and 5.8 months for lung cancer.”?! Moreover,
insignificant antitumor activity was observed for patients with glioblastoma multiforme and
treatment was thus discontinued.’”®> The lack of activity for glioblastoma could be due to
failure to cross the blood-brain barrier as no neurological toxicity was reported. Hence, it was
suggested that the efficacy of 32 is cancer-type-dependent regardless of GLUT expression. Ex
vivo studies of 32 in head and neck squamous cell from carcinoma patients (HNSCC) were also
conducted, where biopsy specimens from cancer patients with primary and metastasis tumors
were isolated for colony formation assay in response to 32. Cis-dichlorodiammine platinum
(cis-DDP), the current chemotherapeutic regime for HNSCC, was used as a reference. While
almost all primary tumor specimens were clinically resistant to cis-DDP, 31.3 % of them
were found to be sensitive to 32. However, neither cisplatin nor 32 was effective in reducing
colony formation of metastatic tumor cells. Thus, it was proposed that 32 was equally, if not
more effective than cisplatin to treat HNSCC.??> As 32 could overcome the drug resistance and
increase the sensitivity of cancer cells to chemotherapeutic drugs, it may be used in combination
with chemotherapeutic regime.

Synergistic efficacies of 32 with gemcitabine have been studied in phase I combination
regimes in pancreatic adenocarcinoma; 53 % of patients were stabilized, 70% of them stable for
4 months, and 30% stable for 6 months,?>? proving the effectiveness of this combination regime.
In contrast, 32 in phase III metastatic pancreatic cancer patients after receiving gemcitabine as
primary treatment did not show significant improvement in median overall survival (105 days)
compared with gemcitabine alone (84 days, p = 0.19). This phase I1I study has also revealed that
32 has low therapeutic activity, the best response for this study was stable disease, which is 31%
in dual drug treatment and 19% in gemcitabine alone (p = 0.016).2%° The variance in therapeutic
efficacy between phase I and phase III might be due to difference in cancer staging between
patient populations. Another ongoing phase III trial, sponsored by Eleison Pharmaceuticals,
involved comparing 32 and 5-fluorouracil in metastatic pancreatic cancer that had progressed
or failed first-line therapy with gemcitabine (NCT01954992).
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galactose-docetaxel (10-a-GAG-DT)

Inspired by these studies on 32, the sugar moieties glucose, galactose, and glucuronic
acid were conjugated with taxoids.”?”??° The conjugated compounds were more soluble and
stable than the taxoids, and reduced the toxicity of PTX on both normal and low GLUT
expressing cancer cells in vitro.??”-??® Preclinical assessment of galactose conjugated docetaxel
(10-a-GAG-DT, 33) showed that it was fast degraded (within 1 hr) to release the free drug and
possessed superior antitumor activity compared with PTX alone but equipotent with docetaxel
in a syngeneic model murine leukemia cells.”?
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FDG-chlorambucil

19-Fluorodeoxyglucose (FDG) conjugated to chlorambucil (CLB) derivatives through dif-
ferent spacer groups has been studied.?*” Screening of various cancer cell lines with the conju-
gates demonstrated significant improvement in cytotoxicity of glycoconjugate CLB compared
with the free drug. In brief, glycoconjugates that possess two amide bonds in the spacer linker
showed high cytotoxicity (34), and cytotoxicity was not further improved by the length of alkyl
chain in the spacer. The presence of an aminophenol between FDG and the amidic bond spacer
also improved cytotoxicity (35).2*° Preclinical evaluation of 34 and 35 on a syngeneic murine
model of melanoma and colon cancer®*! proved that both were better tolerated than CLB alone,
with MTD of 0.14 mmol/kg for both compounds compared with 0.05 mmol/kg for CLB. Drug
efficacy studies in melanoma at the MTD showed 34 induced 80% inhibition in tumor growth
at day 21 post tumor inoculation, whereas compound 35 induced 90% inhibition (day 23). Both
showed significant inhibition compared with CLB-treated mice with 57% inhibition at day 26.
In the colon cancer model, 34 and 35 had 75 and 88% inhibition at day 26 when given at 0.75
MTD, compared with 66% at day 23 for CLB at MTD.
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2DG-SUC-ADM

A conjugate of 2-amino-2-deoxy-D-glucose via succinic acid to adriamycin (ADM, 2DG-
SUC-ADM, 36) showed uptake in high GLUT-1 cells, delivery into the cytoplasmic region
in 5 min, and penetration into the nucleus 10 min post treatment. GLUT-1-mediated uptake
of 36 was proposed as the addition of 2DG ligand or GLUT-1 inhibitor reduced the mean
fluorescence intensity of ADM in cells. Interestingly, not only did 36 reduce the viability of
GLUT-1-overexpressing cancer cells in a dose-dependent manner, it was also effective against
ADM drug-resistant MCF-7 cells (MCF-7/ADR) and had negligible cytotoxicity in normal
cells. In preclinical biodistribution studies, 36 accumulated in high levels in tumor 2 hs post
injection and continued to give detectable high levels in tumors 48 hr post administration,
whereas the dye in other organs was cleared by 24 hr. Antitumor efficacy studies in syngeneic
S180 sarcoma model and xenograft SKOV3 ovarian model revealed that 36 has 64 and 69%
tumor inhibition, respectively, with negligible side effects, as compared to the parent drug,
which has 5