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Abstract

Drawing inspiration from nature today remains a time-honored means of discovering the therapies
of tomorrow. Porphyrins, the so-called “pigments of life” have played a key role in this effort due
to their diverse and unique properties. They have seen use in a number of medically relevant
applications, including the development of so-called drug conjugates wherein functionalization
with other entities is used to improve efficacy while minimizing dose limiting side effects. In this
Perspective, we highlight opportunities associated with newer, completely synthetic analogs of
porphyrins, commonly referred to as porphyrinoids, as the basis for preparing drug conjugates.
Many of the resulting systems show improved medicinal or site-localizing properties. As befits a
Perspective of this type, our efforts to develop cancer-targeting, platinum-containing conjugates
based on texaphyrins (a class of so-called “expanded porphyrins”) will receive particular
emphasis; however, the promise inherent in this readily generalizable approach will also be
illustrated briefly using two other common porphyrin analogs, namely the corroles (a “contracted
porphyrin”) and porphycene (an “isomeric porphyrin”).

INTRODUCTION

Naturally occurring tetrapyrrolic systems, often referred to as the “pigments of life” by the
late Sir Alan Battersby, include heme, chlorophyll, and coenzyme B1,, among other
biological important cyclic and acyclic systems.! The colors have provided inspiration from
well before the days of modern chemistry, as reflected in John Donne’s poetic line from his
1612 Progress of the Soul: “Why grass is green, or why our blood is red?”2 They also
influenced Richard Willstater, who noted that it was the green color of nettles that inspired
him to elucidate the structure of chlorophyll early in the 20th century.3 That tour-de-force
effort coupled with Hans Fischer’s work on the synthesis of protoporphyrin X in the 1930s
set the stage for continuing work on the synthesis of naturally occurring tetrapyrrolic
pigments and, more recently, various synthetic analogs. This area has attracted the attention
of some of the best preparative chemists on the planet and has done so for over 100 years.
The central importance of tetrapyrrolic pigments to living systems and their amazing
physical properties, from light absorption to catalysis and electron transfer, have likewise
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made them objects of interest to physical chemists, spectroscopists, biochemists, structural
biologists, electrochemists, theorists, and many others. Depending on how wide one casts
the net, the generalized area of naturally occurring pyrrole-based pigments has been
recognized with no fewer than half a dozen Nobel Prizes,* including (1) Willstater
(Chemistry, 1915; for his research on plant pigments, especially chlorophyll); (2) Hans
Fischer (Chemistry, 1930; in large measure for his synthesis of hemin); (3) Max Perutz and
John Kendrew (Chemistry, 1962; for structures of hemoglobin and myoglobin); (4) Dorothy
Hodgkin (Chemistry, 1964; for X-ray structural studies of biochemically important
molecules including vitamin B15); (5) Robert B. Woodward (Chemistry, 1965; for the art of
organic synthesis including vitamin By5); and (6) Johann Deisenhofer, Robert Huber, and
Hartmut Michel (Chemistry, 1988; for determining the structure of the photosynthetic
reaction center).

On a more pragmatic, if no less important level, naturally occurring tetrapyrrolic pigments
and their semi-synthetic derivatives have been the basis of important drug development
efforts. This is particularly true in the area of photodynamic therapy, where a combination of
light and photosensitizer is used for medical benefit. Arguably, PDT dates to the pioneering
studies of von Tappeiner and Jodlbauer, who in 1904 used fluorescent dyes applied topically
in combination with light and oxygen to treat cancerous lesions.> Another famous early
contribution was the self-experiment of Myer-Betz, who in 1913 found that
hematoporphyrin promoted unusually severe sunburn.8 However, it was Thomas J.
Dougherty’s pioneering work on hematoporphyrin derivative (Photofrin), leading to its FDA
approval 1993 for bladder cancer that launched the field.”:8 There are now several FDA-
approved photosensitizers, including benzoporphyrin derivative monoacid ring A (BPD-MA,
Visudyne) approved in 1999 for age-related macular degeneration in ophthalmology as well
as other agents approved by other regulatory bodies. The field of PDT has been extensively
reviewed.%10

It is generally accepted that the first report of a pyrrolic macrocycle not containing the
canonical four pyrroles found in porphyrin, chlorophyll, coenzyme Bj5, and other naturally
occurring pyrrolic pigments dates to 1966 when Woodward reported the isolation of the
pentapyrrolic macrocycle sapphyrin as a reaction byproduct isolated during synthetic efforts
directed toward vitamin By,.11:12 Since the mid-1980s, the chemistry of non-naturally
occurring porphyrin analogs has all-but exploded. In fact, a special issue of Chemical
Reviews on the topic published in 2017 ran to 1,200 printed pages.13 Many of these efforts
were focused on the biomedical potential of various synthetic porphyrin analogs
(“porphyrinoids™), with corroles, porphycenes, and texaphyrins receiving particular attention
in this context. These three porphyrinoids have also been subject to synthetic conjugation or
modification to improve their “drug like” features and/or exploit their unique physiological
properties.

The goal of this perspective is to highlight the biomedical potential of synthetic pyrrolic
macrocycles, specifically those that contain central cavities that are “expanded,”
“contracted,” or “isomeric” relative to porphyrin and that for the most part have no direct
parallel in nature. The emphasis is placed on so-called conjugates wherein a central pyrrolic
macrocyclic core is tethered to one or more entities so as to create a construct with better
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perceived pharmaceutical properties. The treatment is meant to be illustrative, rather than
comprehensive. It will thus focus on corroles, porphycenes, and texaphyrins, with particular
emphasis being placed on the latter series of conjugates with which the authors have
considerable personal familiarity.

CORROLES

The challenge inherent in the total synthesis of vitamin B, spawned early efforts to create
tetrapyrrolic macrocycles with the signature “missing” meso carbon found in the corrin core
of this quintessential cobalt-containing cofactor. As part of a dedicated synthetic program
targeting the preparation of porphyrin analogs, in 1964 A. W. Johnson detailed the discovery
of a contracted tetrapyrrolic system known as corrole (Figure 1) as well as its first synthesis.
14 This macrocycle was arguably the first “contracted porphyrin” to be reported in the
literature. However, studies of corroles were stymied by preparative difficulties, which
precluded facile access. A break in this logjam came at the turn of the century with the
reports by Gross and independently by Paolesse of high-yielding syntheses of corrole and
complementary contributions from Gryko.13-19 Since then, corrole systems have been
extensively explored for their biological properties, mainly their use as potential scavengers
of peroxynitrite,20 agonists for photodynamic therapy,?122 and as high-affinity binding
agents to G-quadraplexes.2324 These biological mechanisms have been proposed to have
high utility in the treatment of cancer.

Similar to other porphyrins and porphyrinoids, the unique properties of corroles lie in their
ability to coordinate transition and post-transition metals via N4 coordination. Considering
that fully NH deprotonated corroles are tri-negative, complexation of a cation within the
corrole core typically yields a metal center with a formal +3 charge. These systems were
found to possess fluorescent properties and permit photo-induced inactivation of bacteria. To
explore their medical utility, the overall charge of the system has been modulated,?® and
efforts have been made to increase their solubility?2 as a means to enhance drugability.

Protein Conjugates of Anionic Corroles

The most extensively studied corrole conjugate system involves the non-covalent
coordination of the prophyrinoid core to protein carriers.25:26:28 To facilitate this, Gross and
collaborators prepared amphipolar systems containing hydrophilic sulfonic acid moieties on
one single side of the macrocycle (Figure 2, compound 1). This electronic distribution favors
the binding to carrier proteins as inferred from control studies wherein the sulfonic acid
groups are symmetrically distributed around the core resulted in no cellular uptake. Early
studies with complex 1 containing a gallium(l1l) (i.e., 1Ga) metal center were found to
undergo endocytosis into breast cancer cells, presumably abetted by coordination of 1Ga to
serum albumin. Additional cell uptake studies involved complexation of corroles to
lipofectin, adenovirus serotype 5, and transferrin. It was later realized that despite the
binding and formulation of corroles with transferrin, redistribution of corrole 1Ga to human
serum albumin took place in model studies.2® Follow-up analyses in serum revealed binding
of 1Ga to 15% low-density lipoprotein (LDL) and 85% high-density lipoprotein (HDL).
This line of investigation has culminated in the recent discovery of corrole-protein
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conjugates based on the heregulin-targeted adenovirus fusion protein HerPBK10, a selective
protein for the human epidermal growth factor receptor 2 (Her2). This bioconjugate, termed
HerGa, was chosen for its specific receptor-targeting cell penetration (Figure 2). It also
displayed high-affinity complexation to HerPBK10 and no redistribution in plasma.2’
Cellular studies revealed that HerGa bound selectively to cells expressing Her2 and is
transported into cells via endosomes in breast cancer cell models. Subsequent fluorescent
lifetime imaging /n vivo in murine cancer models revealed clear tumor localization relative
to organs and surrounding tissue (Figures 3A-3C).28

Anticancer mechanistic studies of HerGa revealed high anticancer potency in both
melanoma (MDA-MB-435) and Her2 positive breast (MDA-MB-231) cancer cell models.29
This was further evidenced in significant tumor growth delay in vivo (Figure 3D).27 Unlike
the positively charged corrole systems that show preference for G-quadraplexes to which
they are bound strongly,23:24 internalization of HerGa leads to the production of superoxide
as well as the light-dependent production of singlet oxygen. Further cancer cell mechanistic
studies with non-conjugated anionic corroles (e.g., 1) revealed triggering of late M-phase
cell-cycle arrest. While it is early days still, conjugates based on corrole appear to have a
bright future as potential anticancer agents. In addition to this and outside the scope of this
perspective, the ability to select the biological target or anticancer mechanism (e.qg., targeting
G-quadraplex versus reactive oxygen species [ROS] accentuation) by altering the charge
justifies the further understanding of both as potential experimental therapeutics.

Porphycenes

A transformative milestone in the development porphyrin analog chemistry came with the
late Emanuel Vogel’s publication of porphycene in 1986.30 Porphycenes constituted the first
recognized porphyrin isomer, wherein the four pyrrole and meso carbon bridges are
configured in a different spatial arrangement than in porphyrin (Figure 1). While a number
of porphyrin isomers are now known, including N-confused porphyrins and their derivatives,
porphycene remains the best studied in terms of its biomedical potential. It has been
extensively explored as a photodynamic therapy sensitizer.31 Moreover, in recent years, it
has benefited from efforts to create drug conjugates to improve localization and therapeutic
and pharmokinetic efficiency. However, at the time porphycenes were invented, the field of
PDT sensitizers was less well advanced. Nevertheless, it was widely appreciated that a major
limitation was that porphyrins, even aggregated forms, such as the inferred active
components in Photofrin®, absorbed light in the blue-green portion of the visible spectrum
where tissues were less transparent. Porphycene was found to absorb further to the red than
porphyrin leading to its exploration as a photosensitizer. One porphycene that proved
particularly promising in this regard was 9-acetoxy2,7,12,17-tetrakis-(u-methoxyethyl)-
porphycene 2 (Figure 4A). It was evaluated in the 1990s by Glaxo Dermatology
(GlaxoWellcome, NC, USA) and Cytopharm (Calif, USA) as a PDT sensitizer for
dermatological applications against psoriasis vulgaris and superficial non-melanoma skin
cancer.

Considerable effort has been devoted to improving the inherent features of porphycenes by
creating conjugates. Among the early conjugates to be reported were polylysine porphycene
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systems (e.g., 3) that were studied for the light-induced inactivation of microbial pathogens.
32,33 |n recent years, several new porphycene conjugates based on clinically approved
antibiotics have been reported. One such example contains gentamicin as the active payload.
Gentamicin is an aminoglycoside used for the treatment of a broad range of systemic
bacterial infections (conjugate 4, Figure 4A).34 Further studies illustrated the selective
photoinactivation of £. coliand S. aureus by 4 relative to controls (Figures 4B and 4C). This
promising result is considered an augury of even more impressive microbial eradication
efforts that are likely yet to come.

TEXAPHYRINS

Texaphyrin—A Tumor-Localizing Anticancer Agent

Following Woodward’s 1966 report of sapphyrin, sporadic, albeit seminal, efforts were
devoted to the synthesis of larger porphyrinoids. However, the term “expanded porphyrin”
and the utility of this class of molecules as ligands dates only to 1988 when we reported the
synthesis of a class of pentaaza Schiff base expanded porphyrins known as texaphyrins.3%:36
Chemically, texaphyrins are characterized by the presence of an inner coordination core that
is roughly 20% larger than that present in porphyrins. They also have a formal charge of 1-
(relative to 2— for porphyrin/porphycene, and 3- for corroles). Early on, they were found to
form stable 1:1 complexes with a wide variety of metal cations, particularly with those of the
trivalent lanthanide series.3® This finding, coupled with an appreciation that
metallotexaphyrins were both easy to reduce in a ligand-centered manner and could be
reoxidized reversibly by air to produce ROS37:38 and, in the case of the diamagnetic
complexes, good photosensitizers,3? led to an appreciation that they might have a role to
play as potential drug leads. Two leads, namely motexafin gadolinium (MGd, cf. Figure 5A)
and motexafin lutetium (MLu), were selected for clinical development.40 As the result of
considerable effort, involving the Sessler group at the University of Texas at Austin,
researchers at Pharmacyclics, (acquired by AbbVie in 2015), and a cadre of dedicated
clinicians, it is now appreciated that MGd has several attributes that are rather unique in the
context of anticancer drug development. These include: (1) a novel mechanism of action that
leads to apoptosis without disrupting DNA;*! (2) an ability to localize within cancerous
lesions (i.e., distributions of greater than 9:1 relative to surrounding tissues as evidenced by
MRI enhancements, fluorescence bio-imaging, and radiolabeling /7 vivo); and (3) a high
relaxivity that permits easy visualization via magnetic resonance imaging (MRI) (Figure
5B).42-44 Furthermore, MGd is well tolerated, and multiple-dose regimens have been
administered to a large number of patients at the 5 mg/kg level without any clinically
significant adverse effects (i.e., no grade 3 or 4 toxicities).4>46 This combination of features
is unique to the texaphyrins and makes them, as a class, attractive for use in creating tumor-
targeting conjugates.*’~49 For a more specific recent review on texaphyrins and their broad
application, see Zheng et al.>0

Early examples were focused on developing the synthetic methods needed to prepare several
proof-of-concept texaphyrin-based conjugates.®> As MGd was being clinically pursued as a
tumor-localizing adjuvant to radiation therapy for the treatment of metastatic lung cancer,
novel conjugate designs encompassed known cancer therapies, such as platinum,
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anthracyclines, antimetabolites, and radiation sensitizers. These early designs focused on
robust, non-labile linkers connecting the texaphyrin and chemotherapy subunits. The
rationale for this was based on the need for robust conjugation to avoid or minimize
chemical degradation in plasma. Little biological data were reported for these early
complexes.

However, one report describing the amide (robust, 5) and ester (labile, 6) conjugation of
methotrexate revealed that it was sub-optimal to have linkers of either extreme. For example,
6 was found to possess a better anticancer potency /in vitrothan 5. However, 6 was found to
be more hydrolytically labile relative to the stable 5, thus, suggesting the degradation of 6 in
plasma. These results support the desire for a tumor-specific controlled release (Figure 6A).
52 This was evidenced by cell proliferation studies in which A549 human lung cancer cells
were non-responsive to exposure by 5 but responsive to treatments with labile 6 (Figure 6B).
Based on this early work, it was also inferred that effective intracellular release of an
appended therapeutic would prove essential were the putative conjugate to achieve the
design objective of targeted drug delivery. Early fluorescence studies with MGd revealed
organelle specific localization to lysosomes, mitochondria, and endoplasmic reticulum.>3
Taking this into account, ensuing generations of texaphyrin conjugates were designed to
contain active therapeutics attached through readily cleaved linkers. In doing so, the
therapeutic would undergo a release (via controlled release or hydrolytic cleavage) in the
subcellular environment in which it would be most effective. For a variety of reasons, the
bulk of this effort has focused on texaphyrin-platinum conjugates.

Texaphyrin-Platinum

Cisplatin and carboplatin (Figure 7) are two of the most important antitumor agents for the
treatment of cancer, which has long been recognized as the second leading cause of death
behind heart disease in the United States.>* While considered successful for the treatment of
particular cancer types, such as testicular cancer with cisplatin, their clinical utility is
limited. In the particular case of ovarian cancer, the leading cause of death for gynecological
cancers, their use as a front-line therapy in combination with taxol translates to an overall
45%-48% 5-year survival rate.>4-56 However, roughly 60% of the total ovarian cancer
population is diagnosed with advanced cancer. Here, the clinical utility of platinum becomes
limited by intrinsic or acquired resistance and is reflected in a 5-year survival rate of less
than 30%.%6 Recent clinical trials that focused on addressing Pt-resistant ovarian cancer with
chemotherapies or biologicals have demonstrated little success.5”89 The biochemical and
pharmacologic mechanisms of Pt-resistance (e.g., decreased drug uptake, increased
glutathione, and increased DNA adduct repair) are well established.?® In an effort to
overcome these challenges, texaphyrin conjugates containing platinum were explored.

Early designs were focused on the preparation of texaphyrin-platinum conjugates containing
amine-type carrier ligands. It was rationalized that in doing so, the putative increase in
intracellular platinum would result in a greater number of Pt-DNA adducts analogous to
those formed by cisplatin or carboplatin. The design expectation was that the resulting
increase in DNA damage would then overwhelm the cancer cell driving it toward apoptosis.
To this end, cisplatin texaphyrin conjugate 7 containing a malonate linker for Pt(11) chelation

Chem. Author manuscript; available in PMC 2021 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arambula and Sessler

Page 7

was produced.®? It was found that its anticancer cytotoxicity i vitro was similar to that of
control carboplatin in platinum-sensitive A2780 ovarian cancer cells and twice as potent in
the isogenic platinum-resistant strain 2780CP/CI-16 (Table 1). Further mechanistic studies
revealed two key benefits when the platinum was administered as conjugate 7 relative to
control carboplatin: (1) the cancer cell uptake and resulting DNA platination was greater and
(2) the uptake and DNA platination was equal across both sensitive and resistant cell lines
(Figure 8).52 This finding provided an important early hint that texaphyrins could be used as
carriers to overcome pharmacologic resistance mechanisms involving platinum uptake.
However, analysis of the DNA damage tolerance (i.e., ability of the cancer cell line to
tolerate the damage) led to the conclusion that the increase in intracellular Pt provided by
conjugate 7 would likely not be sufficient to overcome all major forms of platinum drug
resistance.%2

In parallel to the above work on 7, efforts were made to explore texaphyrin-platinum
conjugates that undergo controlled reductive release upon reaching the tumor-reductive
micro environment. This was done through incorporation of a platinum with a higher
oxidation state (i.e., Pt(IV) center, complex 8).83 These systems were also found to be potent
against cancer cell models /n7 vitro and illustrated enhanced intracellular uptake relative to
platinum controls. Unique to this system, the reductive release of cisplatin from conjugate 8
could be controlled by exposure to a reducing metabolite (i.e., glutathione) or light. This
allowed for the controlled platination of DNA in model studies (Figure 9). While the finding
that conjugate 8 allowed (1) pharmacological resistance mechanisms to be overcome as
reflected in good cellular uptake of Pt in both sensitive and resistant cells and (2)
incorporation of tumor-specific controlled release represented key advances, it was evident
that the inability to overcome molecular mechanisms of platinum resistance (see discussion
below) would require further fine-tuning of the design.

Molecular mechanisms of platinum drug resistance co-exist with pharmacological
mechanisms of resistance and present treatment-limiting barriers to the effective application
of both cisplatin and carboplatin in the clinic. Among the known molecular mechanisms of
Pt-resistance, the most formidable involves loss of function for the tumor suppressor p53 as
the result of selection pressures.4 This is particularly problematic in the case of cisplatin
and carboplatin as ovarian cancers harboring mutant p53 are widespread and display
attenuated responses.%2:66 However, one must be cautious in oversimplifying p53 status (and
patient prognosis) as being either wild type (WT) or mutant. It was illustrated by yeast
functional assays (FASAY) of over 2,000 p53 mutations that 64% of the mutants retained
WT activity.5” On the other hand, cisplatin resistance in mutant p53 cells maintaining WT-
p53 activity was found to be significantly greater (2- to 3-fold) than in mutant p53 cells not
possessing WT-p53 activity.54 It is now appreciated that DNA damage by cisplatin or
carboplatin is mediated, in part, by Chk2 kinases, which are often downregulated in
platinum-resistant cancers and lead to a lack of post-translational modification of p53 for its
functional activation. In contrast, DNA damage by the third FDA platinum drug, oxaliplatin,
and similar platinum agents is mediated by MEK1/2 kinases.®8 This alteration in signal
transduction by oxaliplatin is directly related to the di-aminocyclohexane (DACH) carrier
ligand as illustrated by oxaliplatin being distinct and non-cross resistant (unlike cisplatin or
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carboplatin) in several p53 dysfunctional ovarian cancer cell lines.8 We therefore turned our
attention to the development of texaphyrin-platinum conjugates containing the DACH carrier
ligand. Below, we detail efforts to create texaphyrin-platinum conjugates based on a DACH
chelating moiety. The goal in creating such systems was to retain the pharmacological
resistance benefits seen in the earlier conjugates, while creating lead systems capable of
reactivating dormant p53 activity.

Our initial design along these lines is embodied in conjugate 9 (Figure 7).6% Gratifyingly,
and in contrast to the texaphyrin-platinum conjugates containing ammonium carrier ligands,
conjugate 7 was found to be highly potent in both the WT A2780 and platinum-resistant
2780CP/CI-16 ovarian cancer cell lines with no cross resistance being observed (Table 1).
These favorable findings were attributed to the ability of conjugate 9 to overcome both
pharmacologic and molecular mechanisms of platinum resistance. Upon further inspection,
it was found that an equal amount of platinum (as conjugate 9) was taken into both
platinum-sensitive and platinum-resistant cancer cells (Figure 8). Of particular significance
was that the level of uptake in 2780CP/CI-16 cells was similar to the level of uptake in
A2780 cells treated with cisplatin. Investigations into the ability of 9 to overcome p53-
mediated molecular mechanisms of resistance were also conducted. Western blot and flow
cytometric analyses revealed that conjugate 9 induces apoptosis via the activation of p53, its
subsequent phosphorylation, and the downstream transactivation of p21. Unfortunately, a
combination of limited plasma stability and formulation issues prevented in-depth analyses
of conjugate 9 /n vivo.

Efforts to maintain the core design (i.e., texaphyrin + DACH-Pt) but improve both the
solubility and plasma stability resulted in the creation of the Pt(1V) prodrug conjugate 10.70
The general design of 10 was inspired by our findings that MGd could mediate the
intermolecular reduction of Pt(IV) to Pt(Il) in the presence of cancer cells.’? Initial
conjugate optimization efforts were focused on varying the Pt(IV) axial ligands so as to
optimize the reduction potential of the Pt(IV) center (and hence, the key release features of
the conjugate). It was found that an acetate ligand provided the best balance between
reductive stability and anticancer potency. Conjugate 10 was also found to maintain the same
in vitro potency as conjugate 9 (cf. Table 1), enhance the /n vivo uptake, and re-activate p53
(cf. Figure 10). Conjugate 10 also displayed enhanced stability in plasma and was found to
be easily formulated in 5% dextrose/water.

The in vivo efficacy of conjugate 10 was explored in nude mice bearing subcutaneous
xenografts.”0 It was found to be well tolerated when administered intravenously at the 70
mg/kg dose level. Efficacy studies in mice bearing A549 human lung cancer xenografts
revealed a statistically significant delay in tumor growth (61% tumor growth inhibition
[TGI]) in mice administered prodrug conjugate 10. In contrast, conjugate 9 produced no
statistically meaningful growth inhibition (Figure 11A). We speculate that this contrast
reflects, in part, differences in plasma stability. Prodrug conjugate 10 was also evaluated in
platinum-resistant patient-derived xenograft (PDX) efficacy models.”® In many cases,
treatment with 10 provided a statistically significant benefit relative to the control platinum
drug used clinically for that particular cancer type. For example, an evaluation of CTG-0253,
a platinum-resistant ovarian cancer PDX model, resulted in 100% TGI and increase in
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survival in mice treated with 10, whereas treatment with carboplatin (the standard of care
platinum for ovarian cancer) resulted in no discernable anticancer activity.

Efforts were then made to evaluate the biodistribution of conjugate 10 after tail vein
administration in non-tumor bearing mice.”® It was found that the tissue biodistribution of
platinum (as 10) differed from that seen for oxaliplatin. Of particular note was the finding
that a larger amount of platinum were found in the liver relative to the kidney as compared
with the clinically approved platinum drugs. This redirection in the tissue biodistribution is
thought due to the texaphyrin core whose main metabolic pathway is hepatic, presumably
mediated via cytochrome P450 reductase.”? Enhanced plasma retention was also observed,
which was ascribed to the fact that conjugate 10 binds well to serum albumin.”® Of
particular interest is that 10 retained its anticancer activity as an albumin complex. This
stands in contrast to oxaliplatin whose activity was found to be attenuated by the apparent
irreversible binding to albumin.”®

Studies were also conducted to evaluate the tolerability and pathology of conjugate 10 in
CD1 mice. Comparisons were made to oxaliplatin at equimolar platinum doses (1 dose/day
ondays 1, 5, 9, and 13). The efficacious and “high dose with acceptable weight loss” doses
(HD-AWL) of 10, 70 mg/kg/dose (corresponding on a per mole basis to platinum
concentrations of 16.2 mg/kg/dose in oxaliplatin), and the efficacious and approximate MTD
of oxaliplatin, 6 mg/kg/dose in this animal model (which would correspond to a per mole
platinum concentration of 25.9 mg/kg/dose of 10), were tested. Mice treated with 70 mg/kg/
dose of 10 experienced recoverable minor weight loss over the treatment period (Table 2)
with no notable adverse clinical symptoms being observed. Mice treated with an equimolar
platinum dose of oxaliplatin (16.2 mg/kg/dose) experienced significant body weight loss and
severe adverse clinical effects with 3 of the 8 mice requiring early euthanasia. Hematology,
clinical pathology, and blood chemistry revealed minor adverse events in mice treated with
the HD-AWL of 10. Bone marrow atrophy was the most clinically significant finding, albeit
not at a level that was considered likely to engender concern.

Texaphyrin-Doxorubicin

The chemotherapeutic class of anthracyclines are a mainstay in current therapeutic regimes
due to their broad applicability. Originally extracted from the bacterium Streptomyces, the
extended aromatic system within the members of this class acts as a DNA intercalator,
which in turn inhibits the activity of topoisomerase 11.73:74 To date, the anthracyclines
daunorubicin and doxorubicin have received FDA approval for the treatment of soft and
solid tumors, respectively. Recognizing that the first generation Gd(111) and Lu(l11)
texaphyrins localizes to solid tumors, an effort was made to prepare texaphyrin-doxorubicin
conjugates based on the MGd core.

From a conceptual standpoint, a labile linker was viewed as essential for the development of
a doxorubicin-texaphyrin conjugate.”76 This is because doxorubicin can only elicit its
beneficial cytotoxic effects once it enters the nucleus, where it inhibits topoisomerase II. In
contrast, prior confocal microscopic studies of texaphyrins revealed localization to
lysosomes, the mitochondria, and the endoplasmic reticulum, as noted above.3 The
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development of an effective doxorubicin-based texaphyrin conjugate would thus provide
support for the notion that a cleavable linker had indeed been implemented into the
conjugate design.

While texaphyrin-doxorubicin conjugates containing acid labile hydrazone linkers have been
synthesized and mechanistically explored in vitro,’® the most in-depth analysis involved a
conjugate containing a disulfide linker.”® Based on prior work with fluorescent probes, 78
it was expected that in the presence of glutathione (typically present at higher relative
concentrations in cancer cells) cleavage would occur to release the active doxorubicin
payload as in conjugate 11 (Figure 12). This was not expected to be the case for the C-C
linked control, 12. Conjugate 11 proved to be highly stable under physiological conditions.
However, upon the addition of glutathione, time-dependent doxorubicin release was
observed. This was evidenced by an increase in the doxorubicin-based fluorescence (Figure
13A) and confirmed by high-pressure liquid chromatography (HPLC) analysis. Fluorescence
microscopy experiments were used to visualize uptake of 11 (and subsequent intracellular
release of doxorubicin) into KB and CT26 liver cancer cells (Figure 13B). Both conjugates
11 and 12 were assessed for their ability to inhibit cell proliferation in CT-25 liver cancer
cells (Figure 13C). Greater potency was observed in the case of 11, containing the
degradable disulfide linker, than in its more robust analog 12. Such a finding is consistent
with the idea that in the case of the disulfide conjugate 11, free doxorubicin is released,
which then migrates to the nucleus.

For /n vivotests, folate nanoliposomal formulations of 11 were made up and tested in
xenograft and metastatic liver cancer models in immunocompromised mice. Xenograft-
bearing mice (n = 3 treated intravenously [i.v.] with 11) produced readily visualized tumor-
localized MR images (Figure 13D) and a slowed tumor growth (assessed by tumor volume)
relative to saline control over a 3-week monitoring period (Figure 13F). MRI analysis of
tumor growth in the metastatic liver cancer model revealed a significant reduction in tumor
burden relative to controls (Figure 13F). Moreover, increased survival was seen with 11
relative to saline and controls. Unfortunately, the benefit, although statistically significant,
did not rise to a level that would justify further preclinical development. Thus, current efforts
are being made to fine-tune the linker and optimize the controlled release of this and other
active pharmaceutical payloads. To the extent this is achieved it is expected to enhance the
power and potency of the texaphyrin-based conjugate drug deliver strategy whose rich
potential is embodied in the Pt(IV) drug conjugate 10.

CONCLUSIONS

As fully synthetic, and often privileged, macrocycles, porphyrin analogs have a rich future in
the contest of drug conjugate design. In this perspective, we have highlighted only a few
examples within the full lexicon of what can be imagined. There are now dozens, likely
hundreds, of expanded, contracted, isomeric porphyrins known in the literature. It is
expected that each particular chemical entity will bring to this drug design area its own
individual strengths and weaknesses. These attributes would include, but are not limited to,
unique redox, metal coordination, optical, and structural features. The ability to choose
which of these features leads to the best drug candidate and optimize accordingly provides a
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rsatility that may not be replicated in the case of nature’s all-important but still limited set
tetrapyrrolic macrocycles. In favorable instances, more than one ancillary entity could be

attached allowing both druggability and potency to be fine-tuned. We thus predict that this is

an

area of drug discovery and development with a particular rich future.
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The Bigger Picture

Challenges and opportunities

Future porphyrinoid-conjugates should incorporate multi-functional or multi-
modal capabilities so as to achieve their full potential as a unique class within
experimental therapeutics

The diversification in the mechanisms of action that are possible with
porphyrinoid drug conjugates should be exploited. Exploring points of
variability involving the porphyrinoid (i.e., metal and overall charge) and the
conjugated motif (i.e., therapeutic, protein, etc.) will further diversify a class
of drugs with unique mechanistic attributes

The attenuation or refinement of pharmacological properties (i.e.,
pharmacokinetics, disease localization, toxicity profile, etc.) is broadly
needed within this class of experimental therapeutics to expand the number of
candidates that warrant development
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Porphyrin Corrole

Porphycene Texaphyrin

Figure 1. General Core Structures of Natural Porphyrin and Porphryrinoids Corrole,
Porphycene, and Texaphyrin

M, metal. or H.
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conjugate 4. (B and C) (B) £. coliand (C) S. aureus photoinactivation studies with 4 upon
red light irradiation (A = 638 + 9 nm). Light doses: 30 J.cm~2 (filled triangles), 45 J.cm~2
(filled circles). Working concentrations: 0.8 (only for S. aureus), 8, 80, 800, and 8,000 nM.
Incubation time: 2 h. Dark controls are represented with gray empty symbols. Reprinted
with permission by Nonell, et al., Copyright 2020 Elsevier.33
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Figure 5. MRI Capabilities of Gadolidium-Bound Texaphyrins

(A) MGd.

(B) T1-weighted brain MRI scans of a patient with non-small-cell lung cancer: Left,
noncontrast scan at baseline; right, noncontrast scan after 10 daily administration of MGd at
of 5 mg/kg/day.

Copyright 2016 Wiley.46
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Figure 6. In Vitro Anticancer Activity of MGd and Texaphyrin Methotrexate Conjugates

(A) MGd and texaphyrin methotrexate (MTX) conjugates containing robust amide (5) and

labile ester (6) linkers.

(B) Relative cell proliferation data in A549 human lung cancer cells treated with respective

complexes including amide conjugate 5 and ester conjugate 6. Copyright 2005 Royal

Society of Chemistry.4°
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Figure 7.
Cisplatin, Carboplatin, Oxaliplatin, and Various Texaphyrin-Platinum Conjugates
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Figure 8. Intracellular Platinum Uptake in A2780 and 2780CP Ovarian Cancer Cells Treated
with the Respective Platinum Agent

Quantitative platinum levels were determined by flameless atomic absorption spectrometry
of cellular digests.
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Figure 9. Controlled Platinum Release and DNA Binding of Conjugate 10
(A) Stability (RP-HPLC analysis) of 10 in PBS solution in the dark (black circles) or

exposed to laboratory light (black squares), the designation 1 indicates the hydrolysis phase
(absence of light), while the 2 indicates the phase corresponding to light exposure.

(B) Quantification by FAAS (Pt) and by NanoDrop (DNA) of the number of Pt-DNA
adducts formed after reaction of 10 with DNA in the dark (black circles) or exposed to
natural light (black squares).

Copyright 2014 Wiley.51
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Figure 10. P53 Pathway Activation via Western Blot Analysis
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(A and B) (A) A2780 cisplatin-sensitive and (B) 2780CP/CI-16 cisplatin-resistant ovarian

cancer cells treated with variable concentrations of platinum agent.
Copyright 2020 National Academy of Sciences.58
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Figure 11. In Vivo Efficacy and Survival Studies in Mice Treated with Texaphyrin-Platinum
Conjugates

(A) Subcutaneous A549 xenograft study in nude mice treated with 9, 10, and relative vehicle
controls.

(B) Efficacy study of nude mice bearing platinum-resistant ovarian tumors (model
CTG-0253), which were treated i.v. with vehicle, carboplatin, and conjugate 10.

(C) Resulting Kaplan-Meier survival plot of mice of study described in Figure 12B.
Copyright 2020 National Academy of Sciences.58
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Figure 12.
Texaphyrin-Doxorubicin Conjugate Containing Reductively Labile Disulfide Linker (11)

and Control Conjugate 12, Containing a Robust Non-labile Linker
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Figure 13. In Vitro and I n Vivo Studies Involving Conjugate 11
(A) Fluorescence emission of GSH-dependent doxorubicin release of 11.

(B) Fluorescence microscopy illustrating uptake of 11 into KB and CT26 cell lines.
(C) Enhanced antiproliferative effect seen for 11 (containing a GSH-trigged cleavable linker)
relative to its non-degradable congener 12 possessing a robust C—C tether in CT-25 liver

cancer cell lines.
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(D) Subcutaneous xenograft cancer model. MR imaging of tumor using 11.
(E) Efficacy study with 11, which was injected at the 2.5 mg/kg dose (i.v.) every other day
(four times total) starting on day 4 post-tumor inoculation.
(F) Metastatic liver cancer model. 11 was injected as in (E) starting on day 3. Monitoring
was by TY2-weighted MRI imaging on day 15.
Copyright 2016 American Chemical Society.’
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ICsq Values of Pt Complexes in A2780 and 2780CP/CI-16 Ovarian Human Cancer Cell Lines

Table 1.

Complex 1Cgp (UM) Resistance Factor
A2780% 2780CP/CI-16 | 2780CP/A2780

Cisplatin 0.3 7.1 23.7

Carboplatin | 1.3 27 20.8

Oxaliplatin | 0.15 0.3 2.0

7 16 17 10.6

8 13 10.7 8.2

9 0.55 0.65 12

10 0.55 0.65 12

Page 30

aA2780 and 2780CP/CI-16 ovarian cancer cell lines represent an isogenic human cancer cell pair that displays multidrug resistance due, in part, to
the inability of mutant p53 activation by cisplatin and carboplatin.
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Table 2.

Dosing and Body Weight Change of CD1 Mice Treated with 10 and Oxaliplatin

Drug Dose, mg/kg per Dose | Pt per Dose, Nmol | BW Change Day 14, % | BW Change Day 28, %
\ehicle Vehicle N/A +3.5% NA

10 70 (HD-AWL) 41 -7.5% +1.0%

Oxaliplatin | 16.2 41 ~16.5%7 N/A

10 25.9 15 +6.4% +5.8%

Oxaliplatin | 6 (MTD) 15 +8.9% +14.8%

Copyright 2020 National Academy of Sciences.

68

a .
40% of mice not evaluated as they were removed from study due to adverse drug effects.
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