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Described here is the development of gadolinium(III) texaphyrin-
platinum(IV) conjugates capable of overcoming platinum resistance
by 1) localizing to solid tumors, 2) promoting enhanced cancer cell
uptake, and 3) reactivating p53 in platinum-resistant models. Side
by side comparative studies of these Pt(IV) conjugates to clinically
approved platinum(II) agents and previously reported platinum(II)-
texaphyrin conjugates demonstrate that the present Pt(IV) conju-
gates are more stable against hydrolysis and nucleophilic attack.
Moreover, they display high potent antiproliferative activity
in vitro against human and mouse cell cancer lines. Relative to
the current platinum clinical standard of care (SOC), a lead Gd(III)
texaphyrin-Pt(IV) prodrug conjugate emerging from this develop-
ment effort was found to be more efficacious in subcutaneous
(s.c.) mouse models involving both cell-derived xenografts and
platinum-resistant patient-derived xenografts. Comparative pathol-
ogy studies in mice treated with equimolar doses of the lead Gd
texaphyrin-Pt(IV) conjugate or the US Food and Drug Administration
(FDA)-approved agent oxaliplatin revealed that the conjugate was
better tolerated. Specifically, the lead could be dosed at more than
three times (i.e., 70 mg/kg per dose) the tolerable dose of oxaliplatin
(i.e., 4 to 6 mg/kg per dose depending on the animal model) with
little to no observable adverse effects. A combination of tumor
localization, redox cycling, and reversible protein binding is invoked
to explain the relatively increased tolerability and enhanced anti-
cancer activity seen in vivo. On the basis of the present studies, we
conclude that metallotexaphyrin-Pt conjugates may have substan-
tial clinical potential as antitumor agents.

cancer | texaphyrins | drug development | platinum prodrug |
drug resistance

Since Rosenberg et al. (1) first reported the antitumor activity
of platinum compounds almost five decades ago, platinum-

based drugs have made a major contribution to cancer therapy.
Currently, 50% of all chemotherapeutic regimens given to cancer
patients include a platinum drug (e.g., cisplatin, carboplatin, and
oxaliplatin) (Fig. 1) (2). Unfortunately, despite their success and
history, the Food and Drug Administration (FDA)-approved
small molecule platinum agents suffer from multiple limitations,
including 1) lack of tumor selectivity, 2) high systemic toxicity, 3)
multiple mechanisms of resistance (intrinsic and acquired), and 4) a
narrow spectrum of activity (3). In certain cancers, such as nonsmall
cell lung cancer, mesothelioma, and ovarian cancer, these limita-
tions are manifest in low 5-y survival rates of 5 to 45% in patients
treated with cisplatin- and carboplatin-based front-line therapies.
Finding ways to overcome the limitations of current platinum
drugs and to improve the outcomes for patients suffering from
these and other solid tumors represents a broad interdisciplinary
challenge (4–7).
In the specific case of ovarian cancer, the leading cause of

gynecological cancer death (8), cisplatin and carboplatin are used
as front-line therapies in combination with taxol. This translates to

an overall 45% 5-y survival rate (5). However, 60% of the total
ovarian cancer population is diagnosed with advanced cancer.
Here, the clinical utility of platinum drugs becomes limited by
intrinsic or acquired resistance and is reflected in a 5-y survival
rate of only 27% (9). Moreover, recent clinical trials focused on
addressing platinum-resistant ovarian cancer with chemothera-
peutic or biological agents have demonstrated little success (10–
13). Here, we report a Pt(IV)-based texaphyrin conjugate that,
based on a combination of in vitro and in vivo studies, shows
promise in overcoming platinum-resistant ovarian and colon cancers.
This conjugate contains a number of key components, including a
metallotexaphyrin core, a Pt(IV) center, an oxalate tethered to the
texaphyrin through a labile linker, and a diaminocyclohexyl (DACH)
ligand around the coordinated platinum center. As discussed be-
low, each of these design elements imparts operational benefits,
including 1) reduced toxicity relative to the FDA-approved plati-
num drugs, 2) ease of formulation, 3) good in vitro and in vivo
efficacy, and 4) an ability to overcome platinum drug resistance.

Significance

Currently, cisplatin, carboplatin, and oxaliplatin are the only
platinum agents approved by the US Food and Drug Adminis-
tration for use in therapeutic regimens. While effective in se-
lect cancers, their clinical utility remains limited by intrinsic or
acquired resistance. This is attributed, in part, to poor drug
tumor localization and uptake. Additionally, one of the more
formidable mechanisms of platinum resistance involves dys-
function of the tumor suppressor p53. Lack of wild-type p53
activation can translate to a significant reduction in the 5-y
survival rate compared with mutant p53 in some cancers. The
inability to overcome p53 dysfunction in concert with the dose-
limiting toxicities and poor tumor-specific drug delivery of Pt
provides an incentive to develop agents as described in this
report.
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Metallotexaphyrins are a class of expanded porphyrins (e.g.,
motexafin gadolinium [MGd]) (Fig. 1) that have been shown to
accumulate in primary and metastatic tumors both in rodents
(14, 15) and humans (16–18). Moreover, metallotexaphyrins have
intrinsic anticancer activity through redox activity centered on
the macrocylic ligand (19, 20). The relatively large texaphyrin
core allows for the formation of stable complexes with lantha-
nide ions, such as Gd(III) (as in the case of MGd), which then
can be used to enhance the contrast of magnetic resonance im-
ages (14–18). In recent years, our laboratory has focused on the
development of texaphyrin drug conjugates as potential tumor-
localizing drug leads (21–25). In 2012, as part of this effort, we
reported a Pt(II) gadolinium texaphyrin conjugate that was ca-
pable of overcoming key platinum resistance mechanisms
in vitro (23). However, difficulties were encountered in terms of
formulating this first generation conjugate for use in vivo. This led
us to redesign the system.
As a first step in our redesign, we sought to incorporate a

Pt(IV) center rather than a Pt(II) species. The potential ad-
vantages of Pt(IV) agents compared with traditional Pt(II) drugs
(i.e., cisplatin, carboplatin, and oxaliplatin) have been noted by a
number of laboratories (22, 26–29). These advantages include
relative kinetic inertness and a reduction in off-target toxicity
effects. In addition, the presence of two extra ligands in the axial
positions relative to typical Pt(II) complexes offers the possibility
of tuning various pharmacokinetic parameters, such as the hy-
drophilicity/lipophilicity ratio, reduction potential, and cancer mi-
croenvironment targeting. Although Pt(IV) complexes can interact
with DNA in their oxidized forms, adduct formation is relatively
slow (30, 31). Thus, Pt(IV) complexes are generally considered to
be prodrugs that must undergo reduction to produce the corre-
sponding active Pt(II) form (32). This reduction serves to reduce
the number of ligands around the platinum center (typically from

six to four) and thus, provides a potential Pt(II) drug release
mechanism. Recently, we reported on the ability of MGd to me-
diate the cancer-specific reduction of Pt(IV) agents (28). We thus
sought to incorporate a Pt(IV) center into a conjugate based on a
gadolinium texaphyrin core (22, 33). In doing so, we wanted to
retain the DACH ligand environment about the platinum center
that is present in oxaliplatin.
The DACH ligand is thought to play a key role in producing

platinum complexes that are able to overcome p53-based platinum
resistance. In fact, one of the most formidable molecular mecha-
nisms of resistance involves loss of function for the tumor sup-
pressor p53, presumably as the result of selection pressures (6).
This is particularly problematic in the case of ovarian cancers,
where a 96% p53 mutation rate is seen in high-grade serous
ovarian cancer and where cisplatin and carboplatin typically pro-
duce attenuated responses (4, 34). While one must be cautious
in oversimplifying the categorization of p53 status (and pa-
tient prognosis), it is noteworthy that DNA damage by cisplatin
or carboplatin is mediated, in part, by Chk2 kinases, which are
often down-regulated in platinum-resistant cancers and lead to a
lack of posttranslational modification of p53 needed for its func-
tional activation. On the other hand, DNA damage by oxaliplatin
and other platinum agents containing a DACH carrier ligand is
mediated by mitogen-activated protein kinase (MEK)1/2 kinases
(35). Thus, these latter species often serve to “reactivate” dormant
p53 in resistant tumor cells. We, therefore, reasoned that a tex-
aphyrin conjugate containing a Pt(IV)–DACH complex linked
through an axial ligand could be used to 1) deliver an active Pt(II),
equivalent to oxaliplatin, in the reducing environments charac-
teristic of many solid tumors and 2) overcome common p53-
related cisplatin resistance mechanisms. As detailed below, this
and other design expectations have been met in the case of a
conjugate (compound 3) (Fig. 1).
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Fig. 1. Structures of FDA-approved platinum drugs, the first generation oxaliTEX-Pt(II) conjugate 1, and second generation conjugates 2 to 5. The latter
species were synthesized by conjugation of MGd to one or two Pt(IV) prodrugs.
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Materials and Methods
The chemical synthesis and characterization of all complexes as well as their
in vitro and in vivo evaluation are provided in SI Appendix. The pathological
evaluation of mice treated with equimolar doses of oxaliplatin and oxaliTEX-
Pt(IV) (3) is also provided in Dataset S1.

Synthesis and Stability Studies of Oxaliplatin-Based Pt(IV)-Texaphyrin Conjugates.
In the preparation of a texaphyrin-Pt(IV) conjugate, a Pt(IV) precursor incor-
porating both a DACH ligand and a succinate linker was used [compare
Pt(IV)(L)] (Fig. 1). The choice of a succinate linker reflects an appreciation that
oxaliplatin Pt(IV) derivatives with carboxylates as axial ligands are relatively
stable to reduction (36). This we viewed as an advantage as it ideally would
ensure stability in the bloodstream before reaching the tumor site but then,
allow release of the active Pt(II) form after the cancer target was reached.

To allow conjugation of a succinate-functionalized DACH ligand, the MGd
core was subject to amination (SI Appendix has the synthesis) (37). This resulted
in the formation of monoamine and diamine texaphyrins [MGd(NH2) and
MGd(NH2)2] as a statistical mixture (i.e., ∼33% of each species is formed, with
the remaining 33% of the reaction mixture being the original MGd). The
isolation of both the mono- and bis-amine products enabled the formation of
two separate conjugate classes, namely 1) oxaliTEX-Pt(IV) containing a single
Pt(IV) unit (e.g., 2 to 4) and 2) oxaliTEX-bis-Pt(IV) (e.g., 5) containing two Pt(IV)
units (Fig. 1).

Compared with the first generation Pt(II) texaphyrin conjugate 1, the
synthetic route leading to 2 to 5 is considerably shorter (23). Moreover,
conjugation with Pt(IV) involves ligation at a different site on the texaphyrin
core as compared with 1 (Fig. 1). This has the consequence of keeping intact
the two polyethylene glycol chains on the MGd core and enhancing the
water solubility of the final conjugates. In fact, the monofunctionalized
conjugates 2 to 4 proved highly soluble in water and buffer systems (i.e.,
more than millimolar concentrations are readily achievable). Appreciable
but slightly reduced water solubility was also seen for the bis-Pt(IV) system 5.
Moreover, with acetate as the nonconjugated axial ligand on the Pt(IV)
center, the stability of these two complexes toward hydrolysis was found to
be considerably improved relative to 1 (Fig. 2A). This beneficial feature is
ascribed to the inherently higher kinetic stability of Pt(IV) species relative to
their Pt(II) counterparts.

In an effort to select the best free, nonconjugated axial ligand on the
ligated Pt(IV) center, conjugates 2 to 4 were prepared where L = Cl, OAc, or
OH. These conjugates are inert and require reduction as the first step toward
activation. The rate of this activation can determine antitumor activity, with
slow reduction resulting in no meaningful interaction with tumor cells and
rapid reduction leading to inactivation through indiscriminate interaction
with plasma proteins before the drug reaches the tumor environment. In
this regard, the nature of the ligand was found to affect conjugate stability
toward reduction by glutathione (GSH) (Fig. 2B). Conjugate reduction
studies in the presence of GSH at 37 °C and in the dark yielded the corre-
sponding relative stabilities as 4 > 3 >> 2, where 2 was found to be 90%
reduced after 10 min. Cyclic voltammetric analyses of the unconjugated
Pt(IV)(L) complexes revealed that the Pt(IV)(Cl) species has a much less neg-
ative reduction potential (about −500 mV per Ag/AgCl) than the corre-
sponding Pt(IV)(OAc) (−870 mV) and Pt(IV)(OH) (−950 mV) complexes (SI
Appendix, Fig. S18), which rationalizes the complete reduction of the con-
jugate 2 by GSH. In the event, conjugate 2 containing Cl as an axial ligand
(i.e., 2 where L = Cl) was determined to be too unstable for possible use
in vitro or in vivo and was discarded from further consideration. Both the L =
OAc and L = OH complexes (compounds 3 and 4, respectively) were carried
forward for further studies.

We next investigated the stability of 3 in serum. This medium contains
potential inactivating/reducing agents, including thiol-containing proteins
and small molecules (sodium ascorbate, GSH, etc.) that can sequester Pt(II)
species or reduce Pt(IV) prodrugs prematurely (32). Initially, the stability of
Pt(IV) conjugate 3 and the previously reported Pt(II) conjugate 1 were
evaluated in fetal bovine serum (23). It was found that 1 decayed faster than
3 (t1/2 = 2.5 and 6 h, respectively) (compare with SI Appendix, Fig. S19). The
greater stability seen for 3 vs. 1 is initially surprising since Pt(IV) species can
become reactive through both reduction and hydrolysis, whereas Pt(II)
complexes are only likely to become reactive through hydrolysis (SI Appen-
dix, Fig. S20). However, the greater stability seen for the Pt(IV) conjugate 3
leads us to conclude that the axial ligands in 3 (which are not present in 1)
protect against hydrolysis, which only occurs after a reductive step. In this
context, it is important to reiterate that the rates of reduction (as well as the
associated driving force) for Pt(IV) species can be modulated through the
choice of axial ligand. Thus, it is possible that the axial ligands in complex 3

lead to rates of hydrolysis and reductive stability that are fortuitously
well balanced.

The controlled release and subsequent DNA platination by 3 were further
investigated in the presence and absence of the ascorbate. It was found that
treatment of salmon DNA with 3 resulted in minimal DNA platination. In
contrast, a corresponding study carried out in the presence of excess ascorbate
gave rise to statistically significant DNA platination (SI Appendix, Fig. S21). We
ascribe this difference to reductive activation of complex 3 and corresponding
release of oxaliplatin.

Antiproliferative Activities and Mechanistic Studies of Pt(IV)-Texaphyrin
Conjugates in Cell Culture. To gain further insights into how the choice of
axial ligand might influence the operational features of the present Pt(IV)
texaphyrin conjugates, cell proliferation studies were carried out using the
A2780 ovarian and 2780CP/Cl-16 platinum-resistant ovarian cell lines (Fig.
2C and SI Appendix, Fig. S21). Each conjugate displayed minimal to no
cross-resistance between cell lines, further validating our ability to over-
come platinum resistance using rationally designed texaphyrin-oxaliplatin
conjugates (23). The potency (defined as 1/IC50 [inhibitory concentration
50]) of 2 to 4 within each cell line was found to be axial ligand dependent in
the order Cl > OAc > OH. This finding, considered in concert with the GSH-
mediated stability studies discussed above (compare with Fig. 2A), leads us

A

B

C

1 2 3 4
L=CI L=OHL=OAc

Fig. 2. (A) Hydrolysis kinetic profiles determined in PBS (pH 7) at 37 °C for 1
vs. 3. (B) Reduction kinetic profiles of conjugates 2 to 4 with L = OH (trian-
gles), L = OAc (circles), and L = Cl (squares) at 20 μM in the presence of GSH
(66 μM) in PBS (pH 7) at 37 °C. Reverse phase (RP)-HPLC monitoring: detector
set at 470 nm. (C) Antiproliferative activities of 1 to 4 against A2780 (blue) and
2780CP/Cl-16 (black) seen following a 5-d incubation time with the indicated
platinum species. Error bars represent SD. *P values from t test (two tailed,
unpaired) < 0.05.
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to suggest that 2 is reduced rapidly, resulting in higher potency, which may
have associated toxicologic implications. Alternatively, a more stabilizing
axial ligand (i.e., 4) would result in delayed reduction-based activation,
thus reducing effective potency, with an attendant loss in antitumor
benefits. The acetate ligand, as present in conjugate 3, was considered to
be optimal. This axial ligand was thus used to create the corresponding bis-
Pt(IV) conjugate 5. As expected from a twofold increase in the Pt payload,
the IC50 for this latter species proved to be roughly twice as low as that for
3 in both A2780 and 2780CP/Cl-16 cell lines. In other words, the potency of
3 and 5 was essentially equal on a per equivalent of Pt basis (SI Appendix,
Table S1).

The activity of 3 and 5 was further evaluated in various cancer cell lines
and compared with oxaliplatin, cisplatin, and Pt(IV)(OAc) (SI Appendix,
Figs. S22–S24 and Table S1). High anticancer activity across cell lines rep-
resenting four cancer types was observed for both 3 and 5. In addition, equal
anticancer potency was observed in platinum-sensitive A2780 ovarian and
platinum-resistant 2780CP/Cl-16 cells when treated with both 3 and 5. In
contrast, poor anticancer activity was observed for the unconjugated Pt(I-
V)(OAc) control. Again, the potency of 5 was roughly equal to that of 3 on a
per Pt basis.

Cellular uptake studies of 3 and oxaliplatin were conducted in A549 lung
cancer cells as this cell line is well validated for both in vitro and in vivo
studies. After a 24-h equimolar drug incubation period, cells were collected
and digested in nitric acid. The digests were then analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) (SI Appendix, Fig. S25). It was
found that 1.7-fold more Pt was detected in cells exposed to 3 relative to
oxaliplatin. It is worth mentioning that the Pt(II) conjugate 1 also displayed a
higher Pt uptake and lower antiproliferative activity in A2780 cells than
oxaliplatin (23). We hypothesize that this surplus of Pt might not be avail-
able to bind to DNA due to a modified subcellular localization and/or se-
questration. Indeed, texaphyrin is known to accumulate within cytoplasmic
compartments (38); as a consequence, Pt within the conjugates would not be
able to reach the nucleus and interact with nuclear DNA as long as Pt re-
mains attached to the texaphyrin core.

Interestingly, poor anticancer activity was observed for the unconjugated
Pt(IV)(OAc) control. We previously noted that MGd is able to mediate the
reduction (and hence, activation) of Pt(IV) prodrugs (28). This, in turn, leads
to an increase in antiproliferative activity in cell culture relative to the Pt(IV)
prodrug alone. This enhancement in activity is further improved (up to
sevenfold compared with the combination) when Pt(IV) is covalently at-
tached to MGd in the form of conjugate 3 (see Fig. 4). We believe that this
increase reflects both 1) the benefits of intramolecular vs. intermolecular
electron transfer between the texaphyrin core and the Pt(IV) center and 2)
enforced proximity (essentially a colocalization effect under the conditions of
in vitro testing).

Upon considering the above results in conjunction with the fact that 3
displays higher water solubility than 5 (making it attractive for administra-
tion in vivo), a decision was made to focus primarily on the mono-Pt(IV)
conjugate 3. The properties of the latter lead system were thus explored
in detail.

Protein Binding Studies with the Lead Pt(IV)-Texaphyrin Conjugate. Further
efforts were made to test the stability, protein binding, and drug activity of
3 under biologically relevant conditions prior to animal testing. Toward
this end, the in vitro antiproliferative activity of 3 and oxaliplatin was
compared following preincubation in human serum at 37 °C. At variable
time points, preincubated aliquots of either 3 or oxaliplatin were added to
CT26 cancer cells at a final concentration reflective of the IC50 value as
determined on the basis of the preliminary tests noted above. Cell viability
was then assessed using a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (SI Appendix, Fig. S26). We ob-
served that half of the activity of oxaliplatin is lost after only 1 h of
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A2780 and (B) lung A549 cells; 5-d incubation time. Note that IC50(MGd) >>
IC50(Pt[IV][AcO]) in both cell lines. Error bars represent SD.
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incubation in serum. This loss is ascribed to drug activation in the serum
and binding to serum components, predominantly proteins. In contrast, a
6-h incubation time resulted in only 50% inactivation of 3. On the basis of
these studies, we conclude that oxaliTEX-Pt(IV)(AcO) (conjugate 3) is
considerably more stable and hence, more bioavailable than oxaliplatin in
serum on a pharmacologically relevant timescale.

Binding to serum proteins can affect the pharmakinetics/pharmacody-
namics (PK/PD) profile of a drug (39). Therefore, we decided to investigate
the interaction between 3 and albumin (the most abundant protein present

in the bloodstream). In fact, a dark green pellet is obtained when albumin is
precipitated out from an aqueous solution containing conjugate 3 (0.6 mM)
(Fig. 3A). Analysis of the supernatant by reverse-phase high performance liq-
uid chromatography (HPLC) revealed that only 10% of 3 from the reference
solution remained in the supernatant, leading to the inference that 90% was
albumin bound (Fig. 3A and SI Appendix, Figs. S27 and S28). This binding to
albumin by 3 and MGd was further evidenced by isothermal titration calori-
metric studies (SI Appendix, Figs. S29 and S30). CT26 cells were then treated
with samples of 3 and oxaliplatin that were preincubated in albumin at vari-
able time points. Proliferation analysis revealed that oxaliplatin activity was
lost after 14 h on incubation with albumin, whereas the anticancer activity of 3
was maintained over a full 24 h of incubation in the presence of albumin (Fig.
3B). Such a finding is noteworthy in light of suggestions that interactions with
albumin can enhance the bloodstream half-lives of drugs (26).

We previously noted that MGd is able to mediate the reduction (and
hence, activation) of Pt(IV) prodrugs (28). This, in turn, leads to an increase in
antiproliferative activity in cell culture relative to the Pt(IV) prodrug alone.
We confirmed that this activation mediated by the texaphyrin ring release
of oxaliplatin also occurs with conjugate 3 (SI Appendix, Fig. S31). This en-
hancement in activity against cancer cells is further improved (up to seven-
fold compared with the combination) when Pt(IV) is covalently attached to
MGd in the form of conjugate 3 (Fig. 4). We believe that this increase reflects
both 1) the benefits of intramolecular vs. intermolecular electron transfer
between the texaphyrin core and the Pt(IV) and 2) enforced proximity (es-
sentially a colocalization effect under the conditions of in vitro testing).

Apoptosis and p53 Activation. To determine whether 3 promotes apoptosis,
flow cytometry studies in conjunction with annexin-V staining were carried
out. In brief, plated exponential growth-phase A549 cells were exposed to
equipotent concentrations of 3 and oxaliplatin (a known inducer of apo-
ptosis). At variable time points, all cells (adhered and floating) were collected,
washed, and stained with fluorescein-labeled annexin-V and propidium iodide
(PI) and subjected to flow cytometry (SI Appendix, Fig. S32). At early time
points, evidence of early-stage apoptosis was seen as inferred from the
binding of annexin-V to the still intact and impermeable cell membrane
(resulting in fluorescein isothiocyanate [FITC]-only fluorescence). As time
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Fig. 5. p53 pathway activation of (A) A2780 cisplatin-sensitive and (B)
2780CP/Cl-16 cisplatin-resistant ovarian cancer cells treated with variable
concentrations of platinum agent.
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progressed, larger percentages of both early- and late-stage apoptosis/necrotic
(FITC positive and PI positive from staining of nuclear material) cells became
evident. Similar results in both the early- and late-stage apoptotic quadrants
were seen for the A549 cells treated with an equipotent concentration of
oxaliplatin. On this basis, we conclude that 3 induces controlled cell death via
an apoptotic mechanism.

The results presented in Fig. 5 are consistent with the proposal that ap-
optosis by oxaliplatin and 3 is possible in both a p53-dependent and p53-
independent manner. While both A2780 and 2780CP/Cl-16 models have
wild-type p53 function, only A2780 cells exhibit facile cisplatin-induced p53
activation through posttranslational modification events, such as Ser-15 phos-
phorylation. To investigate the effect of p53 induction and Ser-15 phosphory-
lation by various platinum agents, A2780 and 2780CP/Cl-16 cells were exposed
to cisplatin, oxaliplatin, Pt(IV)(AcO), 1, and 3 in a concentration-dependent
fashion (1, 5, and 25 μM). At 24 h, cells were collected and washed with
cold phosphate buffered saline (PBS), and the cell lysates were prepared
for analysis by western blotting. Equal protein loading was confirmed by
β-actin immunoblots.

Induction (or stabilization) of p53 and its functional activation are separate
events. p53 function was thus assessed by monitoring the transcriptional
activation of p21 as a downstream target of p53. At low concentrations, all
tested complexes induced p21 in platinum-sensitive A2780 ovarian cancer
cells. In the platinum-resistant 2780CP/Cl-16 ovarian cancer cells, only oxali-
platin, 1, and 3 induced p21 at low (i.e., 1, 5 μM) concentrations at 24 h. This
is in contrast to cisplatin and Pt(IV)(AcO), which induced transactivation of
p21 only at high concentrations (i.e., 25 μM).

In Vivo Activity.
Tolerability and efficacy. As a first step in assessing whether the present
texaphyrin-oxaliplatin conjugates might be efficacious in animal models, the
tolerability of the Pt(II) and Pt(IV) systems 1 and 3 was tested using athymic
nude mice. Initial repeat dose studies indicated that both complexes were
well tolerated with no significant body weight loss being observed over a
30-d period when mice were dosed via intravenous (i.v.) tail vein injection
with 1 (90 mg/kg per dose) or 3 (60 mg/kg per dose) on days 1, 5, 9, and 13 (SI
Appendix, Fig. S33). The major difference between these two complexes in
this initial study was formulation. Complex 1 proved challenging to formulate,

with 10% Trappsol/deionized water being needed to achieve effective
solubilization. In contrast, 3 was easily dissolved in 5% dextrose/deionized
water.

A subsequent efficacy study using these formulations was conducted in
athymic mice bearing established subcutaneous (s.c.) A549 xenografts (n = 6
mice per group) (Fig. 6A). Mice were treated on days 1, 5, 9, and 13. It was
found that 1 provided minimal tumor growth inhibition (P value > 0.1)
relative to the 10% Trappsol control. Alternatively, even at a lower dose of
60 mg/kg per dose, 3 provided a statistically significant tumor growth delay
compared with groups treated with 1 or 5% dextrose (vehicle). Taking into
account the in vitro stability studies discussed above, it is possible that pre-
mature release of Pt from 1 would lead to rapid sequestration of the active
species. However, in the case of 3, the controlled release of oxaliplatin
would then result in the observed efficacious effect.

To understand further the significance of the observed tumor growth
delay produced by 3, comparative studies were carried out using oxaliplatin.
This particular standard of care agent was chosen as a control due to the fact
that it contains the same oxalate and DACH carrier ligands present in 3 and
indeed, was a starting point in the design of this particular Pt(IV) conjugate.
Based on a repeat dosing tolerability study analogous to that used in the
case of 3, we found that in our hands mice were able to tolerate up to 4 mg/kg
per dose of oxaliplatin before observed body weight loss (SI Appendix, Fig.
S34). On a per mole basis, it was found that 3 could be dosed more than four
times (i.e., 70 mg/kg per dose) more than a tolerable dose of oxaliplatin (i.e.,
4 mg/kg per dose in this model) with little to no observable adverse effects.
An efficacy study in athymic nude mice bearing established s.c. A549 human
lung cancer xenografts comparable with that conducted with 3 was then
carried out (n = 9 mice per group) (Fig. 6B). It was found that, at the study
end point (day 28), mice treated with oxaliplatin exhibited a 19% tumor
growth inhibition relative to the vehicle group. While this tumor growth
delay was evident, it was statistically insignificant (P value = 0.34) relative to
the vehicle group. In contrast, xenograft-bearing mice treated i.v. with 3 at
50, 60, and 70 mg/kg per dose resulted in statistically significant (relative
to the oxaliplatin group) tumor growth inhibitions of 51, 58, and 61%,
respectively.

To assess the potential benefits of 3 in the context of other tumor types,
efficacy studies were conducted in mice bearing cell-derived s.c. xenografts
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Fig. 7. (A) Tumor growth delay and (B) Kaplan–Meier curves of mice bearing 0253 ovarian PDX tumors. (C) Tumor growth delay and (D) Kaplan–Meier curves
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(A2780 ovarian and HCT116 colon) and syngeneic tumors (CT26 colon and
EMT6 breast) (Fig. 6C). Complex 3 displayed statistically significant antican-
cer activity against all four tumor types relative to vehicle-treated mice. In
addition, the delay in tumor growth was found to be greater in the 3
treatment group relative to the oxaliplatin treatment group. An efficacy
study utilizing an orthotopic model of A549 lung cancer was also carried out
(Fig. 6D and SI Appendix, Fig. S35). In this study, mice were inoculated with
luciferase-expressing A549 cells, and the xenograft growth in the lungs was
quantitatively monitored by bioluminescence imaging. As illustrated in Fig.
6D, tumor growth (as measured in bioluminescent output) is significantly
delayed as a result of oxaliTEX-Pt(IV) (i.e., 3); however, in this model, no
statistically significant benefit relative to oxaliplatin was observed. Cumu-
latively, these findings provide initial support for the conclusion that 3
demonstrates antitumor activity that extends beyond Pt-resistant ovarian
cancer.

To evaluate the ability of 3 to treat tumors that have poor responses to
traditional platinum treatment, further efficacy studies in patient-derived
xenografts (PDXs) were conducted. PDX models (provided by Champions
Oncology) were chosen due to their reported clinical significance (40–42).
Initially, a low-powered screening study (three mice per group) was con-
ducted in 10 different in vivo tumor models so as to identify tumor types
that would respond to 3 (SI Appendix, Fig. S36). This study identified two
platinum-resistant models (0253 ovarian, 0069 colorectal) that responded
well to 3. Following this, higher-powered studies (n = 10 per group) in these
two PDX models were conducted and compared with the platinum standard
of care for that particular tumor type (Fig. 7 and SI Appendix, Fig. S36).

Mice bearing 0253 ovarian PDX tumors did not respond to treatment with
carboplatin, whereas treatment with 3 resulted in a statistically significant
delay in tumor growth inhibition (95% tumor growth inhibition) at the end
of study (Fig. 7A and SI Appendix, Fig. S36). This delay also translated to a
statistically significant increase in survival (Fig. 7B). Similar results were also
observed in 0069 colon PDX models in which treatment with 3 resulted in a
80% tumor growth inhibition, whereas treatment with oxaliplatin resulted
in a 50% tumor growth inhibition (Fig. 7 C and D). Taken in concert, these

results provide further support for the contention that the lead complex 3
may prove superior to the current standard of care in the case of certain
platinum-resistant cancers.
Biodistribution. It was observed thatmice can tolerate higher repeated doses of
platinum when it is administered in the form of 3 than as oxaliplatin. Based
on literature precedent, we considered it likely that the kinetic inertness
associated with the use of a higher oxidation state [Pt(IV) vs. Pt(II)] could
account for this difference (43). However, we also suspected that, when
attached to texaphyrin, the biodistribution of Pt might be modified in a way
that reduces acute systemic toxicity. To test this postulate, side by side bio-
distribution studies were conducted in both tumor-free mice and mice
bearing HCT-116 colon s.c. xenografts. At 24 h postinjection, mice were
killed, and various organs were analyzed using atomic absorption (flameless
atomic absorption spectroscopy [FAAS]) so as to determine their respective
Pt content.

In a first experiment using mice bearing HCT116 colon xenografts, the per
mole equivalents of the 3 dose were threefold higher (i.e., 50 mg/kg per
dose) than the dose used for oxaliplatin (i.e., 4 mg/kg per dose). If no
preferential localizations were occurring, this difference in doses would be
expected to translate into a threefold increase in tumor-localized Pt equiv-
alents. However, experimental analyses of the excised tumors revealed that
the intratumoral Pt concentration in mice treated with 3 was 5.5-fold higher
than in the animals treated with oxaliplatin (Fig. 8A). These findings are
consistent with one of the core postulates underlying this project, namely
that the gadolinium(III) texaphyrin core in conjugate 3 provides a tumor
localization benefit.

Conjugation of a Pt(IV) prodrug to texaphyrin also alters the bio-
distribution away from the kidney and more toward the liver (Fig. 8B) (44,
45). Since renal toxicity can be dose limiting, particularly for cisplatin (46),
this alteration in the biodistribution and presumed clearance pathways may
prove beneficial in a clinical setting. We attribute the redistribution seen in
the case of 3 to the presence of the texaphyrin core, a moiety in which the
known path of metabolism is predominantly hepatic (47).
Pathology. Studies were conducted to evaluate the tolerability and pathology
in CD1 mice treated with 3 and oxaliplatin at equimolar platinum dosages
(one dose per day on days 1, 5, 9, 13) (Dataset S1 has more detail). The ef-
ficacious and “high dose with acceptable weight loss” (HD-AWL) doses of 3,
70 mg/kg per dose (corresponding on a per mole basis to platinum con-
centrations of 16.2 mg/kg per dose in oxaliplatin), and the efficacious and
approximate maximum tolerated dose (MTD) of oxaliplatin, 6 mg/kg per
dose in this animal model (which would correspond to a per mole platinum
concentration of 25.9 mg/kg per dose of 3), were tested. Mice treated with
70 mg/kg per dose of 3 experienced recoverable minor weight loss over the
treatment period (Table 1) with no notable adverse clinical symptoms being
observed. Mice treated with an equimolar platinum dose of oxaliplatin
(16.2 mg/kg per dose) experienced significant body weight loss and severe
adverse clinical effects (three of the eight mice required early euthanasia).

The primary hematological finding associated with both oxaliplatin and 3
was dose-dependent pancytopenia (leukopenia, anemia, and thrombocy-
topenia). The pancytopenia was generally more pronounced in oxaliplatin-
treated animals compared with those treated with equimolar platinum
doses of 3. Experience with cisplatin and carboplatin leads us to suggest that
the pancytopenia with 3 would be easily manageable in the clinic (48).
Comparisons in hematology parameters were made between these groups
(3, 70 mg/kg per dose and oxaliplatin, 6 mg/kg per dose). The leukocyte and
erythrocyte values between these groups were generally comparable;
however, the recovery of platelet counts in animals treated with 3 were
delayed compared with oxaliplatin-treated animals. The primary serum
chemistry-related findings were that administration of 3 resulted in several
moderate analyte elevations suggestive of muscle degeneration, most of
which resolved within 2 wk. The mild decrease in blood urea nitrogen in
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Fig. 8. (A) Intratumoral platinum content (in mice) quantified by FAAS 24 h
after injection of oxaliplatin (4 mg/kg) or 3 (50 mg/kg). (B) Platinum levels in
liver and kidney determined by FAAS 24 h after equimolar single i.v. in-
jection of oxaliplatin or 3 into nontumor-bearing mice. Data represent an
average for each study arm. SI Appendix has details.

Table 1. Dosing and body weight change of CD1 mice treated with 3 and oxaliplatin

Drug Dose, mg/kg per dose Pt per dose, nmol BW change day 14, % BW change day 28, %

Vehicle Vehicle NA +3.5 NA
3 70 (HD-AWL) 41 −7.5 +1.0
Oxaliplatin 16.2 41 −16.5* NA
3 25.9 15 +6.4 +5.8
Oxaliplatin 6 (MTD) 15 +8.9 +14.8

Data represent an average for each study arm. SI Appendix has details. BW, body weight; NA, not applicable.
*Note that 40% of mice were not evaluated as they were removed from study due to adverse drug effects.
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animals treated with 3 and the mild increase in total bilirubin in the animals
treated with this dose of compound 3 could reflect a slight decrease in he-
patic function. Given the limited magnitude of the hepatic changes, liver
pathology is likely to be of minimal clinical relevance. Test article-related
lesions were seen in hematopoietic organs (bone marrow, spleen), kidneys,
small intestine, liver, and ovaries in mice treated with both 3 and oxali-
platin. Most lesions related to 3 were considered minor. Bone marrow
atrophy was the most clinically significant finding, albeit not at a level that
is likely to engender concern. All animal studies are in compliance with
each institution’s Institutional Animal Care and Use Committee: University
of Texas at Austin (AUP-2019-00114); M.D. Anderson Cancer Center
(00001311-RN01); Korean Basic Science Institute (KBSI-AEC1820); and
Champions Oncology (2017-TOS-001).

Conclusion
The attachment of a Pt(IV) prodrug (an oxaliplatin-like payload)
to a Gd-texaphyrin core (MGd) generates a conjugate, complex
3, that on the basis of in vitro and in vivo studies is found to be
more than the sum of its two constituent parts. The known ability
of MGd to activate Pt(IV) prodrug species through redox cycling
allowed the use a relatively inert Pt(IV) moiety to construct 3,
thus precluding premature reduction on contact with blood-
stream components (28). This design consideration along with
the beneficial biolocalization provided by the texaphyrin core is
thought to underlie the experimental finding that relatively high

doses of platinum may be administered in vivo by means of 3
without inducing acute toxicity effects. Since antitumor response
is dependent on dose, which is, in turn, dependent on tolerability,
these design principles [i.e., redox-controlled release of active
oxaliplatin from the more inert Pt(IV) species] are considered key
design features in the case of 3. The effects of these design prin-
ciples are culminated in efficacy studies in which conjugate 3 was
found to be more effective at retarding/inhibiting tumor growth in
xenograft mouse models and more clinically relevant Pt-resistant
PDX mouse models than the most closely related current
platinum-based standards of care. The present findings, when
considered in light of the favorable initial toxicological profile,
lead us to suggest that conjugate 3 is an agent with potential
clinical significance and one that warrants further development
as a drug lead.

Data Availability. Supporting information for chemical synthesis/
biological methods and toxicological evaluation are provided in
SI Appendix and Dataset S1, respectively.
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