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Oxaliplatin is a very potent platinum(i) drug which is frequently used in poly-chemotherapy schemes against
advanced colorectal cancer. However, its benefit is limited by severe adverse effects as well as resistance
development. Based on their higher tolerability, platinum(v) prodrugs came into focus of interest. However,
comparable to their platinum(i) counterparts they lack tumor specificity and are frequently prematurely
activated in the blood circulation. With the aim to exploit the enhanced albumin consumption and
accumulation in the malignant tissue, we have recently developed a new albumin-targeted prodrug, which
supposed to release oxaliplatin in a highly tumor-specific manner. In more detail, we designed a platinum(iv)
complex containing two maleimide moieties in the axial position (KP2156), which allows selective binding to
the cysteine 34. In the present study, diverse cell biological and analytical tools such as laser ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS), isotope labeling, and nano-scale secondary ion
mass spectrometry (NanoSIMS) were employed to better understand the in vivo distribution and activation
process of KP2156 (in comparison to free oxaliplatin and a non-albumin-binding succinimide analogue).
KP2156 forms very stable albumin adducts in the bloodstream resulting in a superior pharmacological profile,
such as distinctly prolonged terminal excretion half-life and enhanced effective platinum dose (measured by
ICP-MS). The albumin-bound drug is accumulating in the malignant tissue, where it enters the cancer cells

via clathrin- and caveolin-dependent endocytosis, and is activated by reduction to release oxaliplatin. This
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Accepted 13th August 2021 results in profound, long-lasting anticancer activity of KP2156 against CT26 colon cancer tumors in vivo

based on cell cycle arrest and apoptotic cell death. Summarizing, albumin-binding of platinum(v) complexes
DOI: 10.1039/d1sc03311e potently enhances the efficacy of oxaliplatin therapy and should be further developed towards clinical phase |

rsc.li/chemical-science trials.

standard treatment against this type of cancer, especially in cases
of advanced stages, is oxaliplatin combined in diverse treatment

Introduction

Colorectal cancer is the third most diagnosed malignancy and
fourth leading cause of cancer-related deaths worldwide."! A

“Institute of Cancer Research and Comprehensive Cancer Center, Medical University
of Vienna, Borschkegasse 8a, A-1090 Vienna, Austria. E-mail: petra.heffeter@
meduniwien.ac.at; Fax: +43-1-40160-957555; Tel: +43-1-40160-57594

*Institute of Analytical Chemistry, Faculty of Chemistry, University of Vienna,
Waehringer Str. 38, A-1090 Vienna, Austria

‘Institute of Inorganic Chemistry, Faculty of Chemistry, University of Vienna,
Waehringer Str. 42, A-1090 Vienna, Austria. E-mail: anton.legin@univie.ac.at;
christian.kowol@univie.ac.at; Fax: +43-1-4277-852601; +43-1-4277-9526; Tel:
+43-1-4277-52610; +43-1-4277-52611

“Centre for Microbiology and Environmental Systems Science, Division of Microbial
Ecology and Large-Instrument Facility for Environmental and Isotope Mass
Spectrometry, University of Vienna, Djerassiplatz 1, A-1030 Vienna, Austria

© 2021 The Author(s). Published by the Royal Society of Chemistry

schemes (e.g. together with folinic acid and fluorouracil; FOL-
FOX).! As this therapy is usually accompanied by (severe) side
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Fig.1 Characterization of albumin uptake in CT26 cells. (A) Cells were incubated with FITC-labeled albumin. FITC-positive cells (scatter plot, R2)
and mean FITC fluorescence intensity (bar plot) were determined by flow cytometry (ex/em: 488/530 nm, fluorescence intensity was normalized
to auto fluorescence control). (B) Impact of endocytosis inhibitors MBCD, CHP and EIPA (1 h pretreatment) on uptake of FITC-labeled albumin
after 3 h was determined by flow cytometry. Values in (A) and (B) are means + SD of three independent experiments. Statistical significance was
tested by one-way ANOVA and Dunnett's multiple comparison test (*p < 0.05, **p < 0.01 and ***p < 0.001). (C) Uptake of FITC-labeled albumin
(green) and the impact of the three endocytosis inhibitors was verified by confocal microscopy. Nuclei (blue) and membranes (red) were co-
stained by DAPI and WGA, respectively. The images show an overlay of all three channels. (D) Immunohistochemical analysis of albumin content
ins.c. CT26 tumors from untreated mice (microscopies with 20x and 63x objective). Nuclei and albumin were visualized by hematoxylin (violet)
and 3,3'-diaminobenzidine (brown), respectively. (E) CT26-bearing mice were treated with 16.5 mg kg™ fluorescein-labeled maleimide (green).
After 30 min and 5 h the tumors were harvested followed by immunofluorescence staining of the nuclei (DAPI, blue) and the blood vessels
(endomucine, red). Evaluation was done by fluorescence microscopy using a 40x objective. The images show an overlay of all three channels.
Fluorescein fluorescence intensity per mm? was calculated using Definiens software (bar plot in left panel). Values of fluorescence intensity are
given as mean + SD of two different tumor samples.
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effects, there is significant interest in the development of new
strategies to improve tolerability and efficacy of platinum-based
anticancer therapy.>® During the last decades, platinum(w)
complexes came into focus of interest, as they are kinetically more
inert than their platinum(u) counterparts and have a lower reac-
tivity towards biomolecules.>** Noteworthy, these complexes are
considered as prodrugs, which are activated by reduction.**
During this process the axial ligands are released and the corre-
sponding cytotoxic square-planar platinum(u) analogues are
formed. The best investigated platinum(v) drug is satraplatin,
which was tested in a clinical phase III trial against metastatic
prostate cancer.>*® However, despite significant impact on
progression-free survival, the drug did not meet its primary
endpoint of overall survival and, thus, failed regulatory approval.”®
Noteworthy, there are indications that satraplatin lacks sufficient
tumor specificity due to premature reduction/activation of the
drug (e.g. in the red blood cells).*** Consequently, it is of interest to
develop new platinum(v) drugs with superior tumor-targeting
properties. One promising strategy is the use of albumin as
a drug carrier."* Albumin is the most abundant plasma protein
(35-50 g L™ " in human plasma) with an average (plasma) half-life
of 19 days.">** The multiple physiological functions of albumin
also include transport of several nutrients (e.g. fatty acids).""**
Cancer cells are often characterized by enhanced endocytic uptake
of this protein as an additional source of nutrition via different
pathways (macropinocytosis, clathrin-mediated or caveolin-medi-
ated).”** Moreover, due to the combination of leaky blood capil-
laries with the absence/defect of lymphatic drainage, albumin
accumulates in malignant tissue, a phenomenon also called
enhanced permeability and retention (EPR) effect.*** Albumin
targeting has already been successfully employed for several
tumor-targeting strategies. The most prominent clinical examples
are abraxane, an albumin paclitaxel-containing nanoparticle, with
clinical approval for several cancer types (including lung, pancreas
and breast cancer) and the maleimide-containing doxorubicin
derivative aldoxorubicin, which has finished a phase III trial in
patients with soft tissue sarcoma."*%"

With the aim to overcome the drawbacks of oxaliplatin
therapy, we have recently developed and preliminarily character-
ized the first maleimide-functionalized oxaliplatin(v) prodrug
KP2156, which is able to bind to Cys34 of albumin.'® Noteworthy,
there is surprisingly little literature available on the in vivo
behavior of platinum(wv) drugs in general (e.g. concerning the
exact location and time point of prodrug activation) and even less
is known about tumor-targeted derivatives. Consequently, the
present study focused on the in-depth characterization of our new
prodrug system in cell culture and especially iz vivo using mouse
models. To this end, the fate and effects of the platinum(v) drug
after intravenous application into tumor-bearing mice was fol-
lowed by several methods including cutting-edge analytical tools
such as laser ablation-inductively coupled plasma-time of flight
mass spectrometry (LA-ICP-TOF-MS) and detection of isotope-
labeled derivatives by nano-scale secondary ion mass spectrom-
etry (NanoSIMS). We show that the superior anticancer activity of
KP2156 in vivo is based on a distinctly altered pharmacokinetic
profile. This not only results in prolonged plasma half-life but also
effective tumor accumulation and retention of the albumin-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bound prodrug in the tumor tissue (10-fold higher than oxali-
platin), where it is engulfed (and intracellularly activated) by the
cancer cells via endocytosis. These data support the hypothesis
that albumin binding is a potent tool to increase the tumor
specificity of platinum(IV) drugs and prevent their premature
activation in other compartments of the body.

Results and discussion

Characterization of albumin homeostasis of CT26 cells in cell
culture and in vivo

As oxaliplatin is primarily used in the treatment of colorectal
cancer, this study focused on this type of malignancy. Note-
worthy, the anticancer activity of oxaliplatin is strongly depen-
dent on an intact immune system and the drug is therefore
barely active in immunodeficient mice.*** Consequently, the
murine colon cancer model CT26 was chosen, as it allows
allograft experiments in an immune-competent host. As a first
step, the albumin homeostasis was characterized in this cell
model in cell culture using fluorescein isothiocyanate (FITC)
labeling. Flow cytometry and confocal fluorescence microscopy
experiments revealed that the cellular uptake in CT26 cells is
mediated via clathrin- and caveolin-dependent endocytosis (but
not macropinocytosis) (Fig. 1A-C). In detail, uptake of FITC-
labeled albumin was significantly reduced by methyl-f3-cyclo-
dextrin (M3CD), a compound that inhibits caveolin-dependent
endocytosis by removing cholesterol from the plasma
membrane,* as well as by chlorpromazine (CHP), an inhibitor
of the clathrin-dependent endocytosis by translocating clathrin
from the cell surface to intracellular endosomes.? In contrast,
the macropinocytosis inhibitor 5-(N-ethyl-N-isopropyl)ami-
loride (EIPA) had no impact on albumin uptake. All inhibitors
were applied at concentrations, which did not have an impact
on cell viability (Fig. S1t). The endocytic (vesicular) albumin
uptake was also indicated by the scattered distribution of the
FITC-labeled albumin in the cells (Fig. 1C and S27).

To visualize accumulation of albumin in the tumor tissue in
vivo, two approaches were followed: (1) albumin distribution was
investigated immunohistochemically in formalin-fixed and
paraffin-embedded tumor samples (Fig. 1D) and (2) fluorescein-
labeled maleimide was injected to CT26 tumor-bearing mice to
follow the kinetics of albumin tissue accumulation (Fig. 1E and
S3t). These experiments revealed the tissue entry sites for the
albumin-maleimide-fluorescein conjugate in a close proximity
to the blood vessels already 30 min after the application, followed
by deeper diffusion into the tumor tissue after 5 h. In line with
the hypothesis of albumin-assisted accumulation of drugs into
the tumor, the fluorescence signal in the malignant tissue
increased over time (Fig. 1E). Similar results were obtained when
applying the ex vivo pre-conjugated FITC-labelled albumin used
in the cell culture experiments above (data not shown).

Albumin binding of KP2156 leads to cellular uptake via
clathrin- and caveolin-dependent endocytosis

Previously, we have shown by UV-vis spectrometry that incu-
bation of KP2156 with albumin leads to an efficient and rapid
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Fig.2 Comparison of cellular uptake and cytotoxicity of KP2156, KP2157 and oxaliplatin in cell culture. (A) Structural formulae of the used drugs.
Cellular uptake of 10 uM KP2156 and KP2157 after (B) 1 h, 3 h and 5 h as well as (C) impact of the endocytosis inhibitors MBCD, CHP and EIPA (1 h
pretreatment) on uptake of the drugs after 3 h in CT26 cells was determined by ICP-MS. Values in (B) and (C) are presented as means + SD of
three independent experiments. Statistical significance was tested by one-way ANOVA and Dunnett's multiple comparison Test (*p < 0.05, **p <
0.01and ***p < 0.001). (D) Clonogenic survival after treatment with the indicated drugs after 14 days of incubation. Cell colonies were visualized
by crystal violet staining. The shown figure is a representative of three independently performed experiments. (E) Cytotoxicity of the test drugs (10
uM) after 8 d, 10 d and 14 d. Crystal violet staining intensity was evaluated by fluorescence measurement. Values are given as means + SD of one
representative experiment performed in duplicates. (F) The impact of co-treatment of 100 uM ascorbic acid (AA) with the indicated drugs on the
cell viability (after 72 h) as well as on (G) the induction of pH2A.X (DNA double strand break marker) after 24 h were determined via a MTT-based
assay and Western blot analysis, respectively. In case of (F), values refer to means + SD of one representative experiment performed in triplicates.
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covalent binding."® In contrast, the corresponding succinimide
drug KP2157 remains unbound (for chemical structures see
Fig. 2A). This could be also confirmed by size exclusion ICP-MS
(SEC-ICP-MS) measurements in calf serum, where KP2156 was
detected in the albumin-fraction, while KP2157 was exclusively
in the low molecular weight range." In the current study, the
impact of albumin binding on the drug uptake of cancer cells
was investigated in cell culture using ICP-MS analysis. To
ensure maximal albumin binding, KP2156 and, as references,
KP2157 and oxaliplatin were pre-incubated in fetal calf serum
(FCS) for 2 h and subsequently added to cell culture media.
Noteworthy, although the used stoichiometric amounts of
albumin in FCS should have ensured complete binding of
KP2156 (10 uM), SEC-ICP-MS analysis indicated that only ~60%
was bound to albumin and albumin dimers (Fig. S41). This can
be explained by the naturally occurring fraction of oxidized
albumin at position Cys34, which decreases the amount of
accessible Cys34-SH groups for reaction with the maleimide
moieties.* The results showed that oxaliplatin was rapidly
entering the cancer cells (Fig. S51). In accordance to the litera-
ture on other platinum(wv) prodrugs,?® the cellular KP2157
uptake was very low (about 100-fold less than observed for
oxaliplatin, Fig. 2B). This difference can be explained by
a generally reduced recognition of platinum(wv) prodrugs by
active import proteins (such as the organic anion transporters
and the copper transporters), which are responsible for the
active uptake of oxaliplatin into cancer cells.*** In contrast,
(albumin-bound) KP2156 was rapidly transported into the cells
(Fig. 2B), and resulted in 10-fold higher platinum levels than for
KP2157. Subsequent inhibitor experiments showed that this
effect is based on differences in the cellular drug uptake, as
similar to the results obtained with FITC-labelled albumin,
KP2156 uptake was mediated via clathrin- and caveolin-
dependent endocytosis (but not via macropinocytosis,
Fig. 2C). In contrast, neither accumulation of oxaliplatin nor
KP2157 were affected by endocytosis inhibition, indicating that
these processes do not play a key role in their cellular accu-
mulation (Fig. 2C). Next, the anticancer activity of the
compounds was determined after different drug exposure
periods. Despite their rather rapid uptake within a few hours,
the two platinum(iv) complexes obtained ICs, values of only ~50
uM after 72 h, which is about 16-fold higher than that of oxa-
liplatin (~3.5 pM). This reduced activity is in good agreement
with the proposed prodrug nature of the new drugs and in line
with other publications on stable oxaliplatin(iv) complexes.>”?
To analyze whether a prolonged incubation time (up to 14 days)
leads to activation of the prodrugs, long-term colony formation
assays with drug concentrations up to 10 uM were performed.
Indeed, prolonged incubation times resulted in an at least
partial alignment of the efficacy between (albumin-bound)
KP2156 and oxaliplatin. At all time points, KP2156 was supe-
rior to KP2157 (Fig. 2E).

As a next step, we investigated whether addition of the
reducing agent ascorbic acid (AA) was able to activate the plat-
inum(wv) prodrugs. Under cell-free conditions, 100 pM KP2157
was slowly reduced in combination with AA (10 eq.), as observed
by NMR measurements over 72 h (Fig. S6; T <50% reduction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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after 72 h). In comparison, Satraplatin was completely reduced
already after <24 h under the same conditions. For this experi-
ments KP2157 had been used, as it is well-known that mal-
eimides tend to slowly hydrolyze at pH 7.4 in unbound form.*
Subsequent cell culture experiments indicated that this reduc-
tion is also occurring with KP2156. In more detail, while AA had
no relevant impact on the effectiveness of oxaliplatin, signifi-
cant enhancement of activity was observed in case of both
prodrugs (Fig. 2F). This resulted also in enhanced DNA damage
of the treated cancer cells (indicated by the DNA damage marker
pH2X.A, Fig. 2G). Taken together, these experiments indicate
that the albumin binding of KP2156 leads to an enhanced
cellular drug uptake via endocytosis followed by slow intracel-
lular activation/reduction of the prodrug.

KP2156 exhibits strong anticancer activity in vivo based on
enhanced drug accumulation in the tumor, reduced cell
proliferation and induction of apoptotic cell death

We have previously shown that KP2156 has promising anti-
cancer activity against CT26 tumors in vivo in terms of the
endpoint “tumor growth”.’® To gain more insights into its effi-
ciency and mode of action, this study compared KP2156 with
oxaliplatin and KP2157 in more detail. Therefore, two experi-
ments were performed: one with the endpoint “overall survival”
in order to investigate the long-term efficiency of the drugs. In
the second experiment, tissues were collected on day 12 (24 h
after the last therapy) for analysis of drug uptake as well as
histological and cell biological changes. All compounds were
well tolerated, with a minor loss in body weight (<10%) of the
KP2156-treated animals (Fig. S7At). In agreement with previous
data,'®*® KP2156 and oxaliplatin showed significant activity
against the CT26 tumors (Fig. 3A, and S71). Noteworthy,
towards the end of the experiment, at around day 15, the
oxaliplatin-treated tumors distinctly progressed again indi-
cating the escape of the tumor cells from therapy. In case of
KP2157, in contrast to previous reports,'” in this study no
significant impact on tumor growth was observed (Fig. S7B¥).
Most strikingly, KP2156 not only efficiently stopped tumor
growth, but induced (complete) remissions in several animals
(Fig. 3A and S8%). This not only resulted in a distinctly pro-
longed overall survival of all KP2156-treated animals from the
“survival experiment”, but also in the cure of one animal
(Fig. 3B). Importantly, this mouse was in turn also able to reject
tumor cells upon re-challenge with living CT26 cells (injected
into the other flank of the animal) indicating the development
of a drug-induced antitumor memory/vaccination effect (data
not shown).2°

In order to better understand the observed differences in
activity, the tumor samples collected from the second experi-
ment at day 12 were analyzed by ICP-MS for their platinum
content (Fig. 3C). KP2156 treatment resulted in more than 14-
fold higher platinum levels in the malignant tissue than oxa-
liplatin therapy (both compounds were applied at equimolar
concentrations in the same therapy scheme). Relative to
KP2157, which is unable to covalently bind to albumin in the
bloodstream, the platinum levels of KP2156 were 28-fold

Chem. Sci., 2021, 12, 12587-12599 | 12591
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Fig. 3 Anticancer activity of KP2156, KP2157 and oxaliplatin in vivo. CT26-bearing BALB/c mice were treated twice a week for two weeks i.v. with
concentrations equimolar to 9 mg kg ™! oxaliplatin. (A) Impact on tumor growth; data are presented as means 4+ SEM. Statistical significance was
tested by two-way ANOVA (***p < 0.001). (B) The overall survival is depicted via a Kaplan—Meier curve. Statistical significance was tested by log-
rank test and Mantel-Cox posttest (**p < 0.01). In a second experiment tissues were collected on day 12 (24 h after the last therapy). The
collected tissue was analyzed (C) for its platinum content by ICP-MS and (D—F) for diverse histological parameters: (D) amount of apoptotic and
mitotic cells in H&E-stained samples (analyzed by counting), as well as (E) % of cl. caspase-3-positive (apoptosis marker) and (F) % of Ki-67-
positive (proliferation marker) cells (analyzed by Definiens software). Values displayed in (C) and (D-F) refer to means + SD and + SEM,
respectively. Statistical significance was tested by one-way ANOVA and Dunnett's multiple comparison test (*p < 0.05, **p < 0.01 and ***p <
0.001).
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higher. Subsequent histological analysis of the tumor tissues
(Fig. 3D-F) showed that the pronounced anticancer effects of
KP2156 were not only based on reduction of cell proliferation
(about 50% reduction of the mitotic cell fraction as well as
a tendency for a decreased expression of the proliferation
marker Ki-67), but also on strong induction of apoptotic cell
death (~40% of cells with apoptotic morphology, 30% cells
positive for caspase-3 cleavage). In contrast, tumors of
oxaliplatin-treated animals were characterized by significant
increase of mitotic cells, which could either indicate cell cycle
arrest in M phase or enhanced cell proliferation due to the
observed regrowth of the tumors (compare Fig. 3A). Overall,
these experiments show that KP2156 has not only superior
activity in comparison to oxaliplatin, but that KP2156 seems to
have distinct different pharmacological properties than the
respective non-targeted compounds.

Albumin binding of KP2156 leads to a distinctly prolonged
terminal elimination half-life, prevention of premature drug
release, and enhanced drug accumulation in the tumor

To gain more insights into the pharmacokinetics of the new
albumin-targeted compound, Balb/c mice were treated once
with an equimolar dose of the three test drugs and blood was
collected after different time points via the facial vein (Fig. 4A).
Previous spiking experiments already demonstrated rapid
albumin-specific binding of KP2156 in FCS ex vivo.'* In good
agreement with these data, and the SEC-ICP-MS measurements
of the serum samples isolated after 30 min, all platinum in the
KP2156-treated mice was detected in the albumin-containing
fractions (Fig. S91). Noteworthy, no free drug (unbound or
bound to low-molecular weight plasma components) was found
at any time point. Pharmacokinetic analyses revealed that
KP2156 is retained in the plasma much longer in comparison to
KP2157 and oxaliplatin (Table S17).

This can already be seen at the first sampling time point (5
min), where the measured concentrations of KP2157 and oxa-
liplatin were drastically lower than for KP2156 (despite equi-
molar application, Fig. 4A). Furthermore, as studies with
satraplatin indicated premature platinum(iv) reduction in the
red blood cells,”*® the platinum ratios between serum and the
cellular blood compartment was assessed for the three
compounds 24 h after treatment (Fig. 4B). The albumin binding
of KP2156 potently prevented the drug from entering the red
blood cells. In contrast, KP2157 and, in particular, oxaliplatin
levels were higher in the cellular blood compartment at this
time point. Together with the lack of unbound KP2156 in the
serum of the treated animals, this indicates a high stability of
the KP2156-albumin adduct in the circulation.

For evaluation of the body-mass balance, in a second
experiment CT26-bearing mice were treated once with KP2156,
KP2157 or oxaliplatin and dissected at different time points for
tumor, organs (liver and kidney). Urine was simultaneously
collected. All samples were analyzed for their platinum content
via ICP-MS (Fig. 4C and S107). In general, when calculating the
area under the concentration-time curve (AUC) as the most
robust parameter, KP2156 differed significantly from the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reference compounds KP2157 and oxaliplatin (Table S17). This
parameter can be directly compared as all the compounds were
administered equimolarly. More specifically, exposure of the
mice to KP2156 was approximately 25-times higher as assessed
by serum AUC, in comparison to the reference compounds
(Fig. 4D). This effect was observed over a period of at least
168 h after drug administration with significantly higher drug
concentrations for KP2156 in the systemic circulation (Fig. 4A).
Moreover, this higher exposure resulted in an increased uptake
by the tumor, which was 10-times higher than that of oxali-
platin (20-fold higher than KP2157; Fig. 4C and D). This effect
was caused by the different uptake kinetics of the platinum
drugs into the tumor: KP2156 concentrations were not only
higher 5 h after drug administration, but still showed
increasing drug levels up to 48 h, when reaching the maximum
tumor level (Fig. 4C). At that time, the two reference
compounds were widely excreted from the serum. Due to the
sustained high levels of KP2156 in the blood, highly perfused
organs such as kidney and liver were also enriched with
exposure comparable to the tumor (Fig. 4D, S10 and Table
S1t). This compares favorably with KP2157 and oxaliplatin,
where tumor exposure was consistently below that of other
organs indicating poor distribution into the target compart-
ment (Fig. 4D). The tissue kinetics for all three compounds,
however, were similar in liver and kidney (Fig. S10t). This
overall distribution pattern revealed highly significant
increases in the total clearance for KP2157 and oxaliplatin,
which were at least one order of magnitude higher than that of
KP2156 (Table S11). In contrast, the terminal elimination half-
life of KP2156 was approximately twice that of the other
compounds (KP2156: 55.7 h; KP2157: 25.7 h; oxaliplatin: 32.5
h). In summary, the circulation time of KP2156 was strongly
increased compared to the other compounds and KP2156
highly accumulated in the tumor, where significant levels
could be observed even more than 300 h after treatment in the
malignant tissue. Thus, when KP2156 was still distributing
into the target compartment (tumor tissue) after 48 h, both
reference compounds had already been widely eliminated
from the circulation of the animals.

In general, this pharmacological behavior is in good agree-
ment with published data on aldoxorubicin, a doxorubicin
prodrug, which also binds to albumin via a maleimide.** Also
aldoxorubicin is characterized by a prolonged elimination half-
life. Free doxorubicin has an in vivo elimination half-life in the
order of minutes with a very rapid systemic clearance. Thus,
already 15 min after i.v. injection the concentration of doxoru-
bicin in blood is less than 2% of the initial amount, albumin
binding prolonged this to 2.3 h.** Noteworthy, in contrast to our
investigated drugs, the enhanced tumor accumulation of
aldoxorubicin already reached a plateau after 2 h with no
further increase during the next 24 h.*” This indicates that the
prolonged plasma half-life of KP2156 (in comparison to aldox-
orubicin) leads to an even more favorable tumor accumulation
profile and that the platinum(v) prodrug concept is potentially
more robust against premature activation than the acid-
sensitive linker of aldoxorubicin.
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Albumin binding leads to efficient transport of platinum into
the tumor tissue

Since the pharmacological data showed potent KP2156 accu-
mulation in the malignant tissue, we then analyzed the impact
of albumin binding on the intratumoral drug distribution. To
this end, tumors were collected after single treatment with
KP2156 or oxaliplatin, snap-frozen and analyzed by LA-ICP-TOF-
MS for the distribution of platinum, iron, sulfur and phos-
phorus (Fig. 4E-G, S117). KP2156 showed a strong platinum
signal in iron-rich regions of the tumor together with a leakage
of the compound into the surrounding malignant tissue. As
hemoglobin of the red blood cells represent the main source for
the iron signal in the tumor, these iron-rich areas are presum-
ably in the surrounding of blood vessels. Similar to the average
platinum concentration in the tumor tissue determined by ICP-
MS, the platinum levels in the KP2156 tumors were about 4-fold
higher than upon oxaliplatin treatment as determined by LA-
ICP-MS analysis. This indicates that the albumin-bound plat-
inum drug is transported into the tumor via the bloodstream,
which is in good agreement with the distribution data of FITC-
labeled albumin shown in Fig. 1E. Subsequently, the albumin
binding leads to superior retention and accumulation of the
drug in the malignant tissue. To our knowledge, KP2156 is the
first albumin-binding drug, which has been investigated for its
intratumoral distribution on a cellular level**?** and correlated
with other elements indicative for the specific tissue compart-
ments (iron for blood vessels, phosphorus for DNA, sulfur for
protein-rich areas). Due to its intrinsic fluorescence properties
in case of aldoxorubicin® increased tumor accumulation
(compared to doxorubicin) could be analyzed by fluorescence
measurements (which is in line with our data) in a bone
metastasis tumor model, but no information on the distribu-
tion pattern within tissue compartments were presented. There
are several LA-ICP-MS studies reporting on the platinum
distribution of cisplatin, oxaliplatin and satraplatin in tumor
tissue.**” For oxaliplatin, elevated platinum levels were mainly
observed at the edge of tumor tissue and in areas with
connective tissue,***” whereas in the present study, platinum
was evenly distributed in the tumor tissue after oxaliplatin
treatment. The platinum pattern correlated with the phos-
phorus and sulfur distribution. With regard to KP2156, the
authors have previously investigated the platinum distribution
in CT-26 tumors of mice after treatment for 24 h.*® Already in
this LA-ICP-MS study, pronounced platinum accumulation was
observed in certain tumor areas, which were hypothesized to be
blood vessels or well-perfused compartments. The correlation
with iron-rich areas in the tumor (Fig. 4G) shown by the multi-
elemental analysis experiments together with the histological
data on FITC-labelled albumin further supports this hypothesis.

KP2156 enters cancer cells in vivo via the endo-/lysosomal
pathway

As the final step, we aimed at characterization of the uptake of
the platinum compound in the tumor on a (sub-)cellular level.
LA-ICP-TOF-MS imaging provides information on the localiza-
tion and concentration of a wide range of elements (including Pt,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe, S, P etc.) in tumor tissue with a spatial resolution on the
cellular scale. In contrast, NanoSIMS imaging allows addressing
the sub-cellular distribution of elements and specific isotopes.
NanoSIMS has been successfully employed to investigate the
cellular fate of the metal center simultaneously to isotopically
labeled ligands of different metal-based complexes in cell culture
experiments.**** There are few NanoSIMS studies using this
approach to investigate anticancer compounds also in in vivo
settings.**** Recently, we succeeded in determining of the
subcellular platinum distribution in tumors of KP2156-treated
mice.*® In the current study, a dual stable isotope-labeled
analog of KP2156 (KP2603) was synthesized (Fig. S12) in order to
better understand the in vivo distribution of the metal center with
respect to the ligands. To this end, the maleimide moiety and the
diaminocyclohexane (DACH) ligand were *C- and *H-labeled,
respectively (Fig. 5A). In more detail, *C,,"’N-labelled mal-
eimidopropionic acid was synthesized from B-alanine-'*C;,"’N
and maleic anhydride->C,4, while the deuterium-labelled oxali-
platin was synthesized in six steps starting from D;,-cyclohexene
based on a protocol for similar compounds.** After oxidation of
oxaliplatin to the dihydroxido species and conversion of the
maleimidopropionic acid into the isocyanate, the two
compounds were coupled yielding KP2603. The complex was
characterized by one- and two-dimensional NMR spectroscopy,
high-resolution mass spectrometry, elemental analysis and HPLC
(Fig. S131t). Subsequently, the labeled compound was injected to
CT26-bearing Balb/c mice. The compound was applied four times
in the same scheme as used in the “overall survival” endpoint
study (compare Fig. 3A). The mice were sacrificed 24 h after the
last application, because at this time point the tumor contains
the highest level of platinum (compare Fig. 3C). The chemically
fixed tumor tissue samples were embedded in epoxy resin and
prepared for consecutive investigation by transmission electron
microscopy (TEM) and NanoSIMS. Images from both methods
were correlated to show the accumulation of the compound on
the sub-cellular scale (Fig. 5).

In general, a homogeneous distribution of platinum was
observed within the major subcellular compartments (e.g
cytoplasm, nucleus) with a few, tiny structures responsible for
compound accumulation (Fig. 5A and B). In agreement with
previous data on 24 h single-treated tumors,* platinum from
KP2603 showed a tendency to accumulate in cytoplasmic,
protein-rich membrane-bound organelles (platinum hotspots,
Fig. 5A, B and S14t), which were identified as lysosomes based
on the TEM images. In contrast, no enhanced platinum accu-
mulation was observed in nuclear compartments (total nucleus,
nucleoli, and heterochromatin). The second highest relative
platinum content in the subcellular compartments of the
analyzed cells was found in lipid-loaded bodies (Fig. 5B and
S15%). Previously, referred such osmiophilic lipid-
accumulating protein-poor cytoplasmic structures to lipid
droplets.®® The parallel detection of the '*O'H™ secondary ion
signal intensity helped us now to refine our previous observa-
tions: the lipid-loaded bodies showed an enhanced oxygen and
hydrogen accumulation in comparison to the surrounding
tissue (Fig. S15 and S167) indicating that those organelles might
in fact sequestrate oxidized lipids or represent sites of lipid

we
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Fig. 5 (Sub-)cellular platinum and DACH ligand distribution of the dual stable isotope-labeled KP2156 derivative KP2603 in vivo. Tumor-bearing
mice were treated 4-times according to the overall survival experiment and tumors were collected after 24 h of the last dosage. (A) Structural
formula of KP2603. (B) NanoSIMS 2CYN~, 195pt~, 3tp~, 345~ 18QH~, 12C,~ secondary ion maps correlated to the electron microscopy (TEM)
image of an ultra-thin section of malignant tissue. Intensities are displayed on a false color scale ranging from low intensities (black) to high
intensities (red/white); in the overlay image, the 2N~ signal intensity is displayed on a gray scale, the orange dots refer to areas with 195pt=
signal intensities of =1 count per pixel. The TEM micrograph displays the ultrastructure of the corresponding area within the same resin section.
The white arrow indicates a platinum accumulation hotspot (lysosome). Scale bar: 1 um. Subcellular distribution of the relative platinum content
(C) and the relative DACH to platinum ratio (D) and subcellular distribution of the 2H-labeled DACH ligand (E) in CT26 cells as inferred from
NanoSIMS elemental and isotopic mapping. Data points refer to individual ROl values. The box-and-whisker plots display the extreme values
(min/max), median and lower/upper quartiles. Statistical analysis: Kolmogorov—-Smirnov normality test followed by two-sided Student's t-test
with Welch's correction or Mann—Whitney U-test (¥p > 0.05, **p < 0.01, ****p < 0.0001). Abbreviations and number of ROIs per category: ctrl —
negative control (average values of tumor cells from an untreated mouse, n = 7), ext — extracellular matrix (n = 10), int — intracellular
compartment (whole cells, n = 11); cyt — cytoplasm (n = 11); LB — lipid bodies (n = 15); lys — lysosomes/platinum hotspots (n = 45); Nu — nucleus
(n = 11); nuc - nucleolus (n = 9); chr — chromatin (n = 14).
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peroxidation (e.g. due to H,0, accumulation). Noteworthy,
a higher platinum signal was also detected in extracellular
structures (the regions between the cells proximate to the cell-
limiting membranes, Fig. 5B and S15) in comparison to the
intracellular analysis areas. These regions within the tumor
tissue also showed enhanced signal intensities for *>*C**N~ and
33~ indicating the presence of sulfur containing proteins
(Fig. S157).

The corresponding analyses of the ligand distributions in
the consecutive section revealed that partially both, the *H-
labeled DACH ligands (Fig. 5E) and the C-labeled axial
maleimide-containing ligands (Fig. S17t) end up in the lyso-
somes, which are also relatively enriched in platinum (Fig. 5B).
This indicates that at least part of the compound arrives in the
target cells without decomposition. Interestingly, the relative
hydrogen to platinum content of the *H-labeled DACH ligand
was reduced in lysosomes, lipid bodies and in the extracellular
matrix (Fig. 5D). In line with previous observations in adher-
ently grown cell cultures,* this could points towards dissocia-
tion of the tightly bound DACH ligand from the metal center,
which is unexpected, as the DACH ligand is considered as being
inert. One explanation for this observation could be that the
compound is degraded (e.g. in lysosomal environment) and
platinum is released and accumulated in lipid bodies or gets
excreted from the cells. The dissociation of the non-labile NH;
ligand from the metal center was previously reported in nucleoli
of cisplatin-treated cells.*” Noteworthy, this is the first report on
the loss of the DACH ligand from an oxaliplatin derivative in
vivo and could indicate a metabolic step, which will be a topic of
follow-up studies. In contrast to platinum and deuterium, the
3C-label (Fig. S171) was not detected outside the lysosomes.
The latter suggests pronounced maleimide cleavage either prior
to cell entry or as a result of the active excretion following the
uptake (e.g. maleimide might be recycled with albumin, while
platinum is covalently bound to biomolecules and accumulates
inside the cells).

A single time-point sampling does not allow to decipher the
spatio-temporal behavior of the complex in more detail. More-
over, it has to be considered that the animals have been treated
several times over two weeks before sacrifice. Consequently, it
would not be surprising, if the observed drug species also
contain some late stage metabolites. To answer these questions,
further more in-depth analysis including time-series experi-
ments are needed. Nevertheless, the here presented data indi-
cate that NanoSIMS analyses of dual stable isotope labeled
analogs are also possible and feasible for tissue samples of
treated animals. Taken together, the NanoSIMS analyses indi-
cate that KP2156 enters the tumor cells in vivo and accumulates
in the organelles of endo-/lysosomal origin. With respect to the
results obtained from the cell culture experiments, this would
be in line with the assumption of an albumin-mediated endo-
cytic uptake. Thus, at least part of the albumin-bound prodrug
seems to end up in the lysosomes, which suggests lysosomes as
being locations for albumin degradation, reduction and plati-
num(u) complex release. Interestingly, we also found indica-
tions that the compound might be metabolized (intra- and/or
extracellularly) to a DACH-free platinum species. Noteworthy,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

there are only a few studies so far, which address the intracel-
lular or even intratumoral drug distribution of metal-based
drugs or their nanoformulations in vitro**** or in vivo.**

Conclusion

Oxaliplatin is one of the most efficient anticancer drugs against
colorectal cancer and, consequently, is part of basically all
treatment schemes for the advanced stages of this disease.
However, as most chemotherapeutic drugs, treatment with
oxaliplatin is associated with severe adverse effects and resis-
tance development. Consequently, the development of new
derivatives with better tumor-targeting properties are urgently
needed. For this, the specific characteristics of the malignant
tissue need to be exploited. Albumin is the most important
(nutrient) carrier protein in blood plasma and, thus, it is not
surprising that cancer cells are characterized by enhanced
albumin consumption. Moreover, the chaotic blood vessel
architecture of the malignant tissue together with the lack of
lymph drainage leads to accumulation of larger particles (EPR
effect). KP2156 is a platinum(wv) prodrug, which binds via
a maleimide moiety to endogenous albumin in the body. Plat-
inum(iv) prodrugs are proposed to be activated by reduction to
the active platinum(u) species (oxaliplatin in case of KP2156).
However, in case of satraplatin, it was shown that premature
activation already occurs in the bloodstream by reduction in the
red blood cells. The here presented data support the hypothesis
that KP2156 forms very stable albumin adducts in the blood
stream, which are entering the cancer cells in tumor tissue by
endocytosis followed by intracellular activation/reduction.
Moreover, the albumin binding of KP2156 leads to a distinctly
prolonged plasma half-life and consequently enhanced overall
platinum treatment dose in the animals. This results in
a profound and long-lasting anticancer activity of the drug.
Consequently, albumin-binding platinum(v) prodrugs are
a very promising type of novel anticancer agents which should
be further developed towards phase I clinical testing.
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