DIGITAL ACCESS 10 -
SCHOLARSHIP sr HARVARD T e i Schotaty Communicatin

DASH.HARVARD.EDU

Platinum compounds for high-resolution in vivo
cancer imaging

Citation

Miller, Miles A., Bjorn Askevold, Katherine S. Yang, Rainer H. Kohler, and Ralph Weissleder.
2014. “Platinum Compounds for High-Resolution In Vivo Cancer Imaging.” ChemMedChem 9 (é):
1131-35. https://doi.org/10.1002/cmdc.201300502.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41384216

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:41384216
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Platinum%20compounds%20for%20high-resolution%20in%20vivo%20cancer%20imaging&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=893fa5683fdf8152b996e3de0ff16c93&department
https://dash.harvard.edu/pages/accessibility

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

%

EA/{
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
ChemMedChem. 2014 June ; 9(6): 1131-1135. doi:10.1002/cmdc.201300502.

Platinum compounds for high-resolution in vivo cancer imaging

Dr. Miles A. Miller*,
Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA
02114 (USA)

Dr. Bjorn Askevold®,
Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA
02114 (USA)

Dr. Katherine S. Yang,
Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA
02114 (USA)

Rainer Kohler, and Prof. Ralph Weissleder
Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA
02114 (USA); Harvard Medical School, 200 Longwood Avenue, Boston, MA 02115 (USA)

Ralph Weissleder: rweissleder@mgh.harvard.edu

Abstract

Platinum(11) compounds, principally cisplatin and carboplatin, are commonly used front-line
cancer therapeutics. Despite widespread use and the interest of developing new derivatives,
including nanoformulations with improved properties, it has been difficult to visualize Pt
compounds in live subjects, in real-time, and with subcellular resolution. Here we present four
novel cisplatin- and carboplatin-derived fluorescent imaging compounds for quantitative intravital
cancer imaging. We conjugate boron dipyromethene FL (BODIPY-FL) to Pt!! complexes for
robust in vivo fluorescence, and show retained DNA-damaging and cytotoxic properties. We
image pharmacokinetics and tumor uptake in a xenograft cancer mouse model. Finally, we present
a genetic reporter of single-cell DNA damage for in vivo imaging, and simultaneously monitor Pt
drug accumulation and resultant DNA damage in individual tumor cells, at subcellular resolution,
and in real-time in a live animal model of cancer.

Keywords
intravital imagingagents; pharmacology; fluorescent probes; DNA damage; pharmacokinetics

Platinum(11) compounds, most prominently cisplatin and carboplatin, have been used for
decades as effective antineoplastic agents for a variety of solid malignancies. Nonetheless,
side effects combined with limited pharmacokinetic (PK) properties defined by a short
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initial plasma half-life remain significant drawbacks. Pt!! therapies chiefly work through
binding DNA and forming adducts such as intrastrand crosslinks[1]. Drug resistance often
emerges as a result of both an altered pharmacodynamic (PD) response to this DNA
damagel2-31, along with modified pathways of intracellular Pt transport4 and metabolism!®].
New strategies are under development for overcoming toxicity and efficacy issues, including
nano-encapsulation for controlled and targeted drug releasel8], generation of novel Pt and
other transition-metal compounds displaying alternative toxicityl’], and design of
combination therapiesl8l. PK plays an essential role in the success of all three of these
strategies. For example with combination therapy, adjusting dosing schedule within hours
has been shown capable of impacting efficacy[®-101. Nevertheless, it has been challenging to
directly image Pt compounds in live subjects, in real-time, and with subcellular resolution,
which would be advantageous for understanding and efficiently guiding PK/PD drug
properties.

Deep-tissue imaging of living subjects using intravital fluorescence microscopy provides a
platform for observing combined PK/PD drug properties at high spatiotemporal resolution
within a relevant tumor micro-environmental nichel!l. Even heavily examined
chemotherapies such as paclitaxel can act unexpectedly in vivo compared to in vitro, and
intravital imaging has elucidated many of these differencesl2l. Furthermore, intratumoral
heterogeneity affects drug response, particularly through emergent drug resistance and
metastasis[13]. To this end, intravital imaging enables measurements of drug distribution at
subcellular resolution while simultaneously tracking mitotic arrest(*2], apoptosis[4], and
DNA damage (reported herein) at the single-cell level. Although previous fluorescent-Pt
compounds have been described elsewherel5-17] they use fluorescein derivatives, which are
generally not ideal for intravital imaging due to photobleaching and poor fluorescence in
intracellular environments[18l. In contrast, BODIPY-FL (BFL) has been shown to exhibit
excellent properties for in vivo imaging!®], including environmentally robust fluorescence;
structural stability in vivo; high photostability; high brightness; and favorable cell
permeabilityl20-221. Therefore, here we developed four new BFL-conjugated Pt compounds
and demonstrated their applicability to high-resolution intravital imaging of PK/PD in a
xenograft model of cancer.

The Pt!' compounds 1 and 2 were synthesized as previously reported(23] but using BFL as
the imaging reporter. The fluorescent analogue 3 was obtained by reaction of the free amine
with BFL succinimidyl ester (Scheme 1). The carboplatin analogue (6) was synthesized by
introducing the carbo ligand via reaction with the corresponding silver salt AgoR(COQO)5,
successive deprotection, and amine NHS coupling. The monoamine trichloride salt
PPh4[PtCl3(NH3)] reacts readily with free amines[?4] and allowed the selective introduction
of N-BOC-ethylenediamine. After deprotection, the small linker was used to attach the
fluorescent tag (complex 10). Complex 11 was prepared by direct reaction with amino-
BODIPY. All complexes were characterized by fluorimetry (Figure 1A) and by ESI-MS, 1H
and 195Pt NMR (Supplementary Figures S1-S25). Chromatographically pure aliquots (no
further Pt species or fluorescent impurities detectable by 19°Pt NMR or fluorescence channel
of the HPLC) were purified by preparative HPLC-MS and stored at -80°C before using in
biological experiments.
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We tested the in vitro cellular response to BFL-Pt compounds by assessing DNA damage
and cytotoxicity. We examined whether the BFL-Pt compounds were capable of damaging
DNA in human ovarian carcinoma cells using the OVCA429 cell line and the alkaline
single-cell gel electrophoresis (comet) assay (Figure 1B). Under alkaline conditions, the
comet assay detects a spectrum of DNA damage events at 24 hr post-treatment, including
single- and double-strand breaks. Although DNA damage was heterogeneous from cell-to-
cell, all BFL-Pt compounds elicited a significant increase in DNA damage when averaged
across the cell populations (p<0.05; Mann-Whitney U test), with greatest effects for
platinum-compound 11 (CP-11). To measure BFL-Pt cytotoxicity, we treated two ovarian
cancer cell lines (OVCA429 and SKOV3) for 48 hr and measured viability using a
resazurin-based assay. Similar to comet results, CP-11 was most potent among BFL-Pt
compounds (Table 1). Although the carboplatin-related compound CP-6 was less potent than
CP-11, it only exhibited a 1.3-2.7 fold loss in potency compared to its parent drug
carboplatin, depending on the cell line (Table 1). Of note, carboplatin sensitivity observed
here is highly consistent with previously published results23].

We next characterized the in vitro cellular uptake and distribution of the most potent BFL-Pt
compound, CP-11. On OVCA429 cancer cells, CP-11 localized to the cytoplasm near the
nucleus, consistent with previous reports using fluoresceinderived Pt compounds(415-17]
(Figure 2A). We also imaged CP-11 in live tumor cells expressing a fluorescently-tagged
DNA-repair protein 53BP1, which localizes to the nucleus and forms punctate fluorescence
at sites of DNA double-strand-breaks (DSBs)[26-27], 53BP1 was truncated and fused with
mApple fluorescent protein within a lentiviral vector to yield a new genetic construct with
efficient protein expression and high fluorescence ideally suited to intravital imaging.
Although some CP-11 nuclear staining was detectable in vitro, we found no apparent co-
localization with 53BP1 puncta, underscoring drug promiscuity (Figure 2B).

We next assessed the in vivo PK properties of all four BFL-Pt compounds in nu/nu mice. For
CP-11, we measured PK using a window-chamber tumor model that allows for the
simultaneous time-course fluorescence microscopy of fluorescent drug in both the mouse
vasculature and tumor tissuell. With this approach, we found CP-11 displays comparable
plasma kinetics as reported for cisplatin, which was previously determined by atomic
absorption spectroscopy[28]. CP-11 showed an initial plasma half-life of 13 min (Figure 3A;
Table 1) and rapid distribution into tumor cells and stroma (Figure 3B). Following the initial
decay, plasma drug levels stabilized with no detectable signal decrease over 30 min of
imaging for CP-11, again consistent with the late plasma half-life of >12 hr for cisplatin[28l.
We also measured plasma PK for CP-3, CP-6, and CP-10 using time-lapse fluorescence
microscopy of mouse ear vasculature. Similar to CP-11, initial plasma half-lives ranged
from 2-8 min for the other compounds (Table 1). BFL-Pt compounds exhibited a maximum
8-15 fold signal increase over background fluorescence during real-time in vivo imaging
experiments, depending on the compound. Figure 3B depicts a peak 12-fold increase in
fluorescence signal for CP-11. With one exception, BFL-Pt compounds all displayed
albumin binding in excess of 95%, bearing similarity to the parent compounds (Table 1)[2°].
CP-3 protein binding was lower, perhaps suggesting a lower reactivity reflected by low
potency in the DNA damage (Figure 1B) and cytotoxicity (Table 1) assays. Although the
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BFL-Pt compounds displayed significantly lower logP values compared to the parent drugs,
their PK properties nonetheless resembled those of the parent drugs, particularly between
CP-11 and cisplatin. Furthermore, previous reports have shown that fluorescent labeled Pt
compounds generally retain key intracellular trafficking properties despite altered
lipophilicity[15-17]. Nevertheless, increased lipophilicity and decreased cytotoxicity of the
BFL-Pt compounds should be taken into account when designing experiments and
interpreting results.

To match in vivo PK with PD response, we used intravital imaging of fluorescent 53BP1
puncta to track DNA damage in tumor cells following CP-11 treatment. As with the comet
assay (Figure 1B), we found heterogeneity in DNA damage across the population of tumor
cells. Nonetheless, when examined across the tumor-cell population, CP-11 treatment
caused a significant increase in the fraction of cells with greater than four double-strand
breaks, as visualized by 53BP1 puncta (Figure 3C). Figure 3D presents two example cells
tracked over time that exhibit an accumulation of CP-11 and that subsequently show an
increase in 53BP1 puncta. In this model we found little apparent correlation between 53BP1
puncta and local CP-11 accumulation, suggesting that drug response heterogeneity may arise
from factors besides differential drug transport, such as cell-cycle[3% and cellular redox
statel34],

In sum, here we report four novel Pt compounds for high resolution intravital imaging. We
demonstrate these compounds i) can cause DNA damage and cell death in cancer cells; ii)
show comparable PK with parent compounds; and iii) can be used for high-resolution
imaging of PK/PD in a live animal model of cancer. This work presents a proof-of-principle
exhibition of the ability to visualize drug accumulation and subsequent DNA damage in
single tumor cells monitored in real time following drug administration. We anticipate that
the imaging tools presented herein will be useful in guiding the effort to understand the role
of Pt distribution and transport in various models of disease; to study the role of intratumoral
heterogeneity in influencing drug response and emergent drug resistance; to guide
development of targeted/time-released Pt-drug delivery via nanoformulations; and perhaps
to image real-time tumor-stroma interactions as Pt-compounds distribute to various cell
types within the tumor microenvironment.

Experimental Section

See Supplementary Information for extended experimental methods. Complex 1 and 2[23],
[PtCI3NH;3]PPh,[241, Ag,R(CO0)(R = cyclobutane-1,1-dicarboxylic acid)[3®] and Amino-
BODIPY[38] were synthesized as previously described. For 53BP1 transgene expression, a
fragment corresponding to amino acids 1220-1711 was subcloned into the pLVX lentiviral
vector (Clontech)[26]. A DeltaVision (Applied Precision) modified Olympus BX63
microscopy system with an environmental chamber was used for live-cell microscopy.
Intravital microscopy was performed on an Olympus FV1000 multiphoton imaging system
and using animals in accordance with guidelines from the Institutional Subcommittee on
Research Animal Care. Following previously described procedures!®], tumors were injected
in nu/nu mice (Cox7, MGH) 30 min following dorsal window chamber implantation and
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imaged 2 weeks later. Mice were injected via tail vein catheter with Angiosense-680
(Perkin-Elmer) to identify vasculature, 150 nmol CP-11, and imaged.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of in vitro fluorescence and DNA damaging properties for BFL-Pt

compounds. a) Ex/em spectra for compounds 3, 6, 10, and 11 (A.x = 488nm) at 30uM in
PBS. b) Alkaline comet assay results, measured 24 hr after drug treatment. Each dot
represents a single cell, with data combined from n=2 separate experiments, and with thick
and thin lines representing the median +/- one quartile. Cell images of propidium iodide
staining at right exemplify tail-moment measurements, indicating DNA damage. Scale bar =
40pum in all images.
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Figure 2.
In vitro BFL-Pt imaging of ovarian cancer cells. a) Fixed-cell immunofluorescence of

OVCAA429 treated with 50uM CP-11 for 24 hr. b) Live-cell immunofluorescence of
OVCA429-53BP1-apple treated with 50uM CP-11 for 1 hr. Scale bar = 25um in all images.
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Figure 3.

Real-time in vivo imaging of BFL-Pt pharmacokinetics and resulting DNA damage in tumor
cells within a xenograft animal model. a-b) Concentration of in vivo CP-11 over time (a),
corresponding to time-series window-chamber images shown at right (b). Scale bar = 50um.
¢) CP-11 treatment causes a significant increase in the fraction of tumor cells showing =4
53BP1 puncta, 3 hr following drug injection. Values were measured from >10 images and
>500 individual tumor cells across two mice (*p=0.002, student's t-test). d) Zoomed-in
image of two tumor cells showing accumulation of 53BP1 puncta over time. Scale bar =
Sum.
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Synthesis routes for compounds 3, 6, 10, and 11.
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