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Abstract

Purpose

Sunitinib drug eluting beads (DEB) are a novel anti-angiogenic bead preparation for use in
transarterial chemoembolization. However, systematic studies of sunitinib DEB’s effect on
cancer cells have not been reported. Herein, we assess their direct biologic efficacy against
carcinoma cell lines and correlate cell viability with drug release in vitro.

Materials and methods

Sunitinib-HCI (10mg/mL) in Milli-Q water was mixed with LC Bead® 300-500um (Biocom-
patibles UK Ltd.). Loading and release were assessed by measurement of drug UV absor-
bance using UV-visible spectrophotometer. Viability of human colorectal cancer (CRC,
HCT116 and HT29) and hepatocellular carcinoma (HCC, HepG2) cells upon exposure to
sunitinib DEB was measured using a bioluminescent assay. Drug concentration during
exposure was quantified using HPLC.

Results

When added to cultured HepG2 cells, sunitinib DEB rapidly inhibited viability with a signifi-
cant decrease observed within 1 hour of incubation. Viability of HCT116 and HT29 cells
decreased relatively slower, with significant reductions observed after 8 and 24 hours,
respectively. After 24 hours there was nearly complete inhibition of all three cell lines. There
was no difference in viability observed between cells treated with 5 pl, 10 uL, or 20 yL of
sunitinib DEB. HPLC analysis of the cell culture supernatant demonstrated saturation of the
cell medium within approximately 4 hours for each amount added, with sunitinib achieving a
final concentration of 17.61 uM (SE +1.01).
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Conclusions

Sunitinib can be efficiently loaded to and released from LC beads, and the resulting sunitinib
DEB demonstrate strong in vitro inhibition of human CRC and HCC cells.

Introduction

Transarterial chemoembolization (TACE) is a form of locoregional therapy that prolongs sur-
vival in patients with unresectable hepatocellular carcinoma (HCC), cholangiocarcinoma, and
a variety of hepatic metastases such as colorectal carcinoma [1]. The development of drug-elut-
ing beads (DEB) as combined embolic agents and drug-delivery vehicles for use in TACE has
standardized treatment regimens, aiming at increasing intratumoral drug concentration and
objective tumor response, while decreasing systemic toxicity compared to the conventional
TACE based on the oily lipidol/drug emulsion [1,2]. However, the meta-analysis from Faccior-
usso et al. included 12 studies demonstrating equality between the two therapies in terms of
tumor response, survival and severe adverse events in patients with non-resectable HCC [2].
Moreover, a recent randomized trial (~50 patients per cohort) compared bland transarterial
embolization (TAE) vs. doxorubicin DEB-TACE demonstrating no survival differences in
treatment response, progression free survival, overall survival or adverse events rate [3].
Although no comparable data on the efficacy of Irinotecan loaded DEB in the treatment of
colorectal liver metastases are available [1,4], the data thus far compels further investigation of
other anticancer drugs that may be loaded onto DEB and upon release into the tumor, exert a
more potent antineoplastic effect than those already described.

One major limitation of DEB-TACE is its short-lived effect, which results in part because
DEB induced hypoxia stimulates neoangiogenesis and a recovery of tumor blood supply.
Numerous studies have documented increased expression of vascular endothelial growth fac-
tor (VEGF) in TACE treated tissues, as well as significantly increased serum/plasma levels of
VEGEF thereafter [5-7]. Through its effects on neoangiogenesis and vascular permeability,
VEGF likely contributes to local recurrence and extrahepatic metastasis as has been investi-
gated by previous studies [8-10].

Fuchs et al have recently synthesized an antiangiogenic DEB loaded with sunitinib and
have characterized the in vitro release characteristics, biologic efficacy against human umbilical
vein endothelial cells (HUVECs) and the in vivo release characteristics after TACE using a rab-
bit model [11]. In this study they demonstrated that beads loaded to 30 mg/g bead had a release
half-life of 1.1 and 1.6 hrs for 70-150 and 100-300 pum beads, respectively. They also observed
maximum in vitro release of 81 and 82% for these two bead sizes. Sunitinib DEB, furthermore,
were shown to inhibit HUVEC proliferation and migration in response to VEGF stimulation.
In a subsequent efficacy study [7], sunitinib loaded DEB achieved tumor growth arrest (-2%)
within 14 days of monitoring compared to oral sunitinib treatment (+1853%) and unloaded
DEB intra-arterial injection (+42%) (p = 0.044) of VX2 tumor implants in rabbits. Further-
more, a complete treatment response was observed in 60% of sunitinib loaded and in 43% of
unloaded DEB 14 days after treatment start.

Sunitinib (SU011248), a small molecule inhibitor of class IIT and class IV receptor tyrosine
kinases, including VEGFR1-3, PDGFR-0/B, c-Kit, Flt3, and RET, is currently approved for the
treatment of renal cell carcinoma (RCC) and imatinib-refractory gastrointestinal stromal
tumors (GIST) [12,13]. Sunitinib has potent antiangiogenic activity owing to its strong activity
against VEGF and PDGEF signaling [13], which is its primary mechanism of action in RCC at
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plasma concentrations achievable with oral delivery (50-100ng/ml, ~0.12-0.25 uM) [14].
However, it has been observed that at doses above 5 M sunitinib can mediate a direct effect
on carcinoma cells in vitro via activation of apoptosis [15]. Whether or not sunitinib DEB, as
described by Fuchs et al can deliver a cytotoxic level of sunitinib has not been determined, but
would be informative in designing further bead preparations. The adverse events associated
with the systemic use of sunitinib, including diarrhea, fatigue, nausea, bone marrow suppres-
sion in the form of anemia and cytopenia, hypertension, hypothyroidism, and cardiac toxicity,
may be expected to occur less frequently with DEB delivery [16].

In this study, we report the in vitro evaluation of the direct effects of sunitinib DEB against
several human carcinoma cell lines and correlate cell viability during exposure with drug
release.

Materials and methods

This study was approved by the Animal Care and Use Committee of University of Pittsburgh,
and all animal care and procedures were performed under institutional guidelines and have
been performed in accordance with the ethical standards as laid down in the 1964 Declaration
of Helsinki and its later amendments.

Generation of sunitinib loaded DEB

Free base sunitinib was supplied in solid form (LC Labs, Woburn, MA). Loading was per-
formed as previously described [11]. Briefly, sunitinib was converted to its hydrochloride salt
by reaction with 1N hydrochloric acid, then mixed with Milli-Q water to achieve a stock solu-
tion of sunitinib-HCl at 10mg/ml. After pipetting up and down swiftly with wide bore pipette
tip, Iml LC Bead® 300-500pum (Biocompatibles UK Ltd.) was transferred to the barrel of a fil-
tered syringe with the plunger removed. The plunger was then inserted into the syringe barrel
to expel the bead storage solution. 1ml hydrated bead was washed with pure water prior to the
addition of 0.5 or 1ml of sunitinib-HCI stock (10mg/ml). Loading was confirmed by UV-visi-
ble spectrophotometer as described below.

Quantitative evaluation of sunitinib DEB loading

Using the filtered syringe, 10 pL of supernatant was expelled at 5, 10, 20, 30, and 60 minutes,
and then at 2, 4, 6, and 24 hours. UV absorbance at 425 nm was measured with a multi-modal
microplate reader (Synergy H4, BioTek Instruments Inc., Winooski, VT, USA), and the results
were compared to reference standards to quantify the proportion of drug complexed to beads
at each time point.

Cell culture

HCT116 (CCL-247") and HT29 (HTB-38™) human colorectal and HepG2 (HB-8065™) human
hepatocellular carcinoma cell lines were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The HCT116 and HT29 cells were maintained in McCoy’s 5A
medium +2.2 g/L Sodium Bicarbonate (HyClone Laboratories, Logan, UT, USA). HepG2 cells
were maintained in Eagle’s minimum essential medium (EMEM). Both cell culture media
were supplemented with 2 mM L-Glutamine (Lonza, Walkersville, MD, USA), 10% fetal calf
serum (FCS) (HyClone Laboratories, Logan, UT, USA) and Penicillin/Streptomycin; 100 pg/
ml each (Gibco, Grand Island, NY, USA). All cells were kept in a humidified atmosphere at 5%
CO2and 37°C.
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Cell viability assay

Cells were plated in a 96 well clear bottom culture plate at a density of 50,000 cells/well in trip-
licate. Cells were allowed to incubate in 200 pl culture medium for 48 hours prior to bead addi-
tion. Cells were then treated with 5 pl of unloaded or sunitinib loaded (5 mg/ml) DEB, or an
equal volume of culture medium. Prior to each assay, the beads and supernatant were removed
using a wide bore pipette tip under vacuum and replaced with a 1:1 mixture of medium and
CellTiter-Glo® (Promega Inc., Madison, WI, USA) cell viability assay reagent. The cell/
reagent mixture was allowed to incubate for 10 minutes at room temperature. Biolumines-
cence was measured according to manufacturer’s instructions using a microplate reader. The
average luminescence was calculated for each triplicate and the viability expressed as a percent-
age of that of time-matched unexposed controls.

Quantitative evaluation of sunitinib release

5 uL of supernatant was sampled from sunitinib DEB treated HCT116 cells at 0.25, 0.5, 1, 2,
and 24 hours of exposure, and it was then diluted 1:10 in phosphate buffered saline prior to
high performance liquid chromatography (HPLC) analysis. HPLC analysis was performed
using a c18 Luna (150 * 4.6 mm) column (Phenomenex, Torrance, CA, USA) attached to a
Waters 1525 binary pump (Waters Corporation, Milford, MA, USA) with a mixed solvent of
water (20%) and acetonitrile (80%) containing 0.1% TFA, and UV detector set to 425nm. Suni-
tinib concentration was calculated based on a standard curve of 20 uM sunitinib in cell culture
medium. To evaluate the maximal release fraction of sunitinib from DEB after 24h, loaded
DEB (5 mg/ml) were incubated in a surplus of supplemented McCoy’s 5a cell culture medium
so that the maximal achievable concentration could be 20 uM in case of complete eluting from
DEB.

Statistical analysis

All data is represented as mean + standard error (SE) if not stated otherwise. Groups were
compared using the 2-tailed Student t-test for 2 groups or the One-Way ANOVA including
Bonferroni Post-Hoc test for three or more groups. Loading and eluting curves were calculated
using a hyperbola non-linear regression curve fitting model of loading vs. time. Statistical dif-
ferences between between eluting curves were determined using the Extra sum-of-squares F
test. All values are expressed as mean with standard error (SE) unless stated otherwise All cal-
culations were performed with PRISM 6 (GraphPad Software Inc., La Jolla, CA, USA). P-val-
ues <0.05 were considered statistically significant.

Results
Sunitinib DEB loading and eluting kinetics

Sunitinib loading onto drug-eluting bead was demonstrated to occur rapidly and efficiently
(S1 Table). For 5 and 10 mg/ml hydrated DEB, a maximal loading of > 99% was achieved
within 60 and 120 minutes, respectively. Loading of 50% onto DEB occurred within 2.6 min.
(SE £0.39) and 5.2 min (SE +0.44) for 5 and 10 mg/ml respectively (Fig 1).

The analysis of drug release in the cell culture medium showed the release to be concentra-
tion dependent and saturating (S2 Table). HPLC analysis of the cell medium demonstrated
drug saturation after approximately 180 minutes irrespective of the volume of bead added. The
drug concentration in the cell culture medium after incubation for 1440 minutes with 5 mg/ml
sunitinib DEBs was calculated to be 16.76 uM (SE £2.45), 17.1 pM (SE £1.62), and 18.54 uM
(SE: +1.62) for 5, 10 and 20 pL DEB respectively without a statistical difference between groups
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Sunitinib Loading Kinetics
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Fig 1. Sunitinib loading onto drug-eluting bead (DEB) is quick and complete. Sunitinib loading kinetics
of 5 mg/ml (blue line) and 10 mg/ml (red line) DEB are plotted achieving >99% loading efficacy. n =2
replicates. Error bars display standard errors of data points. Dashed line displays 95% Cl for the fitted curves.

https://doi.org/10.1371/journal.pone.0174539.9001

(p =0.76) (Fig 2). Due to the similarity of data sets, an overall estimated achievable elution
concentration of 17.61 uM (SE £1.01) as saturation point could be calculated. The half-maxi-
mal elution time of total achieved concentrations for 5, 10 and 20 ul of loaded DEB was 127
min. (SE +53.41), 57.8 min (SE £16.9), and 43.2 min. (SE £12.26) (p = 0.01). The maximal
average eluted percentage of sunitinib from the DEB was 5.36% (SE: £0.8%), 2.72% (SE:
+0.26%), and 1.48% (SE: £0.13%) for the elution of 5, 10, and 20 pl of loaded DEB respectively.
Since the eluted fraction was lower than expected, we tested the eluting fraction in greater
medium volumes. After 24h, the eluted fraction was measured to be 49.64% (SE: +1.3%)

Sunitinib Eluting Kinetics

20+ —— 20 pl Sunitinib DEB
—— 10 yl Sunitinio DEB
—— 5 pl Sunitinib DEB

Concentration in uM

] 1 1 1 1
0 500 1000 1500 2000
Time (min.)

Fig 2. Sunitinib eluting kinetics. Various amounts of sunitinib loaded DEB (5, 10 or 20 pl; 5 mg/ml) were
incubated in complete cell culture media at 37°C/5%CO,. n=1.

https://doi.org/10.1371/journal.pone.0174539.g002
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Fig 3. Sunitinib loaded DEB exert a direct toxic effect on cancer cells. Viability assessment of HepG2 (A) HCT-116 (B), and HT-29 (C) cell lines after
treatment with 1h to 48h with bland DEB (blue bars) or 5 pl of 5 mg/ml sunitinib loaded DEB (yellow bars) was performed. Significance levels: *** (p<0.001),
**¥** (p<0.0001). Mean values with SE are plotted; n = 3-8. Viability is expressed as a percentage of that of time matched untreated controls and thus
calculated values may be greater than 100%. For raw data see S3 Table.
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achieving a final concentration of 9.93 pM (SE: £0.26 uM) which indicates that the eluted per-
centage of sunitinib from DEB during the cell treatment was most likely limited by cell culture
medium solubility.

Biologic efficacy of sunitinib loaded DEB

In HepG2 cells, sunitinib loaded beads (5 pl; 5 mg/ml) demonstrated strong and rapid inhibi-
tion based on the cell viability shown in Fig 3A. There was a significant decrease in viability
relative to cells treated with unloaded DEBs within 1 hour of exposure. By 4 hours sunitinib
DEB treated HepG2 cell viability was less than half that of untreated cells. By 24 hours there
was nearly complete inhibition of HepG2 cell viability. The relative viability of cells treated
with unloaded DEB remained close to 100% at all time points, suggesting that the unloaded
beads themselves had no significant effect on cell viability.

In contrast, the two CRC cell lines had a relatively slower response to sunitinib DEB. Signif-
icant differences in viability relative to cells treated with unloaded DEB were not observed
until 8 hours of exposure for HCT116 (Fig 3B) and 24 hours of exposure for HT29 cells (Fig
3C). However, the response to sunitinib DEB was essentially complete after 24 hours for both
of these cell lines (95% confidence interval includes viability of 0).

Discussion

The results of this study demonstrate the potential direct antitumor effects of sunitinib DEB.
Sunitinib was efficiently loaded to DEB and quickly released in cell culture media. After 24
hours of incubation, sunitinib achieved a final treatment concentration of ~16-18 uM under
the conditions used in this assay. We believe that, with a total eluting percentage of ~1.5-5% of
originally loaded sunitinib on DEB, solubility in the culture media is the limiting factor to
drug release during the in vitro assay as the release profile demonstrated a plateau effect after
24 hours. Since the eluted fraction was lower than expected, we tested the eluting fraction in
greater medium volumes to avoid medium saturation and demonstrated an eluting fraction of
~50% within 24h. Importantly, despite only minimal drug release fraction from beads during
the sunitinib DEB treatment of cancer cells, the achieved sunitinib concentration in the
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medium were sufficient to significantly reduce the viability of all tested HCC and CRC cell
lines.

In previous studies, Fuchs et al have reported on the biologic efficacy of sunitinib DEB
against HUVEC proliferation and migration, however, they only observed cytostatic effects
upon exposure of carcinoma cells. In this study we show that at doses achievable with DEBs in
vitro sunitinib can have a direct effect on tumor cell viability for both, HCC and CRC cell
lines. The difference in these results may relate to differences in the number of cells used dur-
ing the assays, the length of exposure, or the cell lines themselves. Indeed, our results demon-
strate that under the same experimental conditions cell lines respond differentially to sunitinib
DEB exposure. The HepG2 HCC cell line, for instance, responded much faster than the two
CRC cell lines (HCT116 and HT29). This may relate to differences between these cell lines in
receptor expression and/or function. VEGFR-1 mRNA transcription is upregulated and leads
to increased VEGFR-1 expression on the membrane of HCC cells, in addition to stromal cells,
in HCC tissues [17]. There is emerging evidence that autocrine VEGF signaling exists and pro-
motes HCC cell proliferation and viability in an angiogenesis-independent manner [18]. On
the other hand, while VEGFR-1 expression has also been observed in CRC cell lines, including
HT29 [19], it appears to play a larger role in epithelial-mesenchymal transition than it does in
cell proliferation [20,21].

The mechanism of sunitinib’s direct antitumor effect in CRC is not completely understood.
In vitro studies involving multiple cancer cell lines suggests a possible pro-apoptotic effect of
sunitinib via its induction of BH3-only proteins. Dose dependent upregulation of p53-upregu-
lated modulator of apoptosis (PUMA) has been observed in both wild type and p53 knockout
cell lines, and is necessary for sunitinib’s pro-apoptotic activity in CRC cells [15]. The clinical
significance of this direct antitumor effect at doses achievable with oral dosing regimens is
debatable. Moreover, due to its poor water solubility, protein binding, and accumulation in
liver tissue, it is difficult to compare sunitinib malate—the commercial formulation—with the
hydrochloride salt used in DEB [22]. Nevertheless, Fuchs et al. demonstrated that sunitinib (2
mg/kg) tumor delivery via DEB increased the intratumoral concentration up to 3.5x after 6h
and 1.2x after 24h compared to oral administration in a rabbit liver cancer model. Importantly,
peak plasma drug levels achieved in their study did not reach the therapeutic threshold of 50
ng/mL so increased dosages should be tolerable. We believe this pilot study provides sufficient
evidence to warrant further in vivo studies of the beads potential direct efficacy alone and in
combination with cytotoxic DEB.

Conclusion

In conclusion, sunitinib can be efficiently loaded to and released from DEB and strongly inhib-
its viability of human colorectal cancer and hepatocellular carcinoma cells in vitro. The direct
antitumor effect of the beads, in combination with their putative antiangiogenic properties,
makes them an attractive bead preparation candidate for use in DEB-TACE treatment of HCC
and CRC liver lesions warranting further investigation.

Supporting information

S1 Table. Sunitinib loading data. Measurement data represent the amount of compound
loaded onto drug-eluting beads in mg. Both amounts (5 and 10 mg) get almost completely
loaded.

(DOCX)
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$2 Table. Sunitinib elution data. Measurement data represent the concentration of free suni-
tinib released from the beads during incubation in the cell culture medium over time. Regard-
less of the amount of bead added to wells the concentration plateaus around 15-17 pM.
(DOCX)

S3 Table. Cell viability data. Measurement data represent the calculated viability (fluores-
cence signal in bead treated sample / mean fluorescence signal in 3 untreated samples) for
HCT116, HT29, and HepG2 cells exposed to bland and sunitinib DEB over time. Mean and
standard deviation (SD) are provided in the far right columns.

(DOCX)

S1 Data. Raw data.
(DOCX)
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