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Purpose: Current treatment options for muscle-invasive bladder cancer (MIBC) are associated
with substantial morbidity. Local release of doxorubicin (DOX) from phosphatidyldiglycerol-
based thermosensitive liposomes (DPPG,-TSL-DOX) potentiated by hyperthermia (HT) in the
bladder wall may result in bladder sparing without toxicity of systemic chemotherapy. We
investigated whether this approach, compared to conventional DOX application, increases
DOX concentrations in the bladder wall while limiting DOX in essential organs.

Materials and Methods: Twenty-one pigs were anaesthetized, and a urinary catheter
equipped with a radiofrequency-emitting antenna for HT (60 minutes) was placed.
Experimental groups consisted of iv low or full dose (20 or 60 mg/m?) DPPG,-TSL-DOX
with/without HT, iv low dose (20 mg/m?) free DOX with HT, and full dose (50 mg/50 mL)
intravesical DOX with/without HT. After the procedure, animals were immediately sacri-
ficed. HPLC was used to measure DOX levels in the bladder, essential organs and serum, and
fluorescence microscopy to evaluate DOX distribution in the bladder wall.

Results: Iv DPPG,-TSL-DOX with HT resulted in a significantly higher bladder wall DOX
concentration which was more homogeneous distributed, than iv and intravesical free DOX
administration with HT. Specifically in the detrusor, DPPG,-TSL-DOX with HT led to a >7-
and 44-fold higher DOX concentration, compared to iv free DOX with HT and intravesical
DOX, respectively. Organ DOX concentrations were significantly lower in heart and kidneys,
and similar in liver, spleen and lungs, following iv DPPG,-TSL-DOX with HT, compared to
iv free DOX. Intravesical DOX led to the lowest organ DOX concentrations.

Conclusion: Iv DPPG,-TSL-DOX combined with HT achieved higher DOX concentrations
in the bladder wall including the detrusor, compared to conventional iv and intravesical DOX
application. In combination with lower DOX accumulation in heart and kidneys, compared to
iv free chemotherapy, DPPG,-TSL-DOX with HT has great potential to attain a role as a
bladder-sparing treatment for MIBC.
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Introduction
In Western countries, bladder cancer is the fourth most common cancer in men and
the ninth in women." About 25% of newly diagnosed patients have muscle invasive
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bladder cancer (MIBC), and up to 20% of the remaining
non-muscle invasive bladder cancer patients (NMIBC)
progress to muscle invasive disease in 5 years.”

A key problem with the standard radical treatment for
MIBC is the high morbidity and mortality. For MIBC that
is confined to the bladder, current treatment guidelines
advise neoadjuvant chemotherapy (NAC) followed by
radical cystectomy (RC) with urinary diversion and
lymph node dissection.” About 60% of patients develop
complications within 90 days after surgery, including
infections.* Late complications are also common and are
linked to the type of urinary diversion, like stoma pro-
blems and impairment of renal function.” The mortality is
up to 8.0% within 90 days after surgery.® Moreover, phy-
sical and social functioning of MIBC patients is signifi-
cantly impaired after RC.” Since most patients presenting
with MIBC are older than 70 years and frequently have
comorbidities, these patients are regularly unfit for or
decline major surgery.

Current bladder-sparing treatment, which includes the
use of systemic chemotherapy, has failed to show super-
iority over RC and has significant shortcomings. In this
multimodality treatment (MMT) the bladder tumor is
removed as radical as possible by transurethral resection
(TURB) followed by chemoradiation.® Although MMT
could result in comparable survival rates as RC in highly
selected patients, no RCTs comparing MMT with RC have
been completed. Moreover, up to 30% of patients need
salvage cystectomy. Although chemotherapy (NAC and as
part of MMT) has shown efficacy in MIBC to some extent,
the main drawbacks of iv chemotherapy are poor accessi-
bility to tumor tissue and systemic toxicity,® such as car-
diomyopathy, mucosal toxicity and myelosuppression for
doxorubicin (DOX).’

Chemotherapeutic drug delivery systems using lipo-
somes could potentially lead to more specific drug deliv-
ery, improving the local effect and limiting drug-related
side effects. Passive targeting can be accomplished
through the enhanced permeability and retention (EPR)
phenomenon, initially described by Matsumura and
Maeda et al'®. Nanoparticles passively accumulate in
tumors based on the nanometer size range and the leaky
vasculature and impaired lymphatic drainage."'

To date, liposomal formulations encapsulating che-
motherapeutic agents approved for clinical use have not
shown improved cancer outcome over standard che-
motherapy. Doxil was approved by the FDA 25 years
ago and has a role in the standard clinical management

of patients with Kaposi's sarcoma, ovarian cancer and
metastatic breast cancer in which prior (chemo)therapy
has failed.'? Clinical studies show that Doxil leads to
a more attractive toxicity profile, but does not improve
anti-tumor activity compared to iv free DOX.'*™'7 This is
largely explained by the passive targeting mechanism,
which exploits tumor angiogenesis and the often impaired
vasculature and leads to drug accumulation in the tumor of
less than 4% of the administered dose.'® In addition, the
release of the active ingredient from the liposomes is
rather slow.'”

Where classical liposomal drug delivery systems are
dependent on passive drug release, thermosensitive lipo-
somes (TSL) might improve efficacy by heat-triggered
local release of encapsulated drug induced by hyperther-
mia (HT). TSL release their cargo once the temperature is
higher than the threshold value which could be adjusted by
the phospholipid composition.”’ However, the only TSL-
system that has entered clinical studies, ie, low-tempera-
ture sensitive liposomal doxorubicin (LTLD; Thermodox),
did not improve progression-free survival in hepatocellular
carcinoma patients when added to radiofrequency (RF)
ablation.”' This was presumably due to insufficient heating
of multiple liver tumors in combination with the short
half-life of LTLD. LTLD combined with conductive
hyperthermia has also been studied in a pig bladder
model and showed improved drug accumulation and dis-
tribution in the bladder wall.** A newly developed TSL
consists of the three phospholipid excipients 1.2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), 1.2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) and 1.2-dipalmitoyl-
sn-glycero-3-phosphodiglycerol (DPPG,; DPPG,-TSL).
DPPG,-TSL encapsulating carboxyfluorescein (to monitor
drug release) or gemcitabine showed a high stability at
physiologic temperatures with sustained high plasma
levels for 60 minutes and a rapid drug release at 40-42°
C in vitro and in vivo.”*** Moreover, DPPG,-TSL with
encapsulated DOX (DPPG,-TSL-DOX) showed improved
stability in complete human serum compared to a LTLD-
mimicking formulation.””> DPPG,-TSL-DOX was investi-
gated for treatment of feline sarcoma.®

DPPG,-TSL-DOX combined with HT may have potential
as treatment for MIBC. RF-induced HT can achieve sufficient
and stable temperatures in the bladder wall and has already
proven its efficacy in treatment of NMIBC when combined
with intravesical instillation of chemotherapeutics (chemohy-
perthermia [CHT]).?”° Since MIBC invades the detrusor
muscle layer of the bladder, homogeneous distributed and
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high DOX concentrations in the full bladder wall are required.
The intravascular release of DOX in the bladder wall from
DPPG,-TSL-DOX by HT could provide these conditions.
Additionally, HT can potentiate the effect of DOX due to
increased tissue penetration and induction of an immune
response.’ '~

Administration of DPPG,-TSL-DOX was combined
with bladder HT to investigate whether this results in
higher and more homogeneous distributed DOX concen-
tration in the bladder wall, while limiting DOX concentra-
tion in essential organs, compared to conventional DOX
application (ie, iv administration, intravesical instillation
and CHT). Since the physiology and urinary tract anatomy
of pigs closely resembles that of humans, a pig bladder
model was used.

Materials and Methods

We performed the experiments at the animal facility at
the Radboud University Medical Center in Nijmegen,
the Netherlands. The study was approved by the appro-
priate ethical committees on animal experiments
(Dierexperimentencommissie and Centrale Commissie
2016-0066. The

European Union Directive 2010-63-EU for welfare of

Dierproeven) under the number

the laboratory animals was followed.

Animals and Experimental Groups

Local vendors supplied 21 female pigs of 75-85 kg, which
were randomly assigned to seven experimental groups of
three pigs each.

The experimental groups consisted of: iv low dose
DPPG,-TSL-DOX (20 mg/mz) with or without HT (60
minutes), iv low dose DPPG,-TSL-DOX (20 mg/m?)
with extended HT (90 minutes), iv low dose free DOX
(20 mg/m?) with HT, iv full dose (60 mg/m?) DPPG,-TSL-
DOX with HT, and full dose intravesical DOX (50 mg/50
mL) with or without HT.

The iv “full dose” refers to the standard clinical dose of
60 mg/m* DOX administered in cancer patients. Because it
was unclear whether side effects would occur, the iv free
DOX group and three DPPG,-TSL-DOX groups received
one-third of the iv full dose. Once it was clear that this
dose was safe, full dose was administered in one DPPG,-
TSL-DOX group and in the intravesical DOX groups. The
intravesical groups received bladder instillations with
a corresponding full dose of 50 mg DOX dissolved in
50 mL physiologic saline, which was refreshed after
30 minutes, similar to CHT protocol for bladder cancer

treatment. Intravenous DPPG,-TSL-DOX and free DOX
were dosed based on the following formula: body surface
area of pigs (in m?) = 0.0734 * body weight 0.656.>> The
pigs received infusion of iv medication over 30 minutes.

Materials

Thermosome GmbH provided DPPG,-TSL-DOX as a dis-
persion in 10 mL vials of two independently prepared
batches. DOX concentration in the batches was measured
with HPLC and was 1.6 mg/mL and 1.9 mg/mL, respec-
tively. Mean particle size (z average) was in the range
between 110 and 130 nm with a narrow, monodisperse
particle size distribution with a polydispersity index of
<0.10 for both batches.

Experimental Procedure

Pigs were sedated with ketamine and midazolam and
anesthetized with propofol and isoflurane. Intravenous
access was obtained by placing two intravenous catheters
in each ear: one for the experimental medication, one for
the anesthetics. General vital signs were monitored by
standard non-invasive measurements, including the body
temperature with a deep nose temperature probe. The
femoral artery was cannulated for continuous arterial
blood pressure monitoring and blood sampling every
15 minutes. From the fourth pig that received DPPG,-
TSL-DOX onwards, animals receiving DPPG,-TSL-DOX
were premedicated with 10 mg dexamethasone and 2 mg
clemastine to prevent nanoparticle-induced anaphylactoid
infusion reactions after this was observed in the first three
pigs.** A transurethral catheter was placed for HT and/or
instillation of intravesical solutions.

Subsequently, the bladder was approached through med-
ian laparotomy and nine thermocouples (TCs) with a +0.1°C
accuracy were placed for temperature mapping at the bladder
neck, side wall, and dome; in the mucosa, detrusor muscle
and serosa. TCs were fixed with tissue glue (Derma+Flex®,
Chemence Medical Products Inc, Alpharetta, GA, USA) and
6-0 polypropylene sutures (Prolene, Ethicon, LLC, USA).
Temperatures were recorded using a Keithley Multiplexer
device (CN Rood, Zoetermeer, The Netherlands).

A Synergo®™ system, including a three-way 20-French
catheter equipped with three TCs and a 915 MHz RF
waves emitting antenna, was used to achieve HT. Iv free
and liposomal DOX was administered in HT groups as
soon as the intravesical temperature was stable at 43°C.
Relying on the three intravesical TCs, this temperature
was aimed to be maintained in the bladder for 60 (HT)
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or 90 (extended HT) minutes, in respectively four HT
groups or the one extended HT group.

Necropsy

Animals receiving HT were sacrificed immediately 60
minutes (or 90 minutes in the extended HT group) from
the moment an intravesical temperature of 43°C was estab-
lished, and animals that did not receive HT were sacrificed
immediately 60 minutes after administration of experimen-
25 mg/kg).
Subsequently, the bladder was emptied and flushed twice

tal mediation, all using pentobarbital
with 50 mL physiological saline to remove any residual
free DOX. The bladder vasculature was clamped and the
bladder was removed and the bladder neck, side wall, and
dome were biopsied. Samples were divided into mucosa,
detrusor muscle and serosa. Additionally, biopsies from
the heart, kidney, liver, lung and spleen were obtained by
a standardized protocol. Samples harvested to determine
DOX concentrations were weighed and snap-frozen, tissue
for histopathology was fixed in formaldehyde and paraffin
embedded, and tissue for fluorescence was snap-frozen in
TissueTec.

HPLC DOX Assessment in Tissue and

Plasma

DOX plasma and tissue sample levels were quantified with
high-performance liquid chromatography (HPLC) follow-
ing the slightly adapted method as described by Peller
et al>>, without distinguishing between free and DPPG,-
TSL encapsulated DOX. For tissues, solid-phase extrac-
tion was performed with Strata-X columns (60 mg/3 mL,
Phenomenex Ltd., Aschaffenburg, Germany) and DOX
elution was achieved by aqueous washing solutions with
0-30% methanol and 2% formic acid in methanol. HPLC
analysis was conducted with the limit of quantification in
tissue and serum samples being 0.2 ng/mg and 0.2 ng/uL
DOX, respectively.

DOX Fluorescence in the Bladder WVall

DOX autofluorescence was used for DOX imaging and
immunohistochemistry (IHC) was performed to visualize
cytokeratin (epithelial cells), Von Willebrand Factor (VWF;
blood vessel walls), and smooth muscle actin filaments
(SMA; muscle cells). Two subsequent slides of snap-frozen
bladder biopsies were prepared (A and B). The slides were
fixed for 10 minutes in acetone, washed three times in
phosphate-buffered saline (PBS) and blocked with 10%

goat serum in PBS for 30 minutes, again washed, and
incubated over night at 4°C with primary antibodies
(1:200 dilution with 10% bovine serum albumin [BSAJ]).
Slide A was incubated with the combination of mouse
monoclonal anti-pan cytokeratin antibody (AEI/AE3 +
5D3; ab86734, Abcam, Cambridge, UK) and rabbit poly-
clonal anti-human VWF (A0082, Dako Agilent, Hamburg,
Germany) antibody. Slide B was incubated with rabbit
polyclonal anti-SMA (ab5694, Abcam, Germany). Slides
were washed with PBS and incubated with secondary anti-
bodies for 30 minutes at room temperature under light
protection. Slide A was incubated with AlexaFluor 594
goat anti-rabbit IgG H&L (A11037, Fisher Scientific
GmbH, Schwerte, Germany) and AlexaFluor 488 goat
anti-mouse IgG H&L (ab150113, Abcam, Germany), and
slide B only with AlexaFluor 594 (all 1:500 dilution in 10%
BSA). After a final wash with PBS, slides were mounted
using fluorescent mounting medium (Fluoromount-G,
Southern Biotechnology Associates Inc, Birmingham,
USA) and imaged with a Leica DM16000 B-inverted micro-
scope and Leica MM AF software. ImageJ software was
used to edit the images and combine the photos of slide
A and B digitally.

Histopathological Assessment

For histopathological assessment, 10 pm slides of paraffin
embedded material were haematoxylin and eosin (HE)
stained. Images were obtained with a Leica DMDI108
digital microimaging system.

Data Analysis and Statistics

Statistical analyses were performed with GraphPad Prism
version 5.03. A one-way ANOVA analysis with a Dunnett
or Tukey correction for multiple comparisons was per-
formed to compare groups with corresponding doses
(low or full; see Figure 1A—C and 2A-E for the compar-
isons), where appropriate. A students ¢-test was performed
to compare low versus full dose DPPG,-TSL-DOX with
HT groups. Temperature was evaluated using R statistical
package version 3.2.4.

Results

DOX Concentration

Bladder WVall

Intravenous injection of low dose DPPG,-TSL-DOX com-
bined with local HT resulted in a significantly higher DOX
concentration in mucosa, detrusor and serosa compared to
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Figure 1 DOX concentrations per group in (A) mucosa, (B) detrusor and (C) serosa. **p<0.001; **p<0.01; *p < 0.05; n.s.: not significant. Error bars represent standard

error of mean.

Abbreviations: DOX, doxorubicin; DPPG,, |.2-dipalmitoyl-sn-glycero-3-phosphodiglycerol; HT, hyperthermia; intraves, intravesical; iv, intravenous; TSL, thermosensitive liposomes.

low dose iv free DOX with HT (p=0.01, p=0.002 and
p<0.001, respectively; Table 1, Figure 1A—C). In the detru-
sor, low dose iv DPPG,-TSL-DOX combined with HT
resulted in a more than 7-fold higher DOX concentration
compared to a similar dose iv free DOX with HT (1.63 =
0.34 vs 0.22 + 0.02, p=0.002). Intravenous full dose
DPPG,-TSL-DOX with HT also resulted in a higher DOX
concentration than full dose intravesical free DOX with and
without HT in all bladder layers (detrusor p<0.001, mucosa
and serosa p=0.005). In the detrusor, the increase of DOX
concentration by full dose iv DPPG,-TSL-DOX with HT
was 44-fold and 21-fold in comparison to full dose intrave-
sical free DOX with and without HT, respectively. In blad-
der wall biopsies of the control group that received low dose
DPPG,-TSL-DOX without HT, DOX concentrations were
below the limit of quantification of 0.20 ng/mg in mucosa
and detrusor, and levels in the serosa were only 0.24 + 0.04
ng/mg. A threefold increase in the DPPG,-TSL-DOX dose
(to full dose) combined with HT resulted in an eight times

higher DOX concentration in the mucosa, detrusor and
serosa, compared to the low dose. The extension of HT
from 60 to 90 minutes combined with low dose DPPG,-
TSL-DOX did not significantly increase tissue DOX con-
centrations in any bladder layer. DOX concentrations in
various bladder layers after intravesical DOX administra-
tion were independent of HT.

Figure 3 shows the DOX concentration in different
bladder layers plotted against the corresponding tempera-
tures for DPPG,-TSL-DOX with HT groups, showing an
increase from serosa towards mucosa level, following the
temperature gradient. DOX concentrations did not differ
significantly between biopsies harvested from different
locations in the bladder (neck, side wall and posterior
wall) (Supplementary Table 1). In one pig that received
DPPG,-TSL-DOX with HT, a mean temperature of only
38.7°C was reached. However, the bladder DOX concen-
trations of this animal were similar to the other two ani-

mals in the same group.
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Figure 2 DOX concentrations per group in (A) heart, (B) kidney, (C) liver, (D) spleen and (E) lung. **p<0.01; *p < 0.05. Error bars represent standard error of mean.
Abbreviations: n.s., not significant; DOX, doxorubicin; DPPG,, |.2-dipalmitoyl-sn-glycero-3-phosphodiglycerol; HT, hyperthermia; iv, intravenous; TSL, thermosensitive liposomes.

Organs

DOX concentrations were significantly lower in the heart
and kidney after low dose iv DPPG,-TSL-DOX com-
bined with HT, compared to low dose iv free DOX
with HT (p=0.003 and p=0.004; Table 2, Figure 2A and
B). In the liver, spleen and lung, after low dose DPPG,-
TSL-DOX with HT, concentrations were similar to low
dose iv free DOX (Table 2, Figure 2C-E). Extending HT

from 60 to 90 minutes did not significantly alter DOX
retention in any organ. Interestingly, after increasing the
dose of DPPG,-TSL-DOX threefold (to full dose), DOX
concentration in spleen and lung were six- and seven-fold
higher compared to low dose, respectively. DOX concen-
trations in organs of animals receiving full dose intrave-
sical DOX were below the quantification levels, except
for a very low DOX concentration in the kidney (without
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Table 1 DOX Concentrations per Group and Bladder Wall Layer

Group Mucosa Detrusor Serosa

iv DPPG,-TSL-DOX (low dose) + HT 3.29 £ 0.94 1.63 £ 0.34 1.28 £ 0.15
iv DPPG,-TSL-DOX (low dose) + ext. HT 291 £0.73 1.29 £ 0.25 1.21 £0.12
iv DPPG,-TSL-DOX (low dose) - HT <0.20%* <0.20%* 0.24 £ 0.04
iv free DOX (low dose) + HT 0.61 £0.15 0.22 £ 0.02 0.37 £ 0.03
iv DPPG,-TSL-DOX (full dose) + HT 25.10 £ 2.74 13.11 £ 1.86 10.33 £ 1.28
intraves DOX (full dose) - HT 9.62 £ 3.77 0.64 £ 0.23 2.33 £ 207
intraves DOX (full dose) + HT 4.66 £ |.11 0.30 £ 0.03 0.36 £ 0.11

Notes: Concentrations are + standard error of mean in ng/mg; *Represents below limit of quantification.
Abbreviations: DOX, doxorubicin; DPPG,, |.2-dipalmitoyl-sn-glycero-3-phosphodiglycerol; HT, hyperthermia; intraves intravesical; iv, intravenous; TSL, thermosensitive

liposomes.

HT 0.22 + 0.02 ng/mg and combined with HT 0.24 +
0.04 ng/mg).

Pharmacokinetics

For pigs receiving low dose (20 mg/m?) intravenous
DPPG,-TSL-DOX, the DOX peak plasma concentration
was four times higher compared to a corresponding dose
of iv free DOX (3.15 ng/uL vs 0.41 ng/uL; Figure 4).
Plasma DOX concentration after iv free DOX did not
exceed 0.4 ng/uL and was not quantifiable (thus below
0.2 ng/uL) from 45 minutes on. Pharmacokinetics could
only be assessed grossly because we sampled blood only
every 15 minutes. Administration of low dose DPPG,-
TSL-DOX resulted in a 12 times longer beta half-life
(T%26) and an 11 times larger area under the curve
(AUC) of (encapsulated and free) DOX, compared to
a corresponding dose of iv free DOX. The DOX T'28 for
20 mg/m* DPPG,-TSL-DOX was 19 min, and 25 min for
60 mg/m*> DPPG,-TSL-DOX. The AUC,_gomin Was 105.1

30
L 2
20
[}]
2
2 o
o 10 o
£
2 )
5
e A
A A .
o 0o n o ' ®
40.0 41.0 42.0

temperature °C

ng*min/pL and 443.4 ng*min/uL, respectively. DOX T'48
of 20 mg/m? iv free DOX was 1.6 minutes and the AUC.
6omin Was 9.3 ng*min/ul. After intravesical administra-
tion, DOX could not be detected in plasma at any

timepoint.

DOX Distribution in the Bladder Wall

The bladder wall of pigs treated with DPPG,-TSL-DOX with
HT (low- and full dose), showed the most homogeneous
distribution of DOX, with DOX concentrations decreasing
from mucosa to serosa, as judged by fluorescence micro-
scopy (Figure 5B, Supplementary Figure 1 A-G). DOX was

clearly visible around blood vessels in bladder biopsies of
animals treated with DPPG,-TSL-DOX and HT. DOX visua-
lisation was minimally increased when HT was increased to
90 minutes (Supplementary Figure 1B). In the intravesical

DOX groups, visualisation of DOX showed intense staining
at the very luminal side of the mucosa, with a penetration

A ivDPPG,-TSL-DOX (low dose) + HT

iv DPPG,-TSL-DOX (low dose) + ext. HT
iv DPPG,-TSL-DOX (full dose) + HT

iv free DOX (low dose) + HT

intraves DOX (full dose) + HT

ooo

43.0

Figure 3 DOX concentrations of the HT groups at mucosa (dark filling), detrusor (light filling), and serosa (clear filling).
Abbreviations: DOX, doxorubicin; DPPG,, |.2-dipalmitoyl-sn-glycero-3-phosphodiglycerol; HT, hyperthermia; intraves, intravesical; iv, intravenous; TSL, thermosensitive

liposomes.

International Journal of Nanomedicine 2021:16

submit your manuscript 8l

Dove


https://www.dovepress.com/get_supplementary_file.php?f=280034.pdf
https://www.dovepress.com/get_supplementary_file.php?f=280034.pdf
http://www.dovepress.com
http://www.dovepress.com

van Valenberg et al

Dove

Table 2 DOX Concentrations per Group and Organ

Group Heart Liver Spleen Kidney Lung

iv DPPG,-TSL-DOX (low dose) + HT 0.86 + 0.06 2.29 £ 0.6l 390 £ 0.71 421 £ 0.64 2.60 + 0.69
iv DPPG,-TSL-DOX (low dose) + ext. HT 1.12 £ 0.08 2.19 £ 0.20 5.13 £ 036 459 = 1.10 6.12 £ 1.76
iv DPPG,-TSL-DOX (low dose) - HT 0.77 £ 0.14 1.73 £ 0.27 4.47 £ 0.45 3.61 £ 047 1.40 £+ 0.49
iv free DOX (low dose) + HT 1.68 £ 0.17 3.79 £ 0.58 3.63 £ 0.57 10.07 = 1.54 2.26 + 0.35
iv DPPG,-TSL-DOX (full dose) + HT 2.85 + 0.34 10.03 £+ 1.52 22.90 £ 5.06 21.03 +3.38 18.57 + 4.06
intraves DOX (full dose) - HT <0.20* <0.20%* <0.20%* 0.22 £ 0.02 <0.20%*
intraves DOX (full dose) + HT <0.20* <0.20%* <0.20%* 0.24 £ 0.04 <0.20%*

Notes: Concentrations are * standard error of mean in ng/mg; *Represents below limit of quantification.
Abbreviations: DOX, doxorubicin; DPPG,, |.2-dipalmitoyl-sn-glycero-3-phosphodiglycerol; HT, hyperthermia; intraves intravesical; iv, intravenous; TSL, thermosensitive

liposomes.

depth of less than 1000 um (Figure 5A). Iv free DOX with
HT and DPPG,-TSL-DOX without HT resulted in the lowest
fluorescence intensity of DOX in the bladder wall
(Supplementary Figure 1D and C, respectively).

Although high variance between pigs and different
biopsy locations was observed, the DOX distribution was
in concordance with the tissue DOX concentration using
HPLC quantification.

Adverse Effects

A severe anaphylactoid infusion reaction with life-threaten-
ing hemodynamic disturbance was seen in six of the twelve
pigs that received iv DPPG,-TSL-DOX. Symptoms included
an increase in pulse and a drop or increase in arterial blood
pressure, decreased exhaled CO, levels, and hyperemia,
recorded three to five minutes following start of TSL infu-
sion. After iv administration of noradrenaline and clemastine,
this response was quickly reversed. Due to the unexpected
anaphylactoid reactions in the first three pigs that received iv
DPPG,-TSL-DOX, the other nine pigs in the iv DPPG,-TSL-
DOX groups were administered antihistaminic and steroidal
premedication as described in the methods section. From
these subsequent nine pigs that were administered iv
DPPG,-TSL-DOX, three pigs developed a similar infusion
reaction requiring medical intervention. All animals survived
and underwent the pre-planned procedures.

In pigs that received HT, the bladder wall showed
edema and burn-spots at necropsy (posterior wall thermal
reaction [PWTR]),>’ which were transmural in two pigs
(Supplementary Figure 2). Other essential organs had a

normal macroscopic aspect.

Histopathology
Inflammatory reactions with transmural immune cell infil-
tration were observed in all bladder specimens, especially in

the mucosa, serosa and perivascular regions. Submucosal
oedema was observed in all groups that received HT
(Supplementary Figure 3). No further differences between

experimental groups based on morphologic tissue proper-
ties were observed. In two of the fifteen bladders that were
exposed to HT, PWTR had resulted in transmural thermal
necrosis.

Temperatures

In pigs that received HT, the temperature was highest at
the submucosal side (42.1 = 1.9°C), followed by the
detrusor (41.3 = 1.7°C) and serosa (40.6 £ 1.5°C)
(Supplementary Figures 4A—G). Intra- and inter-individual

variability in bladder wall temperature was high and ran-
ged from 38.7°C at the submucosa level up to 44.5°C at
the serosa level. Therefore, DOX concentrations were
correlated to the achieved temperatures (Figure 3).

The mean body temperature of the animals was 37.3 +
0.9°C during the experimental procedure, with the highest
mean body temperature of a pig being 38.6°C, a normal
body temperature for pigs. Median temperatures in the
bladder wall in pigs that did not receive HT varied from
34.5°C to 37.5°C.

Discussion

We show that DPPG,-TSL-DOX combined with local heat-
ing of the bladder led to significantly higher DOX concen-
trations in bladder tissue, compared to iv and intravesical
DOX. DOX levels in the detrusor layer were 7.5- and >20-
fold higher, respectively. DOX fluorescence confirmed the
objective measurements, which showed an increased and
more homogeneous DOX distribution per bladder wall
layer after DPPG,-TSL-DOX with HT. Compared to iv
free DOX, DPPG,-TSL-DOX caused lower DOX concen-
trations in the heart and kidneys and similar DOX
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Mucosa

Overview

Detrusor Serosa

Figure 5 Fluorescence microscopy of the bladder of (A) intravesical doxorubicin (DOX) without hyperthermia (HT) (full dose); (B) intravenous DPPG,-thermosensitive
liposomes containing DOX (DPPG,TSL-DOX) with HT (full dose). Red: DOX contained within the tissue; green: cytokeratin filaments of epithelial cells; white: Von-
Willebrand-Factor (VWF) within blood vessel walls; and purple: actin filaments in smooth muscle fibres (SMA). White lines mark the transition from mucosa (above the line)
to detrusor. The white arrows pointed at red dots show DOX accumulation around the small vessels after DPPG,-TSL-DOX with HT.

concentrations in the liver, spleen and lungs. The AUC of
DOX in serum was substantially higher after DPPG,-TSL-
DOX, compared to a similar dose of iv free DOX.

The significantly higher DOX concentrations in all
bladder wall layers and improved DOX distribution after
DPPG,-TSL-DOX compared to conventional DOX appli-
cation are likely to lead to an improved anti-tumor effect,
as drug concentration and distribution determine the expo-
sure of tumor cells to a drug. A threefold increase of the
DPPG,-TSL-DOX dose resulted in an eight times higher
DOX concentration in the bladder wall, compared to low
dose DPPG,-TSL-DOX. This increased concentration
after a higher dose supports the assumption that the local
HT initiated the local release of DOX from the liposomes.
Moreover, HPLC and DOX fluorescence showed increased
DOX levels towards the warmer mucosa side and close to
small blood vessels. This observation is in line with the
presumed mechanism of action of TSL formulations such
as DPPG,-TSL-DOX that HT causes intravascular drug
release from the liposomes.*®

Administration of a low dose DPPG,-TSL-DOX (20
mg/m?) resulted in DOX concentrations of 3.29 ng/mg in
the mucosa, 1.63 ng/mg in the detrusor and 1.28 ng/mg in
the serosa, respectively. Based on the mean ICs, of DOX
against the eight human MIBC cell lines in the online
Sanger Institute dataset (0.16 £ 0.07 uM = 0.09 + 0.04
ng/mg),’” this indicates that DPPG,-TSL-DOX combined
with HT results in local DOX levels that are sufficiently

high to reach an anti-tumor effect. HT might further
increase the effect of DOX in tumor tissue because HT is
known to increase cell sensitization and permeability for
drugs, induce denaturation of cytoplasmic structures caus-
ing cell death and stimulate an immune response.*®

Mikhail et al investigated LTLD combined with 60
minutes intravesical conductive HT (with water tempera-
ture of 45°C) in a pig bladder model, and also measured
DOX bladder wall concentrations.”* A dose of 0.7 mg/kg
DOX in LTLD achieved DOX concentrations of 9.7 + 0.67
png/g and 4.09 £ 0.67 pg/g in mucosal and detrusor muscle
layer, respectively. Compared to LTLD, 1.4 higher dose of
DPPG,-TSL-DOX used in our experiments (~1.0 mg/kg)
led to DOX concentrations in the mucosa and detrusor that
were 2.6- and 3.2-fold higher. The differences in DOX
release from liposomes could be attributable to the liposo-
mal composition. The hyperthermia modality presum-
ably does not play a major role.*

When intravesical DOX was combined with HT, the
bladder wall concentrations were similar to the cold intra-
vesical DOX instillation in pigs. In contrast, in patients,
intravesical mitomycin-C instillation combined with RF-
induced HT (RITE/CHT) led to higher MMC bladder wall
concentrations.>® Whether this difference is related to the
drug examined or to instillation in a healthy versus sick
bladder remains to be established.

As anticipated, DPPG,-TSL-DOX with HT resulted in
a significantly lower DOX concentration in the heart and
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kidneys compared to iv free DOX with HT (both twice as
low). Intravesical DOX led to the lowest DOX concentra-
tions in all organs. This is particularly important since
cardiotoxicity is the most prevalent and hazardous side
effect of systemic DOX administration in patients.***
Surprisingly, DOX concentrations in spleen and lung
were six- and seven-fold higher, respectively, after a
three times higher dose of DPPG,-TSL-DOX, compared
to a low dose. The observed increase in DOX concentra-
tion in these organs, which appears to be more prominent
after a full dose, might be the result of the interaction
between mononuclear phagocyte system (MPS) immune
cells and liposomes.*'** These phagocytic cells, such as
macrophages, are located in the liver, spleen and kidneys,
bone marrow and lymph nodes.* In pigs, an additional
and important part of the MPS is represented by large
amounts of pulmonary intravascular macrophages
(PIMs).** MPS cells bind to liposomes and eliminate
them from blood circulation, possibly explaining the
increased DOX concentrations in these organs. Previous
studies have shown that liposome-MPS interaction is not
necessarily problematic for translation into a human set-
ting: radiolabeled liposomes with the same composition as
Doxil accumulate in liver and spleen in humans,'® but
despite the interaction of Doxil and the MPS, little toxicity
of these organs has been reported over the years.*
Moreover, humans are believed to lack PIMs*® and, there-
fore, the relevance of the DOX accumulation in lungs of
pigs for clinical translation is uncertain. Lastly, the DOX
measurements in this study could not distinguish free
DOX

DOX. High concentration of encapsulated drugs do not
47

from non-bioavailable liposome-encapsulated

necessarily cause increased toxicity,” ' and therefore, we
might overestimate the impact of the DOX on organs.
Implications of organ DOX concentrations on long-term
organ function warrants further research.
Pharmacokinetics could only be assessed grossly with the
interval between blood sampling being 15 minutes. The DOX
TY%# and AUC after 20 mg/m? iv free DOX were 1.6 minutes
and 9.3 ng*min/uL, which is similar to the pharmacokinetics
of DOX in pigs of earlier studies.**** The T"4B of DOX in
humans is about 30 hours,’ thus the hepatic clearance of DOX
is remarkably faster in pigs than in humans. The DOX T'2B
and AUC after 20 mg/m* and 60 mg/m? DPPG,-TSL-DOX
were 19 min and 25 min, 105.1 ng*min/uL and 443.4
ng*min/pL, respectively. Although the T'28 and AUC fol-
lowing DPPG,-TSL-DOX administration were substantially
longer than after iv free DOX, likely reflecting TSL-

encapsulated DOX,, the clearance was faster than anticipated.
In cats, a species that also has resident PIMs,”® the AUC of
serum DOX levels was of the same magnitude as the AUC in
our pig study following DPPG,-TSL-DOX administration.”®
Sixty percent of the DPPG,-TSL-DOX dose (0.6 mg/kg) of
the full dose used in our pigs (~1 mg/kg) resulted in an AUC,._
135min Of 404 ng*min/puL in cats. The alpha T2 could not be
determined due to the limited serum sampling timepoints of
every 15 minutes. The faster clearance of liposomal DOX in
pigs and cats than expected is likely attributable to DOX
uptake by MPS including PIMs, as discussed. Also, the
mean body temperature of pigs during the procedure was
37.3+0.9°C, could be underestimated since it was measured
in the nose, which presumably has caused systemic DOX
release. Other factors that could affect the circulating DOX
half-life, are the method of HT and the heating volume which
influence the local DOX release from DPPGQ—TSL.5 !
Moreover, lipid dosage™ and vesicle size®* can influence
pharmacokinetics of liposomes. Our expectation is that the
DOX half-life following DPPG,-TSL-DOX administration
will be longer in humans, due to the absence of PIMs, the
lower mean body temperature of humans and the slower
DOX clearance.

Six of the twelve pigs developed a life-threatening infusion
reaction including cardiopulmonary distress within minutes
after DPPG,-TSL-DOX administration. This liposome-
induced infusion reaction is a known phenomenon in pigs
and is also referred to as complement activation-related pseu-
doallergy (CARPA), as it is caused by activation of the com-
plement system.>* In addition to the complement system, PIMs
may also play a role in the induction of an infusion reaction in
pigs.**>* However, no DPPG,-TSL-DOX based infusion reac-
tion was observed in cats® despite the presence of pulmonary
resident PIMs. Infusion reactions in human have also been
described for both Doxil and LTLD. However, these reactions
were infrequent and less severe in humans than in pigs.>>>>~°
Slow infusion protocols have proven to be successful in limit-
ing infusion reactions and may overcome this problem.’’
Future studies should address the potential infusion reaction.

All animals exposed to HT had PWTR of the bladder wall
and two of the pigs showed transmural necrosis due to HT.
PWTR is a common and clinically irrelevant finding in
NMIBC patients treated with intravesical RF-induced HT.*
Transmural necrosis has not been objectified in humans since
the bladder lumen is first evaluated at cystoscopy, six weeks
after CHT treatment. Therefore, the relevance of this observa-
tion is unknown.
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Intra- and inter-variability of bladder wall temperatures
measured by different TCs was observed. Most likely these
differences were caused by inhomogeneous heating of the
RF-emitting antenna or interference of RF with the tem-
perature measurements by TCs. The mean bladder tempera-
ture of one animal that received DPPG,-TSL-DOX with HT
only reached 38.7°C. Nevertheless, the bladder DOX con-
centrations of this animal were similar to the other two
animals in the same group, suggesting that the temperature
was sufficient for DOX release from the liposomes.

A limitation of the current study is the presence of
PIMs, the higher mean body temperature, and the higher
susceptibility for infusion reactions in pigs compared to
humans. As a consequence of our study design, direct and
long-term toxicity could not be assessed. Also, DOX mea-
surements could not distinguish free DOX from non-bioa-
vailable liposome-encapsulated DOX.

Conclusion

Intravenous administration of DPPG,-TSL-DOX combined
with RF-induced HT achieved substantially higher DOX
concentrations and more homogeneous DOX distribution in
the bladder wall, compared to iv free chemotherapy and
intravesical instillation with DOX. DPPG,-TSL-DOX with
HT provided lower DOX accumulation in the heart and
kidneys, compared to iv free chemotherapy. Intravesical
DOX led to the lowest organ DOX concentrations. These
findings provide compelling evidence that DPPG,-TSL-
DOX with HT could overcome the efficacy of conventional
DOX application and has the potential to attain a role in
MIBC treatment.
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