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Abstract

Thermosensitive liposomes (TSLs) are a drug delivery system for targeted delivery
that release the encapsulated drug when heated to fever temperatures (~40-42°C).
Combined with localized hyperthermia, TSLs allow precise drug delivery to a targeted
region. While mostly investigated as cancer therapy, other applications including
treatment of local infections and wound healing have been explored. Over the last
~40 years, numerous TSL formulations and payloads have been investigated. As with
other nanoparticles, the addition of targeting molecules to TSL has been examined to
improve targeted delivery. TSL release kinetics and plasma stability are two important
factors that affect efficacy, and new formulations often aim to further improve on these
properties. The possibility of encapsulating a magnetic resonance (MR) contrast agent
that is released together with the encapsulated drug allows for visualization of drug
delivery with MR imaging. Various heating modalities have been examined in com-
bination with TSL. Since the goal is to expose a defined tissue region to uniform tem-
peratures within the range where TSLs release (typically ~40-43°C), the choice of an
appropriate heating modality has considerable impact on treatment efficacy. Several
ongoing clinical trials with TSL as cancer therapy suggest the potential for clinical
impact in the near future.

Keywords: liposomes, thermosensitive liposomes, triggered release, hyperthermia,
drug targeting, drug delivery

1. Introduction

Surgical resection, radiation therapy, and chemotherapy are the three primary cancer treat-
ment modalities. While chemotherapy is used in the treatment of almost all cancers, it has
challenges and limitations. Most of the chemotherapeutic agents are highly cytotoxic to both
cancer and normal tissues. Often chemotherapy is administered systemically, meaning it is
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not directed to the cancerous tissues. The drug uptake by normal tissues causes off target
effects including severe toxicities to different organs such as heart, liver, or kidneys, immune
system, and others. In quite a number of cases, the toxicity profile of the drug limits the maxi-
mum tolerated dose (MTD) that can be administered. It is well known that inadequate dose
is a primary cause for tumor recurrence and development of drug resistance. Thus, typically
the highest possible dose is given to a patient to maximize the amount taken up by the cancer-
ous tissues. All these factors have led to the development of methods to direct the drug to the
tumor tissue, including various nanoparticles such as liposomes.

Liposome-encapsulated drug has evolved as a very potent source of directing the drug to the
site of tumor. There are several ways by which a drug can be targeted to the tumor using lipo-
somes. Kunjachan et al. review the various methods by which liposomes can be used to target
the tumors [1]. Standard chemotherapy involves the administration of free (i.e., unencapsu-
lated) drug (Figure 1A). Encapsulating the drug within a liposomal formulation allows pro-
longed blood circulation with very limited tissue uptake. Liposomes and other nanoparticles
are most often based on passive targeting (Figure 1B). That is, they rely on the enhanced per-
meability and retention (EPR) effect resulting from leaky tumor vessels combined with absent
lymph drainage in most tumors [2]. As a result, liposomes preferentially accumulate within
the tumor over typically 24-48 hours. Tumors can be actively targeted by adding antibodies
to the liposome surface, which are specific to either the cancer cells themselves (Figure 1C),
or specific to the endothelial cells of the tumor vasculature (Figure 1D). One limitation of this
antibody-based approach is that due to the heterogeneity of tumors, not all tumors or cancer
cells have the unique antigen for the targeting antibody to bind. Another targeting method
includes the use of an external trigger to release the drug either within the interstitium (i.e.,
after letting the liposomes accumulate via EPR effect) (Figure 1E1) or by releasing the drug
within the vasculature of the tumor (Figure 1E2). The latter method requires liposomes specif-
ically designed to respond to the specific trigger. Depending on the liposome, various exter-
nal energy sources or biological signals may trigger drug release; these include heat, light,
pH, and ultrasound, among others. In this chapter, we will focus on using heat as trigger, i.e.,
we will discuss in detail the evolution and current status of thermosensitive (or temperature
sensitive) liposomes (TSLs).

FREE DRUG PASSIVE DRUG CANCER CELL ENDOTHELIAL CELL TRIGGERED DRUG
TARGETING

TARGETING TARGETING RELEASE

1 /
TUMOR ) TUMOR \ I ‘
(D) (E)

Figure 1. Current drug targeting strategies. (A) Conventional therapy or free drug infusion. (B) Passive targeting by
liposomes utilizing EPR effect. (C) Active targeting of liposomes labeled with tumor-specific antibody. (D) Active
targeting of liposomes with endothelial cell-specific antibody. (E) Triggered drug release either (1) within the tumor
interstitium or (2) intravascular release. TSL fall into this last category reproduced with permission from Ref. [1].
Copyright (2015) American Chemical Society.
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The strategy is that TSLs are administered systemically, followed by local hyperthermia (>40-
42°C). The local hyperthermia triggers drug release within the targeted region, by which the
drug becomes bioavailable and can exhibit the intended cytotoxic effect. Thus, the combina-
tion of TSL with a localized heating modality allows for localized drug delivery.

Note, however, that TSLs may have additional clinical applications outside cancer therapy, as
there are various other clinical indications where it is necessary to deliver a drug targeted to
a specific region within the body.

2. Background: evolution of thermosensitive liposomes (TSLs)

Liposomes as carriers of therapeutic drugs have been long investigated as a tool for improv-
ing the therapeutic index (i.e., decreasing the toxicity associated with drug delivery, while
improving delivery to tumor). In 1995, Doxil [3] became the first nanoliposomal drug to be
approved by Food and Drug Administration (FDA). However, with liposomes, a major limi-
tation was directing the liposomes to the tumor. Initial liposomal formulations such as Doxil
depend on preferential passive liposome accumulation based on the enhanced permeability
of the tumor blood vessels, together with the lack of lymph drainage (EPR effect). However, it
takes a considerable time (about 1-2 days) for the liposomal drug to accumulate within tumor.
Moreover, the drug accumulated within the tumor is not bioavailable as it is still encapsulated
within the liposomes [4]. The result was that Doxil achieved reduced toxicity while efficacy
was in general not better than unencapsulated drug.

In 1978, Yatvin et al. [5] suggested for the first time the use of temperature sensitive lipo-
somes (TSLs) (i.e., liposomes that release the encapsulated drug in response to heat) com-
bined with hyperthermia for targeting the drug to tumors or local infections. The basic idea
was to administer this liposomal drug systemically, and then expose only the tissue region
where drug delivery is intended to hyperthermia. They proposed to use slightly higher tem-
perature (42-44°C) than normal body temperature (37°C) to target drug delivery. This first
TSL formulation used the two lipids dipalmitoyl phosphatidylcholine (DPPC) and distearoyl
phosphatidylcholine (DSPC) to make liposomes sensitive to heat. DPPC and DSPC have “lig-
uid-crystalline transition temperatures (Tm)” of 41 and 54°C, respectively; here Tm is the
temperature at which the lipids undergoe a transformation from a solid gel-like structure
(i.e., highly impermeable to hydrophilic substances) to a highly permeable liquid structure.
These liposomes are now often termed as traditional thermosensitive liposomes (TTSLs) [6].
The reason that two lipids were used is because TSLs were too leaky when only a single lipid
was used. Hence, a combination of DPPC and DSPC (ratio 3:1) was used, and these first TSLs
encapsulated the antibiotic neomycin with the aim of treating bacterial infections.

Use of TTSLs for cancer treatment was first tested by Weinstein et al. [7] in 1979 in mice-carry-
ing lung cancer. They showed that there was a fourfold increase in the amount of methotrex-
ate delivered to heated tumors using the initial TTSL composition with slightly varied ratios
(DPPC:DSPC =7:3). A major limitation of this initial formulation was the quick elimination of
the liposomes within 1 hour of the infusion.

189



190

Liposomes

In the following decades, various modified compositions were proposed based on the origi-
nal formulation above. The primary goal was to increase the liposome stability and reduce
leakage of the contained drug when exposed to serum [8]. This search led to the incorpora-
tion of cholesterol to the composition of liposomes [8, 9]. Gaber et al. showed that by using
cholesterol, the phase transition can be avoided as the lipids are in liquid-ordered phase
[10]. However, the incorporation of cholesterol delayed the complete release of the encapsu-
lated drug doxorubicin to about 30 minutes at 42°C. Also around the same time, strategies
were developed for circumventing the reticuloendothelial system and the immune system
[11], which was addressed by the incorporation of polyethylene glycol (PEG) in the 1990s.
Some studies showed that clearance of TSL was size dependent [12]. Larger liposomes were
cleared quickly whereas smaller liposomes took a longer time to be cleared. However, small
liposomes are less stable at normal body temperature (37°C). Hence, liposomes in the size
range of 50-200 nm were recommended [12]. Around the same time mid-1990s, Kono et al.
[13, 14] proposed the incorporation of thermosensitive polymers into liposomes to make
them temperature sensitive. TSLs carrying polymers such as poly (N-isopropylacrylamide)
were being evaluated [14]. However, a major setback for using these polymers was that they
were not biodegradable. The next major breakthrough occurred in 2000 when Needham
et al. [15] reported the successful incorporation of lysolipids and PEG into the liposomal
lipid composition (DPPC:MPPC:DSPE-PEG2000 in the ratio of 90:10:4). Lysolipids are
derivatives of lipid in which acyl derivatives are removed by hydrolysis making them more
hydrophilic. The incorporation of lysolipids caused the rapid release of the encapsulated
doxorubicin at hyperthermia temperatures (42°C). These have been called as lysolipid tem-
perature-sensitive liposomes (LTSL). LTSL released much more rapidly (seconds) than prior
formulations [16]. LTSLs were found to substantially improve delivery efficacy, with 3.5
times enhanced tumor drug delivery compared to TTSL, and ~17 times higher than unen-
capsulated drug [17]. A formulation similar to the one proposed by Needham is so far the
only TSL formulation that made it into human clinical trials. However, the plasma half-life
of LTSL is still not ideal with median initial plasma half-life of about 1 hour in humans and
1.5 hours in dogs [18, 19].

In 2004, Lindner et al. proposed a novel formulation based on the new lipid 1.2-dipalmitoyl-
sn-glycero-3-phosphoglyceroglycerol (DPPG,) with prolonged plasma half-life and similarly
short release rates as LTSL [20, 21]. Initial studies with DPPG,-TSL filled with carboxyfluores-
cein (CF) demonstrated initial plasma half-life 5 hours in rats [20]. More recent studies with
doxorubicin-filled DPPG,-TSL in cats showed plasma half-life of around 1 hour [22], similar
to doxorubicin-LTSL.

As naturally occurring lipids were used for making TSL, they are usually considered safe.

2.1. Extravascular release versus intravascular triggered release

Three key requirements must be fulfilled by TSLs to be effective:
* Encapsulation of therapeutically relevant drug payload with minimum leakage.
¢ Avoidance of mononuclear phagocyte system (MPS) to prolonged circulation.

* Release of the payload (encapsulated drug) at target location (e.g., tumor).
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The delivery strategy of initial liposome formulations (nonthermosensitive Stealth liposome,
e.g., Doxil) was based on passive accumulation in tumor interstitial space (Figure 1B), followed
by slow release within the interstitium (extravascular release). Since TSL release is actively
triggered, TSL-based delivery may be used based on either of two delivery approaches: extra-
vascular and intravascular triggered release (indicated by (1) and (2) in Figure 1E), based on
whether release occurs inside the vasculature/blood or in the tumor interstitium. For extravas-
cular triggered release, the targeting is passive and mostly relies on the EPR effect. For intra-
vascular triggered delivery, there is no explicit-targeting mechanism, but rather targeting is
based by location where heating is induced.

Since extravascular triggered release requires passive accumulation of TSL in the tumor inter-
stitium before trigger of release, there is a necessary time delay between TSL administration
and hyperthermia (typically several hours). This also means that TSLs of adequate plasma
stability are required, with a plasma half-life exceeding many hours. Computer models sug-
gest that the optimal release rate for extravascular triggered release is in the order of many
minutes to hours [16, 23].

For intravascular triggered release, hyperthermia occurs ideally immediately after, or even dur-
ing TSL administration [24]. This is because any leakage of drug after delivery is detrimental
during intravascular triggered delivery, as it reduces the amount available for release. Thus,
plasma stability requirements are less stringent than for extravascular triggered delivery.
Release occurs while TSLs transit the heated tumor region; this transit time is in the range of a
few seconds for most tumors, and thus ideally TSL should release very rapidly (within seconds).

Both intravascular and extravascular triggered approaches are the subject of ongoing preclini-
cal studies as described in the previous section [25, 26]. It is interesting to note that, while
the benefit of faster releasing TSL has been demonstrated in 2000 [17], it was only elucidated
recently that intravascular triggered delivery was the dominant delivery mechanism, and
responsible for improved delivery with fast-release TSL [16, 27].

Table 1 summarizes the differences between intravascular and extravascular triggered release.

Mathematical models are an effective tool to evaluate different TSL delivery strategies and drug
transport kinetics. Such models have several advantages which include: ability to utilize a large
body of physiological and physiochemical data, prediction of pharmacokinetics and target tis-
sue dose, and extrapolation of results both across species and routes of administration [28, 29].
The latter point is of relevance since results from experimental animal studies often do not
translate into human patients, and models can thus help explain such deviations [30].

Drug delivery system Tumor targeting Initiation of heating Typical TSL leakage Ideal TSL release rate
rate

Extravascular Passive (EPR) Hours after TSL hours-days hours

triggered TSL (TSL-e) infusion

Intravascular Active via heat During, or minutes seconds

triggered TSL (TSL-i) source immediately after

TSL infusion

Table 1. Comparison of TSL for intravascular and extravascular triggered release.
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In 2012, extravascular and intravascular triggered release approaches were compared using a
mathematical model [16]. Specifically, the following drug delivery strategies were compared
based on the chemotherapy agent doxorubicin: (1) unencapsulated drug; (2) nonthermosensi-
tive stealth liposomes; (3) intravascular triggered TSL (TSL-i); and (4) extravascular triggered
TSL (TSL-e). The models predict that intravascular triggered release results in considerably
higher drug uptake by cancer cells (i.e., efficacy) compared to the other delivery modalities
(Figure 2). During intravascular triggered delivery, new TSLs enter the tumor vasculature
and release drug as long as hyperthermia is present. The systemic blood volume thus serves
as reservoir of nonbioavailable drug that becomes bioavailable when entering the target tis-
sue region.

2.2. Release kinetics

As described above, the intravascular triggered delivery strategy is most effective when TSLs
have very rapid release, within seconds. This is the reason why the later, fast-release formula-
tions that release within seconds greatly improved drug accumulation in tumors compared to
early formulations that required many minutes to release (Figure 3). Unfortunately, plasma

A Free-DOX B slow TSL-i-DOX
10 ; 30 :
S 6 3%
= : = ;
5 4 5
o) a 10
0 0
0 01 {20 30 40 50 0 1 2 140 50
Time [h] Time [h]
C fast TSL-i-DOX D TSL-e-DOX
150 ; 150
S 100 = 100 plasma
E E extravascular extracellular
x x intracellular
Q 50 8 50
0 E 0 [\ﬁ
0 1 2 140 50 0 10 20 30 40 50
Time [h] Time [h]

Figure 2. Doxorubicin concentrations (unencapsulated drug) in plasma, extravascular-extracellular space (EES), and
inside cells are plotted over time for different delivery systems: (A) free-DOX (unencapsulated drug), (B) slow-release
TSL-i-DOX (release rate ~min), (C) fast-release TSL-i-DOX (release rate ~seconds), and (D) TSL-e-DOX [7]. Hyperthermia
for 30 minutes was applied immediately for TSL-i, and after 24 hours for TSL-e (to allow for TSL accumulation in EES).
Reproduced from Ref. [16].
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Figure 3. (A) Graph shows release rate during hyperthermia (40-41°C), as TSL stability at body temperature (37°C),
comparing a slow-release formulation and a newer fast-release formulation (reproduced from Ref. [16]). (B) Graph
shows a release rate within first few seconds between 39 and 45°C of a fast-release formulation in fetal bovine serum
(FBS) (unpublished data). TSLs were prepared according to Needham et al. [15] with slight modifications. (DPPC:
MSPC: DSPE-PEG2000 85.3:9.7:5), and loaded with Dox using a citrate-based pH gradient.

stability is directly tied to release during hyperthermia, i.e., typically the faster a liposome
releases when heated, the more this liposome leaks at body temperature (Figure 3A) [26].

2.3. Intravital microscopy

Intravital microscopy is an important technology that enables visualization of drug release
and uptake at microscopic scales. This enables better understanding of how the drug is taken
up by the tumor once it is released from the TSL. Using fluorescent compounds such as CF or
doxorubicin, it is possible to observe the drug in different compartments (e.g., inside vascula-
ture and cells). This imaging methodology requires visual access to tumors, which is typically
provided by windows (Figure 4).

Figure 4. Window chamber in a mouse. Reproduced with permission from Ref. [32]. Copyright (2013) Nature Publishing.
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A detailed procedure of implantation of a window chamber was explained by Ritsma et al.
[31]. A small viable piece of tumor (~1-3 mm?) is transplanted into the fascia of the dorsal skin
flap which is placed within a window chamber of the recipient mice [32]. To allow visualiza-
tion during hyperthermia, the tumor needs to be heated. For this purpose, a special heating
coil has been developed that allows the uniform heating of these window chambers carrying
tumors. The imaging takes place while animals are under anesthesia, after TSLs have been
administered. While tumors are exposed to hyperthermia, tumors are imaged using confocal
fluorescence microscopes using appropriate excitation and emission filters depending on fluo-
rescence properties of the molecule. Figure 5 demonstrates the uptake of doxorubicin released
from the TSL within the blood during hyperthermia, and drug uptake by cancer cell nuclei.

Cellular

2000 Vascular

1000

Fl. Intensity (AU)

o

0 15 30 45
time (min)

Figure 5.Intravital fluorescence microscopy demonstrates intravascular triggered release. Images show labeled
endothelial cells (green) and doxorubicin fluorescence (red). Tissue accumulation and cell uptake are demonstrated
during hyperthermia-induced release from TSL (30 minutes, 42°C), (A) after 5 minutes and (B) after 20 minutes (field
of view (FOV) 500 x 500 pum). (C) Subcellular doxorubicin localization is observed at higher magnification (inlet). (D)
Aggregate fluorescence within vessels, interstitium (EES), and intracellular regions extracted from image data in (A)
and (B). These data demonstrate triggered initial intravascular release, followed by tissue uptake within EES and cells.
Unpublished data courtesy of Dr. Timo ten Hagen.
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2.4. Targeted thermosensitive liposomes

Various targeting moieties such as antibodies are nowadays widely used for targeted deliv-
ery of liposomes and other nanoparticles and have also been investigated for TSL. The idea
of attaching an antibody to a TSL was reported by Sullivan and Huang [33] as early as 1985.
Sullivan and Huang [33] used covalently attached antiH2Kk antibody to a palmitic acid deriv-
ative to make heat sensitive immunoliposomes (with DPPC) carrying carboxyfluorescein.
They used a similar approach to successfully deliver uridine inhibitors to lymphoma cells
in vitro. However, in vivo evaluation in mice carrying human ovarian cancers did not yield
encouraging results. This was attributed to the leakiness of the liposomes, which used egg
phosphatidylcholine, egg phosphatidylglycerol, cholesterol, and phosphatidylethanolamine
in the ratio 38.1:4:32:1.9 [34].

With the development of newer TSL formulations (e.g., LTSL), there has been an increased
interest in conjugating targeting molecules to TSL, particularly to those carrying the chemo-
therapeutic drug doxorubicin. Antibodies, peptides, and aptamers have been successfully
added to TSLs. Table 2 summarizes the targeting molecules that have been used.

Antibodies targeting common receptors found in cancers such as human epidermal growth
factor receptor 2 (HER-2) [35] and epidermal growth factor receptor (EGFR) [36] have been
conjugated to LTSL carrying doxorubicin that are being evaluated in animal models. Kullberg
et al. [37] showed that adding listeriolysin O along with HER-2 antibody enhanced cytoplas-
mic delivery of the cargo.

Similarly, Na et al. added elastin-like peptide (ELP), which significantly improved the drug
uptake within cells [38].

References Type Targeting molecule Target Payload encapsulated
[33] Antibody Anti H2Kk H2Kk Carboxyfluorescein
[35] Antibody Anti Her-2 Her-2 Calcein
[36] Antibody Anti EGRF EGFR Calcein, Dox
[38] Peptide Val-Pro-Gly-Val-Gly Intracelluar delivery Dox
[39] Peptide Cys-Arg-Glu-Lys-Ala Clotted plasma proteins ~ Dox
in tumor vessels

[40] Peptide Arg-Cys-D-Phe-Asp- tumor and angiogenic Dox

Gly endothelial cells
[41] Peptide CCRGDKGPDC avp3-positive cells Dox
[42] Aptamer AS1411 nucleolin receptors Contrast agent (Gd-DTPA)
[43] Peptide cargo Bone regeneration 107-111 pentapeptide of the

parathyroid hormone-related
protein

Table 2. Targeted thermosensitive liposomes.
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Moreover, peptides that target tumors have also been added to TSLs. Wang et al. added the
tumor homing pentapeptide (Cys-Arg-Glu-Lys-Ala) (CREKA) to TSLs and evaluated their
efficacy in MCF-7 bearing nude mice [39]. Dicheva et al. [40] added a cyclic pentapeptide to
TSL-doxorubicin improving the drug uptake and delivery. Deng et al. [41] improved the anti-
tumor efficacy by adding the iRGD peptide.

Most recently, Zhang et al. [42] used an aptamer conjugated TSLs loaded with contrast agent
that targeted the nucleoporin receptors. Besides displaying excellent biocompatibility, they
showed promise in the early detection of cancers.

In a somewhat different application, Lopez et al. developed a collagen-based scaffold to which
TSLs were covalently attached via targeting molecule to slowly release a peptide cargo with
proosteogenic effect from the scaffold [43].

3. Payloads

Ever since the initial studies where neomycin was encapsulated in TSL [5], several other drugs
and reporter molecules have been encapsulated by various TSL formulations and evaluated.
Several combinations have successfully made it to various stages of preclinical and clinical
trials. A brief overview of the compounds that have been successfully encapsulated will be
reviewed here.

The fluorescent reporter carboxyfluorescein (CF) has been the molecule of choice for studying
the release kinetics of TSLs. Starting from the initial studies until today, CF has been used in
the study of various TSL combinations. Other fluorescent molecules such as calcein have also
been used to study TSL release.

Yatvin et al. encapsulated cisplatin (cis-dichlorodiammineplatinum(II)) in 1981 [44] and eval-
uated against mice tumor sarcoma. This suggested that a whole array of different compounds
could be encapsulated by TSLs. However, until the late 1980s, only water soluble compounds
were being encapsulated into TSLs.

Doxorubicin is an amphiphilic compound that was encapsulated into the TSL toward the
end of 1980s. Doxorubicin is a highly cytotoxic chemotherapeutic drug belonging to the
group of anthracyclines, with several off target effects such as cardiotoxicity and myelo-
suppression. Tomita et al. encapsulated doxorubicin in DPPC: cholesterol-based TSL to
improve stability [45]. Other formulations further attempted to improve TSL stability [10,
46]. Unezaki et al. reported the active loading of doxorubicin against a pH gradient into
TSLs [47], which resulted in more than 90% encapsulation efficacy. The TSL composition
developed by Needham et al. [15] is the formulation that progressed furthest toward clinical
use, with ongoing clinical trials that will be discussed later. One of the significant develop-
ments that occurred more recently for TSL-Dox was the incorporation of contrast agents.
Several researchers encapsulated doxorubicin along with gadolinium-based contrast agents
[48-50]. This provided the ability of monitoring the release of a contrast agent from TSL
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and subsequent tissue uptake by magnetic resonance imaging (MRI), indicating the tissue
regions where doxorubicin may be delivered to.

Following doxorubicin, several groups encapsulated other drugs belonging to the same fam-
ily of anthracycline drugs in TSL, including daunorubicin, idarubicin, and epirubicin. The
initial studies with daunorubicin in the mid-1990s in mice models of sarcoma were disap-
pointing [51]. However, more recent studies with newer formulations of idarubicin-TSL
showed superior survival rate and tumor growth inhibition as compared to free idarubicin
[52]. Similar results were demonstrated with epirubicin-TSL in animals [53].

The successful encapsulation of anthracyclines with high efficiency prompted the search for
other molecules with high encapsulation efficiency. Liu et al. [54] reported that using metal
ions such as Zn or Cu could lead to high efficacy in encapsulation of cisplatin. Moreover, the
presence of metal bound liposomes increased the cytotoxicity.

Apart from anthracyclines [65], the drugs bleomycin [55], melphalan [56], placitaxel [57],
docetaxel [58], and gemcitabine [59] have been encapsulated into TSL and delivered to
tumors, while reducing systemic drug toxicities.

Another fluorescent compound that was successfully encapsulated in TSL is the cancer drug
5-fluorouracil. Sabbagh et al. used a lipid combination containing DPPC, cholesterol, and
PEG to encapsulate 5-fluorouracil. They further found that complexing 5-fluorouracil with
copper-polyethylenimine improved the stability of the liposomes with a higher encapsulation
efficacy [60].

Recently, vinorelbine was encapsulated into a TSL formulation [61]. Vinorelbine is a wide
spectrum chemotherapeutic agent used in treatment of breast, lung, and liver cancers.
However, free vinorelbine is associated with venous toxicity causing blisters when infused
directly into the blood. The authors reported that combining vinorelbine-TSL with hyperther-
mia resulted in enhanced antitumor activity. In another study, Wang et al. showed that [62]
vinorelbine-TSL in combination with radiofrequency ablation (RFA) improved the survival of
micecarrying liver tumors.

Another interesting recent application of TSL is the targeted delivery of the antibiotic cipro-
floxacin to aid wound healing. Wardlow et al. [63] demonstrated the encapsulation of cipro-
floxacin in TSL, and used these for delivery to hyperthermic areas using a rat model. They
suggested that this formulation could be used for chronic wound healing. However, work still
remains to evaluate these TSLs in an animal model of chronic would healing.

Most recently, it was reported that chemotherapeutic drugs vincristine and doxorubicin
were coloaded into TSL in combination. Li et al. showed that multiple drug loading could be
achieved to exploit the synergy between drugs [64].

It should be noted that each drug has to be individually tested, i.e., there is no single TSL
formulation that would work for all drugs. In addition, the release rate and leakage will vary
for different drugs, and it may not always be possible to achieve rapid release within seconds
as is ideal for intravascular triggered release. Table 3 summarizes the drugs that have been
encapsulated in a TSL formulation and the liposomal composition.
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References Composition Ratio Cargo/payload

[5] DPPC, DSPC 31 Neomycin

[7] DPPC, DSPC 7:3 Methotrexate

[44] DPPC, DSPC 7:1 Cisplatin

[45] DPPC, Cho Doxorubicin

[10] DPPC, HSPC, Cho, PEG 100:50:30:6 Doxorubicin

[51] DSPC:Cho Daunorubicin

[52] DPPC:DSPC:DSPE-PEG 6:3.5:0.5 Idarubicin

[53] DPPC:MSPC:DSPG:DSPE-mPEG2000 82:8:10:4 Epirubicin

[55] DPPC: DSPC 9:1 Bleomycin

[56] Phosphatidyl choline, cho Melphalan

[57] DPPC:MSPC:DSPE-PEG2000:DSPG 83:3:10:4 Paclitaxel

[58] DPPC:DSPE:PEG2000:EPC:MSPC: DTX 82:11:4:3:4 Docetaxel

[59] DPPC:DSPC:DPPG, 50:20:30 Gemcitabine

[60] DPPC:CHO:DSPE-PEG 90:5:5 5-Fluorouracil

[61] DPPC:MPPC:DSPE-PEG2000 86:5:4 Vinorelbine

[63] DPPC:MSPC:DSPE-PEG 85.3:9.7:5.0 Ciprofloxacin

[64] DPPC: DSPE-PEG2000: MSPC 75:17:8 Doxorubicin & Vincristine
[48] DPPC:MSPC:DSPE-PEG2000 85.3:9.7:5.0 Doxorubicin & ProHance®

Table 3. Thermosensitive liposomes composition and payloads.

4. Heating modalities

TSLs have been used successfully in combination with various heating modalities in both
animal models and in human clinical trials. Some of these heating modalities include devices
already in clinical use; others have only been used in animals. Ideally, only the targeted tissue
region is exposed to temperatures within the range where TSL release (typically above ~40°C).
In addition, higher temperatures (>43-50°C) may result in reduced blood perfusion [66] and
should be avoided since without perfusion TSLs are not transported to the target site. Thus, in
an ideal case, the targeted tissue region should be exposed to a quite narrow temperature range
(~40-43°C). For larger tumors—particularly as can be the case in humans or large animals—
achieving this temperature uniformity in large tissue volumes is challenging, and the hyper-
thermia device becomes an important element affecting TSL-based drug delivery efficacy.

Since deep-seated tumors are typically identified based on medical imaging (e.g., computed
tomography (CT), magnetic resonance imaging (MRI), or ultrasound imaging), TSLs may be
used for image-guided drug delivery. Here, the intent is to deliver drug to a specific region
of the body identified by medical imaging. Since TSLs are administered systemically, image-
guided drug delivery is realized by exposing the targeted tissue volume to hyperthermic
temperatures by image-guided heating devices. Thus, one important aspect that should guide
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the selection of the heating modality is ability to expose only the targeted tumor region to
uniformly hyperthermic temperatures.

4.1. Animal hyperthermia systems
4.1.1. Water bath

Water bath as a heat source has been used extensively in preclinical studies, especially involving
small animals. Usually the animal is anesthetized, hair removed if necessary and the region sur-
rounding the tumor is immersed in a water bath, which is preheated to the required temperature
(usually >40°C). It is essential to make sure that the skin distant from the targeted tumor is not
exposed to the heat from the water bath. For example, some researchers used a water bath cover
made of material that does not conduct heat, with the other parts of the body covered by a poly-
styrene cover [50]. Other studies used a plastic syringe to hold the leg of mice in place to expose
only the tumor to heated water while protecting the other leg from heat [32]. Ultrasound gel or
vaseline has also been applied to protect the tissues surrounding the tumor from heat exposure.

4.1.2. Light sources

Various light sources have been employed to induce hyperthermia, usually for surface heat-
ing of subcutaneous tumors. Several groups used a cold lamp, which emits visible light
(350-700 nm wavelength) [50, 59]. By adjusting the power of the lamp, a target temperature
of ~41-43°C was achieved. White cotton wool was placed around the area surrounding the
tumor to avoid heating and drug delivery.

Near infrared (NIR) lasers (~800-1000 nm wavelength) have also been used as a heating
sources in nanoparticle-based drug delivery systems, which can penetrate tissue to depths
in the range of ~0.5 cm [51, 67, 68]. The diameter of the laser spot can be adjusted by optical
lenses to correspond to the targeted area.

4.1.3. Microwave hyperthermia

Microwave devices have a long history for use in hyperthermia studies [69] and have been
used in combination with TSLs, for example by the first in vivo TSL study by Weinstein et al. in
1979 [7]. They used a system specifically designed to expose subcutaneous rodent tumors to
hyperthermia through microwave antennas placed on the skin. Three other studies also used
surface microwave applicators: one trial in dogs [19], one in cats [22], and a phase I trial in
humans for breast cancer; the latter two used a FDA-approved microwave hyperthermia sys-
tem [70]. While there are also interstitial microwave antennas for heating deep tissue regions
[69], to our knowledge these have not yet been used in combination with TSL.

4.2. Clinically used hyperthermia and thermal ablation devices
4.2.1. Radiofrequency ablation

Thermal tumor ablation is a heat-based cancer therapy, where the cancer is killed by heat
alone, by heating above ~50°C. Most widely used is radiofrequency ablation (RFA), where
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radiofrequency electric current is applied to tissue via electrode inserted into the tumor under
image guidance [71]. The electric current results in localized tissue heating (Figure 6). In the
clinic, RFA is used guided by medical imaging techniques such as MRI, ultrasound, or CT,
and is currently in use for liver, lung, kidney, and other types of cancer.

Since local tumor recurrence often occurs at the margin of the tissue regions killed by heat,
TSLs have been combined with RFA to preferentially deliver chemotherapy to these margins
that are exposed to sublethal, hyperthermic temperatures (Figure 7). This combination is also
being examined in clinical trials for treatment of primary liver cancer.

There are other technologies for tumor ablation similar to RFA used clinically, such as micro-
wave ablation and laser. While these could also be combined with TSL, studies on such com-
binations are not yet available.

4.2.2. High-intensity focused ultrasound (HIFU)

High-intensity focused ultrasound (HIFU) in combination with magnetic resonance imaging
(MRgHIFU) is in clinical use for treatment of tumors by heating them to >50°C (i.e., thermal

Temp (C)l

110.0

50.0

Figure 6. Overview of liver radiofrequency tumor ablation procedure as clinically performed. An RFA electrode
is inserted into the tumor under imaging guidance, and the tumor is killed by heat. Tumor recurrences following
ablation occur primarily in the margin of the ablation zone, where inadequate temperatures were obtained (<50°C). The
combination with TSL delivers drug at high dose to this ablation margin, potentially reducing recurrences. Adapted
from Ref. [72].
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100C 0%

Temp. after DOX concentration
12min ablation 30min post ablation

Figure 7. Combination of tumor ablation with TSL. (a) Two-dimensional (2-D) computer simulation of temperature
(left), and of drug delivery (right), showing drug uptake in the margin of the ablation zone. Results are based on a prior
computer model [73]. (b) Results of a recent porcine animal study (normal liver) demonstrating visible ablation zone,
and (c) drug delivery in the margin of the ablation zone visualized by fluorescence imaging (unpublished results),
qualitatively similar to computer model prediction in (a).

Fluorescence
Intens{ty [AU]

DOX Fluorescence

Temperature

Figure 8.(A) Temperature map during MRgHIFU-hyperthermia measured via MR thermometry, overlaid on
preprocedural proton density-weighted image of rabbit thigh muscle. The targeted tissue region is heated to ~40-42°C
after administration of TSL-Dox. (B) Doxorubicin distribution visualized via fluorescence microscopy in extracted tissue
sample demonstrating localized, image-guided drug delivery. Figure adapted from Ref. [75].

ablation). HIFU employs focusing of ultrasound emitted from external ultrasound transduc-
ers into deep tissue regions, resulting in highly localized tissue heating (~mm range diameter
of focal spot). The focal spot can be electronically steered, allowing precise spatial target-
ing with mm accuracy. A technique named magnetic resonance (MR) thermometry allows
real-time noninvasive imaging of tissue temperature and is ideally suited to monitor and
control HIFU heating (Figure 8A) [73]. MRgHIFU thus allows noninvasive targeted heating of
deep tissue regions while monitoring and controlling desired temperature, thus being ideally
suited for TSL-based drug delivery (Figure 8B) [74-76]

5. Clinical trials

TSL formulations have been evaluated in both veterinary trials as well as in human clini-
cal trials as cancer therapy. TSL formulations using doxorubicin have been evaluated in
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the veterinary clinic for various cancers. A TSL-doxorubicin formulation (ThermoDox® by
Celsion), which is based on the LTSL formulation by Needham et al., has been actively evalu-
ated in the treatment of hepatocellular carcinoma and recurrent breast wall cancers. These
clinical trials are briefly discussed below.

5.1. Animal trials

A phase I clinical trial was conducted in companion dogs with solid tumors (carcinomas and
sarcomas). Of the 20 dogs that were enrolled in the study, from those that were treated at least
twice with TSL-Dox, 12 dogs had stable disease and 6 had partial response. The toxicities
observed were manageable [19].

Similarly, TSL-doxorubicin was evaluated in a pilot trial in the veterinary clinic for the treat-
ment of feline soft tissue sarcoma [22]. Eleven cats with advanced sarcoma were divided into
three treatment groups with increasing dosage of TSL-doxorubicin. Up to six treatments were
delivered every alternate week with a radiofrequency applicator. Two cats in the highest dos-
age group showed partial response. Dosage was well tolerated in all the cats showing poten-
tial for larger studies.

5.2. Human trials

There have been several human clinical trials with TSL-Dox, all with the formulation
ThermoDox® (Celsion Corp.), which is based on the LTSL formulation [15].

The furthest progress has been combining TSL with radiofrequency ablation (RFA) in pri-
mary liver cancer (i.e., hepatocellular carcinoma). The motivation was delivery of high doses
of doxorubicin to the margin of the zone killed by heat, as shown in Figure 6. As there was
a significant proportion of patients that had local tumor recurrence just outside the ablation
zone, there was a strong premise for this approach. Wood et al. [18] reported results at the
conclusion of a phase I study involving RFA and TSL-Dox in liver cancer patients. This safety
trial showed that TSL-Dox was well tolerated with manageable side effects up to a maximum
tolerated dose (MTD) of 50 mg/m? (this is in the same range as the MTD for unencapsulated
doxorubicin). With the successful completion of this phase I trial, TSL-doxorubicin in com-
bination with RFA was fast tracked to a phase III trial for primary/metastatic liver tumors in
the “HEAT trial” (NCT00617981) [77], which unfortunately failed. There have been several
possible explanations that have been attributed to this failure, which have been described in
detail by Dou et al. [78]. However, a retrospective analysis showed that TSL-Dox in combi-
nation with RFA performed better in those patients where the RFA duration was at least 45
minutes [79], which was supported by further animal studies [80]. As a result, a follow-up
phase III trial (“OPTIMA trial,” NCT0211265) was initiated where required RFA duration was
increased, and this trial is ongoing.

Another trial recently initiated in England also focuses on liver cancer (both primary and
metastatic cancer) and combines TSL-Dox with HIFU (“TARDOX trial,” NCT02181075).

In addition, there have been a few phase I and phase I/II trials where TSL-Dox was com-
bined with microwave hyperthermia for recurrent chest breast wall cancer (“DIGNITY trial,”
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NCTO00826085). Zagar et al. reported the results of a phase I study using TSL-Dox in recur-
rent breast wall cancer [70]. Patients who had exhausted all other therapies were enrolled in
this trial. Almost 17% of the enrolled patients showed complete remission and another 31%
showed partial response. Based on the promising results of these prior phase I/II trials, a fol-

low-up trial has been initiated in Europe (“EURO-DIGNITY,” NCT02850419).

Finally, a phase I study has been recently announced in the United States, where TSL-Dox will
be combined with MRgHIFU for treating childhood sarcomas (NCT02536183). Thus, at least
four different ongoing clinical trials are in various stages of recruiting patients.

1. A phaselIstudy of lyso-thermosensitive liposomal doxorubicin and MR-HIFU for pediatric
refractory solid tumors (NCT02536183).

2. Targeted chemotherapy using focused ultrasound for liver tumors (TARDOX)
(NCT02181075).

3. Study of ThermoDox with standardized radiofrequency ablation (RFA) for treatment of
hepatocellular carcinoma (HCC) (OPTIMA) (NCT0211265).

4. Heat-activated target therapy of local-regional relapse in breast cancer patients (EURO-
DIGNITY) (NCT02850419).

6. Conclusion

While TSLs have been first proposed almost 40 years ago, only within the last decade have
first results from clinical trials in humans become available. Animal studies have shown that
in ideal conditions, up to 20-30 times of bioavailable drug can be delivered to the tumor tissue
(measured within a few hours of infusion) as compared to administration of the same dosage
of free drug. TSL benefit from reduced off-target toxicity effects, similar to nontemperature
sensitive liposomes already in clinical use. The efficacy of TSL depends both on the specific
liposomal formulation (e.g., release rate, plasma stability), the encapsulated drug, and on
the specific heating modality. Several such heating modalities are clinically available, with
MRgHIFU being one of the most attractive methods. HIFU is noninvasive, allows exquisite
spatial control of heating with mm accuracy, and combined with MR-thermometry tissue
temperature can be monitored and controlled in real time.

Contrary to most other nanoparticle approaches, TSLs can be employed for image-guided
drug delivery where the goal is to deliver drug to a region identified by medical imaging.
Such an approach may find additional clinical applications apart from cancer. One limitation
of many current TSL formulations is the still relatively short plasma half-life (~1 hour), which
limits the duration available for delivery, reduces the quantity of encapsulated drug available
for release, and also negatively impacts systemic toxicities.

In summary, TSLs represent a highly promising drug delivery approach that has the potential
for considerable clinical impact in the near future.
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Abbreviations

CF Carboxyfluorescein

Dox Doxorubicin

DPPC Dipalmitoyl phosphatidylcholine

DPPG, 1,2-dipalmitoyl-sn-glycero3-phosphodiglycerol

DSPC Distearoyl phosphatidylcholine

DSPE-mPEG2000 Distearoyl glycero phosphoethanolamine

DSPE-PEG-2000 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-
polyethylene glycol 2000

DSPG Distearoyl glycero phosphoglycerol

EPR Enhanced permeability and retention

HIFU High-intensity focused ultrasound

HSPC Hydrogenated soy phosphatidylcholine

LTSL Lysolipid temperature sensitive liposomes

MPPC Monopalmitoyl phosphatidylcholine

MRgHIFU Magnetic resonance-guided high-intensity focused
ultrasound

MSPC Myristoyl lyso glycero phosphocholine

MTD Maximum tolerated dose

PEG Poly ethylene glycol

RFA Radiofrequency ablation

TSL Thermosensitive liposomes

TTSL Traditional thermosensitive liposomes
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