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Abstract

Liposomes have been long used in cancer therapy with great expectations that they can improve efficacy mainly through
enhanced permeation and retention (EPR) effect and reduce toxicity related to un-encapsulated anticancer agents. However,
the advantage of liposomal formulations has not been prominent as anticipated in clinical cancer treatment in contrast to
preclinical results and this has led nanomedicine field to review the experiences of liposomal anticancer products so far to
pursue better strategies. The aim of this review is to look for answers to the questions whether liposomes really increase
efficacy and reduce toxicity of encapsulated drugs in humans by consulting recent several meta-analyses. Based on the meta-
analyses, liposomal formulations have shown comparable or modestly superior clinical efficacy compared to non-liposomal
conventional formulations. Besides, drug-related toxicity, for example, cardiotoxicity of doxorubicin, has been clearly reduced
by encapsulation of cytotoxic agents into liposomes despite carrier-related adverse events are newly occurred. In conclusion,
liposomes are clinically useful in cancer therapy and their value can be raised by applying more advanced and elaborate

strategies through understanding tumor microenvironment.
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Introduction

Since Bangham et al. reported the discovery of liposome in
Bangham et al. (1965), liposome has drawn great attentions
as drug carrier for conventional drugs due to its versatile
nature and it took almost three decades to be approved for
clinical use. In 1995, a sterically stabilized liposomal for-
mulation for doxorubicin, Doxil®, was approved by FDA
for the treatment of AIDS-related Kaposi’s sarcoma and its
indications has been extended to breast cancer, ovarian can-
cer and multiple myeloma (Gabizon et al. 2016). Five years
later, a non-PEGylated liposomal formulation for doxoru-
bicin, Myocet®, was approved in the EU and Canada. These
successes have thrown optimism to many researchers and
companies and led extensive tries to develop liposomal for-
mulations for various conventional drugs. In many cases,
liposome has been tried as a delivery platform of choice to
modify pharmacokinetics and solve formulation difficulties
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of free drugs in life-threatening diseases such as cancer
due to its biocompatibility and versatile physico-chemical
properties.

One of the reasons behind these successes and optimistic
prospects has been suggested to be the Enhanced Permea-
tion and Retention (EPR) effect by which drugs could be
passively directed to the tumor sites with leaky vasculature.
EPR was first reported in the treatment of hepatocarcino-
mas with SMANCS system by Maeda group and expanded
upon other macromolecular and nano-sized drug delivery
systems (Maeda et al. 2016). The high permeable vascu-
lature in tumor allows enhanced permeation for relatively
large particles such as proteins, macromolecules, liposomes,
micelles and other particles into the interstitial space of the
tumor consisted of impaired lymphatic drainage limiting the
clearance of particles from tumor and consequently causing
enhanced retention of the particles (Maeda et al. 2016).

However, there have been reports that nanomedicine
including liposomes did not show EPR effect in many clin-
ical cancers contrary to the preclinical results (Nichols and
Bae 2014). In addition, some pharmaceutical investigators
might hesitate to try liposome as an alternative formula-
tion for their anticancer drugs because liposomes usually
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require more efforts and costs in the way from the labora-
tory bench to clinical trials or to the market compared to
other conventional formulation techniques (Satalkar et al.
2016; Hare et al. 2017). Despite of these doubts, several
other liposomal products have been approved (Table 1)
and under clinical trials at different stages (Table 2),
which indicates that liposomes still have great potential
as drug delivery system. In this regard, there has been
demands to prove the usefulness or advantage of liposomal

formulations over conventional ones especially in clinical
applications. Fortunately, thanks to several meta-analysis
studies, it is possible to some extent to answer to ques-
tions asking that liposomes can really improve efficacy
and reduce toxicity.

The aim of this review is to provide comprehensive
overview regarding clinical usefulness of liposomal for-
mulations by focusing on the several meta-analyses for
liposomal doxorubicin and deliver hopeful message that

Table 1 Liposomal products approved for clinical use

liposome is worth a try for sake of patients.

Products Drug encapsulated  Liposomal size ~ Composition of liposome Year of approval Company
(country)
Anticancer agents
Doxil®/Caelyx® Doxorubicin 90 nm HSPC: cholesterol: PEG2000- 1995 (USA) Sequus, Alza, TTY
(EU) DSPE (56:39:5) biopharma, Janssen
Myocet® (TLC Doxorubicin 150 nm ePC:cholesterol (2:1) 2000 (EU/Canada)  Elan, GP
D-99) Pharm(Spain), Teva
(Poland), Sopheran
Doxorubicin HCI Doxorubicin Approx. 100 nm HSPC: cholesterol: PEG2000- 2013 (USA) Sun Pharm (India),
liposome Inj. DSPE (56:39:5) Caraco Pharm
(Generic of (USA)
Doxil®)
DaunoXome® Daunorubicin 45 nm DSPC:cholesterol (2:1) 1999 (USA) Nexstarm Galen (UK)
discontinued
Mepact® Mifamurtide 1-5 ym DOPS:DOPC (3:7) 2004 (Japan) Takeda
2009 (EU)
Marqibo® (VSLI) vVncristine 100 nm SM:cholesterol (60:40) 2012 (USA) Talon
Onivyde® (MM- Irinotecan 110 nm DSPC:cholesterol:PEG2000DSPE 2015 (USA) Merrimack Pharm
398, PEP02) (3:2:0.015)
DepoCyt® Cytarabine 3-30 um Triolein, DOPC, DPPG, choles- 1999 (USA) SkyPharma
terol
Anti-fungal agents
Abelcet® (ABLC, Amphotericin B 1.6~11 um DMPC:DMPG (7:3) 1995 (USA) Sigma-Tau
lipid complex) (AmB)
Ambiosome® AmB 45-80 nm HSPC:DSPG:cholesterol (2:0.8:1) 1997 (USA) Gilead, Astella
Amphotec® AmB - Cholesteryl sulfate:AmB 1:1 1996 (USA) Ben Venue Lab., Alko
(ABCD, Colloidal discontinued Pharma
dispersion)
Analgesics
DepoDur® (epi- Morphine sulfate - DOPC:DPPG:cholesterol:triolein 2004 (USA) Sky Pharma, Pacira
dural) discontinued Pharm
Exparel® Bupivacaine 24-31 um DEPC:DPPG:cholesterol:tricap 2011 (USA) Pacira Pharm
rylin
Others
Visdyne® Verteporpgin 150-300 nm DMPC:ePC (1:8) 2000 (USA) Norvatis
Epaxal® Inactivated hepatitis — DOPC:DOPE (75:25) 1993 (USA) Crucell, Berna
A virus Biotech
Inflexal® Inactivated hemag- — DOPC:DOPE (75:25) 1997 (USA) Crucell, Berna
glutinin of influ- Biotech

enza virus strains
A&B
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Table 2 Examples of liposomal products under development (from ClinicalTrials.gov)

Stages Products Drug encapsulated Composition of lipo- Company Disease
some
Pre-registration CPX-351 (VYXEOS)  Cytarabine, daunorubi- DSPC, DSPG, choles- Celator Acute myeloid leukemia

cine (5:1)

terol (7:2:1), 100 nm

Transave, insmed

Endovasc, AngioSoma

Celsion

Regulon

Luye Pharma Group

Medigene, SynCore,
Jules Bordet Institute

Taiwan Liposome
Company

Neopharm, INSYS

Peregrine Ophthalmic

Infection of pseu-
domonas aeruginosa
in cystic fibrosis
(administered using
electronic nebulizer)

Restenosis

Hepatic cancer

Pancreatin cancer
(Lipoplatin), lung
cancer (Nanoplatin)

Acute lymphoblastic
leukemia

Pancreatic cancer (tar-
geting to endothelial
cells using cationic
liposome)

Hepatocellular carci-
noma, rectal cancer

Cancer

Glaucoma

Phase 3 Arikace® Amikacin DPPC, cholesterol
(0.2-0.3 um)

Phase 3 Liprostin® PGE1 Sterically stabilized
liposome (100-

200 nm)

Phase 3 Thermodox® Doxorubicin DPPC, MSPC, DSPE-
PEG2000 (thermo-
sensitive liposome)

Phase 3 Lipoplatin® Cisplatin SoyPC, DPPG, choles-
terol, MPEG-DSPE

Phase 3 Vincristine sulfate Vincristin sulfate Unknown

liposome

Phase 2 EndoTAG-1 Paclitaxel DOTAP:DOPC 50:47

Phase 2 Lipotecan® (TLC388) Topotecan Unknown

Phase 2 LEP-ETU Paclitaxel DOPC, cholesterol,
cardiolipin (90:5:5)

Phase 2 POLATO001 Latanoprost Unknown

Phase 2 Liposomal Grb-2 Antisense ODN to DOPC

growth factor recep-
tor bound protein 2
(Grb-2)
Phase 2 Kogenate-Liposomal Kogenate FS (recombi- PEG-coated liposome
nant factor VIII)
Phase 2 Adenosyl-B12 lipo- HL-009 (vitamin B12 ~ Unknown
some gel analog)

Bio-Path Holdings Acute myeloid leukemia

Bayer, Revoly Antihemophilic factor

HanAll Biopharm Atopic dermatitis

Liposomal formulations for doxorubicin

Doxorubicin-containing stealth liposomal product was com-
mercialized in the US as Doxil® and in the EU as Caelyx®.
As shown in Fig. 1, it consists PEGylated liposomal bilayer
with a size of 80-90 nm and the composition of bilayer is
hydrogenated soy phosphatidylcholine (HSPC), cholesterol
(CHOL) and methyl-distearoyl phosphor-ethanolamine
PEG2000 (DSPE-PEG2000) sodium salt in a molar ratio
of 56:39:5 (Barenholz 2012). Originally, the researchers
designed non-PEGylated oligo-lamellar liposomal formu-
lation (OLV-DOX) to fail in a clinical trial because rapid
release of drug from liposomes in plasma resulting in cardio-
toxicity of doxorubicin, fast elimination from the circulation
by reticuloendothelial system (RES) and inhibited extravasa-
tion by the large size (200-500 nm). To overcome the limita-
tions of OLV-DOX, PEGylated phospholipid was introduced

and remote loading technique applied. The addition of PEG
polymers enabled liposomes to stay for extended period
in the circulation by avoiding RES recognition, which in
turn has been believed to result in sufficient accumulation
in tumor site through EPR effect (Yingchoncharoen et al.
2016). In addition, remote-loading technology allowed
encapsulation efficiency of doxorubicin higher than 90%
and most doxorubicin to be trapped inside liposomes dur-
ing circulation.

After the success of Doxil®, a non-PEGylated liposo-
mal doxorubicin product, named Myocet®, was approved
by the EMA and Health Canada. Myocet® liposome con-
sists of egg PC and cholesterol in a molar ratio of 55:45
and the encapsulation of doxorubicin is carried out by
remote loading similar to Doxil®. However, Myocet®
used a pH gradient rather than ammonium sulfate gradient
as a driving force for the remote loading of doxorubicin

@ Springer



206 M.K. Lee
Fig. 1 Schematic illustration of Doxil® Myocet®
liposomal doxorubicin
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into liposomes formed beforehand (Yingchoncharoen et al.
2016). Myocet® shows encapsulation efficiency higher
than 95% and liposomal size of approximately 150 nm
(Fig. 1).

There were no direct comparative studies between Doxil®
and Myocet® in humans to date which may be because two
products exhibit remarkably different pharmacokinetics
of doxorubicin. Even though it is difficult to determine a
comparable effective dose for each formulation, they have
been used with different dosing regimens and compared
indirectly through a meta-analysis (Petersen et al. 2016).
As expected, patients have been usually treated with lower
dose of Doxil® (40-50 mg/m? in every 21 or 28 days) than
Myocet® (60-75 mg/m? in every 21 days) (Batist et al.
2001; Dimopoulos et al. 2003; Harris et al. 2002; Hunault-
Berger et al. 2011; Judson et al. 2001; O’Brien et al. 2004;
Rifkin et al. 2006). A meta-analysis selected clinical tri-
als comparing liposomal and non-liposomal anthracyclines
and showed no significant advantage in clinical efficacy in
liposomal formulations over non-liposomal conventional
ones regardless of PEGylated or non-PEGylated (Petersen
et al. 2016). However, Doxil® and Myocet® present clearly
different toxicity profile each other (Yingchoncharoen et al.
2016). The two products are also provided as different dos-
age forms as shown in Table 3; liposomal dispersion for
Doxil® which can be used directly only after dilution with
5% dextrose solution, while separate three vials for Myocet®
containing lyophilized free drug powder, pre-formed empty
liposomal dispersion and buffer solution which should be
mixed with heating under aseptic condition for free drug to
be encapsulated into liposomes remotely and then diluted
with 0.9% NaCl or 5% dextrose solution before use. As we
have seen in Myocet®, it appears to be still quite a challenge
to prepare each-to-use nano-sized liposomal dosage form for
intravenous application because of some limitations such
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as release of encapsulated drugs and particle size change
during storage.

Comparable clinical efficacy of liposomal
formulations

Nanoparticles including liposomes have been regarded as
promising drug delivery systems for cytotoxic drugs because
they can increase drug delivery to tumor sites while limit-
ing drug distribution to normal tissues especially from the
EPR effect (von Roemeling et al. 2017). However, drug
carriers generally failed to provide superior efficacy to free
drug when tested in clinical trials (Nichols and Bae 2014).
In spite of the downfall of the EPR effect in clinical set-
tings, liposomes have been long used in cancer treatment
and still tried as delivery system for several anticancer
agents as shown in Table 2. In this regard, researchers saw
the necessity to address the fundamental question whether
liposomal formulations significantly increase the efficacy of
drugs compared to conventional non-liposomal formulations
(Petersen et al. 2016; Yamaguchi et al. 2015; Xing et al.
2015).

Petersen et al. performed a meta-analysis using clini-
cal trials published from 1990 to 2015 comparing liposo-
mal and non-liposomal formulations for anticancer agents
(Petersen et al. 2016). Based on their inclusion criteria,
they selected 14 randomized clinical trials directly com-
paring efficacy of liposomal drug and their equivalent non-
liposomal drug (8 anthracyclines, 4 cisplatin, 1 paclitaxel,
1 irinotecan) as shown in Table 4. The differences of effi-
cacy between formulations were analyzed by comparing
objective response rate (ORR), progression-free survival
(PES) and overall survival (OS). According to their analy-
sis, there were no significant differences of ORR, PFS and
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Table 3 Comparison of two liposomal doxorubicin products

Doxil®

Myocet®

Composition

Dosage forms

Storage

Preparation

Administration

Doxorubicin HCI 2 mg/mL

HSPC 9.58 mg/mL

Cholesterol 3.19 mg/mL
MPEG2000-DSPE 3.19 mg/mL
Ammonium sulfate approx. 2 mg/mL
Histidine as a buffer

pH 6.5

Single use vial
Translucent, red liposomal dispersion

Refrigerate at 2-8 °C

Do not freeze

Dilute with 5% dextrose

Refrigerate diluted Doxil® at 2-8 °C
Administer within 24 h

Intravenous infusion

Lyophilized powder: Doxorubicin HCI 50 mg, lactose

Liposome dispersion 1.9 mL: phosphatidylcholine, cholesterol, sodium hydroxide,
water

Buffer 3mL: sodium carbonate, water

Three vial system

1. Lyophilized powder of doxorubicin HC1
2. Liposome dispersion

3. Buffer solution

Refrigerate at 2-8 °C

Under aseptic condition

1. Reconstitute doxorubicin HCI in 0.9% NaCl and heat at 75-76 °C for 10 min

2. Mix with liposome dispersion and buffer solution to adjust pH of liposomes

3. Add pH-adjusted liposomes into doxorubicin solution and shake vigorously

4. Wait for a minimum of 10 min before using, keeping the medicine at room tem-
perature (Resulting 50 mg doxorubicin HCI in 25 mL liposomal dispersion)

5. Dilute further with 0.9% NaCl or 5% dextrose

Shelf life after reconstitution: up to 8 h at 25 °C and 5 days at 2-8 °C

Intravenous infusion

Table 4 Clinical trials used for meta-analysis by (Petersen et al. 2016)

Studies Liposomes Non-liposomal drug Concurrent treatment Trial phase Cancer type
Judson et al. (2001) PLD Doxorubicin None Phase 2 Soft tissue sarcoma
Dimopoulos et al. (2003) PLD Doxorubicin Vincristine, dexametha-  Phase 3 Multiple myeloma
sone
O’Brien et al. (2004) PLD Doxorubicin None Phase 3 Metastatic breast cancer
Rifkin et al. (2006) PLD Doxorubicin Vincristine, dexametha-  Phase 3 Multiple myeloma
sone
Hunault-Berger et al. PLD Doxorubicin Vincristine, dexametha-  Phase 2 Philadelphia chromosome-
(2011) sone negative acute lympho-
blastic leukemia
Batist et al. (2001) NPLD (Myocet®) Doxorubicin Cyclophosphamide Phase 3 Metastatic breast cancer
Harris et al. (2002) NPLD (Myocet®) Doxorubicin None Phase 3 Metastatic breast cancer
Latagliata et al. (2008) NPL (DaunoXome®) Daunorubicin Cytarabine, all-trans Phase 3 Acute myelogenous
retinoic acid leukemia
Jehn et al. (2008) PL-cisplatin (Lipopl- Cisplatin None Phase 3 Squamous cell carcinoma
atin®) of head and neck
Kosmas et al. (2009) PL-cisplatin (Lipopl- Cisplatin Gemcitabine Phase 3 NSCLC
atin®)
Mylonakis et al. (2010)  PL-cisplatin (Lipopl- Cisplatin Gemcitabine Phase 2 NSCLC
atin®)
Stathopoulos et al. PL-cisplatin (Lipopl- Cisplatin Paclitaxel Phase 3 Non-squamous NSCLC
(2010) atin®)
Yang et al. (2012) PL-paclitaxel Paclitaxel Cisplatin NS NSCLC
Roy et al. (2013) PL-irinotecan Irinotecan None Phase 2 Gastric or gastro-esopha-

geal adenocarcinoma
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OS between liposomes and non-liposomal formulations.
They also performed subgroup analysis using eight anthra-
cycline trials. In contrast to our common expectation, lipo-
somal anthracyclines showed no significant difference in
ORR, PFS and OS from the equivalent non-liposomal
ones. Meanwhile, platinum-liposomes showed significant
increase in ORR compared to free cisplatin even though
OS and PFS were not analyzed due to the lack of the num-
ber of studies reporting these endpoints. Petersen et al.
noticed that all of four cisplatin trials were for non-small
cell lung carcinoma and thus performed subgroup analysis
for metastatic breast cancer to see tumor-type dependency.
However, the subgroup analysis for three metastatic breast
cancer trials did not show any improvement of efficacy
by liposomal formulations of anthracyclines (1 PEGylated
liposome, 2 conventional liposomes). They also failed to
show advantage of liposomes in the anticancer efficacy of
anthracyclines regardless of PEGylated or non-PEGylated
in the comparison of PEGylated liposomal versus free
anthracyclines (5 trials) and non-PEGylated liposomal ver-
sus free anthracyclines (3 trials). They suggested that the
moderate improvement of efficacy in cisplatin liposomes
may be related to the drug encapsulated (i.e., cisplatin)
or cancer type (i.e., lung cancer) because tumor-related
parameters such as vascularity can have significant impact
on the pharmacokinetics of liposomal drugs.

Another meta-analysis study selected 10 clinical trials for
liposomal doxorubicin reported until April 2015 as shown in
Table 5 (Xing et al. 2015). The meta-analysis showed lipo-
somal doxorubicin improved ORR significantly, though no
significant difference in PFS and OS compared to non-lipo-
somal doxorubicin. In contrast to the analysis by Petersen
et al., Xing et al. included the studies that free and encapsu-
lated drugs were not the same one.

Table 5 Clinical trials used for meta-analysis by (Xing et al. 2015)

Based on the meta-analyses, liposomal formulations for
anticancer agents have shown comparable clinical efficacy
to the un-encapsulated conventional formulations contrary
to our expectations that liposomes would show superior anti-
cancer efficacy mainly due to the EPR effect. EPR effect
of nanoparticles has been demonstrated in a lot of animal
experiments and led superior efficacy of nanoparticles
(Fang et al. 2011). Thus, Petersen et al. also performed a
meta-analysis of pre-clinical studies comparing efficacy of
PEGylated liposomal formulations and conventional ones
for doxorubicin (Petersen et al. 2016). They selected 11
studies (Table 6) in which both PEGylated liposomal and
conventional doxorubicin were contained, anticancer activ-
ity evaluated in at least one tumor model and the survival
curves reported. On the contrary to the meta-analysis results
for clinical trials, PEGylated liposomal doxorubicin showed
significantly improved survival rate in mice than conven-
tional doxorubicin (Petersen et al. 2016). Recent studies
have found that empty nanoparticles including liposomes
enhanced tumor growth in tumor-bearing immuno-compe-
tent mice (Moghimi 2014; Sabnani et al. 2015). This was
associated with increased tumor angiogenesis and suppres-
sion of antitumor immune response in immuno-competent
mice (Sabnani et al. 2015). Based on these findings, Petersen
et al. noticed immuno-microenvironment could be one of
explanations for the lack of clinical advantage of liposomes.
They performed sub-group analysis of immuno-competent
(n=15) and immuno-deficient (n=4) mice models and
showed the superior efficacy of liposomes was also dem-
onstrated in both sub-groups. They seemed to predict that
immuno-competent mice sub-group would show no advan-
tage of liposomes. However, immune-competent subgroups
also exhibited superiority of liposomes and they thought
the tumor-promoting effect of liposomes would not likely

Non-liposomal drug Concurrent treatment

Trial phase Cancer type

Studies Liposomes

Batist et al. (2001) NPLD (Myocet®) Doxorubicin
Harris et al. (2002) NPLD (Myocet®) Doxorubicin
Chan et al. (2004) NPLD (Myocet®) Epirubicin

Keller et al. (2004) PLD (Caelyx®)

Vinorelbine or mito- None

mycin C+ vinblas-

tine
O’Brien et al. (2004) PLD Doxorubicin
(Doxil®)
Sparano et al. (2009) PLD + docetaxel Docetaxel
Yardley et al. (2009) PLD Docetaxel

Vici et al. (2014) NPLD (Myocet®)

Baselga et al. (2014) NPLD (Myocet®) + T+P T+P

(Smorenburg et al. 2014) PLD (Caelyx®) Capecitabine

Cyclophosphamide Phase 3 Metastatic breast cancer
None Phase 3 Metastatic breast cancer
Cyclophosphamide Phase 3 Metastatic breast cancer
Phase 3 Metastatic breast cancer
None Phase 3 Metastatic breast cancer
Docetaxel Phase 3 Metastatic breast cancer
None Phase 3 Metastatic breast cancer
Cyclophosphamide, doc-  Phase 3 Metastatic breast cancer
etaxel, paclitaxel
Trastuzumab(T), Phase 3 HER + breast cancer
paclitaxel(P)
Phase 3 Metastatic breast cancer
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Table 6 Preclinical studies used for meta-analysis by (Petersen et al. 2016)

Studies Tumor model (implant route) Cancer type Mouse strain ~ Number of animals
PEGylated liposo- Free
mal doxorubicin  doxoru-

bicin

Anders et al. (2013) MDA-MB-231-BR (intracranial)  Human breast adenocarcinoma Nu/Nu 20 20

Cabanes et al. (1999) M109 (i.p.) Murine lung carcinoma BALB/c 16 15

Cabanes et al. (1999) M109 (.v.) Murine lung carcinoma BALB/c 16 16

Gabizon et al. (2002) C26 (s.c.) Murine colon carcinoma BALB/c 11 10

Hong et al. (1999) C26 (s.c.) Murine colon carcinoma BALB/c 28 24

Pan et al. (2002) L1210JF (i.p.) Murine leukemia DBA/2 8 8

Pastorino et al. (2003) HTLA-230 (i.v.) Human neuroblastoma Nu/Nu

Pastorino et al. (2008)  GI-LI-N (adrenal gland) Human neuroblastoma Nu/Nu 10 10

Pastorino et al. (2008)  Colo-699 N (intrapulmonary) Human lung carcinoma Nu/Nu 10 10

Pastorino et al. (2008) OVCAR-3 (i.p.) Human ovarian adenocarcinoma  Nu/Nu 10 10

Wu et al. (2007) L11210 (s.c.) Murine leukemia DBA/2 6 6

to be detected in their meta-analysis because 5 of the 11
preclinical studies used immune-deficient athymic nude
mice and even wild-type mouse strain such as DBA/2 can
have observable immuno-defects due to inbreeding. They
pointed out that most preclinical studies have not reported
immune assessment for liposomes and other nanoparticles
although nanoparticles have been known to have various
immunological effects (Ilinskaya and Dobrovolskaia 2014;
Dobrovolskaia et al. 2009).

In addition to the immuno-environment, several plausible
explanations have been suggested for the failure of trans-
lation of the superior efficacy of liposomes obtained from
EPR effect in pre-clinical studies into enhanced clinical
results. First, we can consider limitations of animal models.
Liposomal anticancer agents are usually used for patients
with advanced metastatic cancers which have been devel-
oped over a very long period. However, most murine tumor
models are xenograft which grows fast and the experiments
are finished within several weeks. Due to the rapid growth,
angiogenesis rate can be higher in murine tumor model than
human cancer which in turn can show exaggerated EPR
effect (Danhier 2016; Petersen et al. 2016; Fang et al. 2011).
Besides, human cancers show genetic diversity because they
should survive against immune system for a long time and
thus are difficult to treat (Choi et al. 2011; Nichols and Bae
2014). On the other hand, murine tumor cells grow relatively
free from immune pressure for short period and thus result
in genetically less diverse cells compared to clinical human
tumors and tumors with under-developed secondary struc-
tures such as pericytes, basement membrane, and extracel-
lular matrix (Danhier 2016; Nichols and Bae 2014). Another
possible explanation is that most pre-clinical studies have
reported tumor size as efficacy endpoint instead of survival
curve which is regarded as a gold-standard measurement

of efficacy in clinical trials (Petersen et al. 2016). Tumor
response rates such as size shrinkage are not considered
as accurate predictors for survival benefit in clinical trials
(Johnson et al. 2006). Pre-clinical efficacy would be more
accurately translated into clinical effectiveness when sur-
vival is used as an efficacy endpoint in animal studies. Dos-
ing regimen can be one of the reasons causing inconsistency
between pre-clinical and clinical results. Most clinical dos-
ing schedules for anticancer agents are designed for con-
ventional formulations rather than for liposomal ones even
though it has been well-known that encapsulation of drugs
into carriers can cause marked changes in pharmacokinetics
and distribution of drugs (Petschauer et al. 2015). Moreover,
tumor-to-body weight ratio is much higher in murine tumor
model compared to human cancer and this can cause signifi-
cant difference of pharmacokinetics between animal models
and human patients. In murine model, tumor size can reach
as much as 10% of the body weight and thus significant por-
tion of administered dose can be deposited in tumor to show
improved efficacy (Nichols and Bae 2014). Besides, more
aggressive dosing schedule has been applied in animal mod-
els compared to human. In the treatment schedule for human
patients, 2—4 weeks dosing intervals are used to allow for the
patients to recover from toxic effect of anticancer drugs and
this might be able to give a chance to cancer cells to recover
or turn into resistant cells (Nichols and Bae 2014).

Finally, we need to consider variation of pharmacody-
namics resulted from high inter-subject pharmacokinetic
variability of liposomal anticancer agents. Shell et al.
showed liposomal formulations demonstrated significantly
higher inter-subject variation in pharmacokinetic parameters
compared to non-liposomal formulations (Schell et al. 2014).
They analyzed commercially available or under-developing
nine liposomal formulations as shown in Table 7. Liposomal
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Table 7 Liposomal formulations used for meta-analysis of pharmacokinetic variability (Schell et al. 2014)

Drugs Liposomal formulations Type of liposomes Composition of liposomes Stages AUC variability

(CV %)
L NL L/NL

Doxorubicin Doxil®/Caelyx® PEGylated HSPC, cholesterol, MPEG2000D- Marketed 49 30 1.6
SPE

Irinotecan THL-305 PEGylated HSPC, cholesterol, MPEG5000D- Phase 1 44 28 1.6
SPE

Lurtotecan OSI-211/NX-211 Non-PEGylated HSPC, cholesterol Phase2 80 30 2.7

Cisplatin SPI-77 PEGylated HSPC, cholesterol, MPEG2000D- Phase2 58 29 2.0
SPE

Oxaliplatin MBP-426 Non-PEGylated (targeting) Transferrin (Tf), NGPE Phasel 85 12 7.1

Belotecan (CKD-602) S-CKD-602 PEGylated DSPC, MPEG2000DSPE Phase 1 83 17 49

Paclitaxel LEP-ETU Non-PEGylated DOPC, cardiolipin, cholesterol, Phase 1 39 26 15
a-tocopheryl acid succinate

Vincristine VSLI/Marqibo® Non-PEGylated Sphingomyelin, cholesterol Marketed 85 69 1.2

Vinorelbine Nanovnb PEGylated DSPC, cholesterol, MPEG2000D- Phase1 67 35 1.9
SPE

Mean 65.6 30.7 2.7

L liposomes, NL non-liposomes

formulations showed threefold higher inter-subject vari-
ation in AUC compared to non-liposomal formulations,
and there was a case that showed even 10-fold difference
in AUC (Schell et al. 2014). High pharmacokinetic vari-
ability will result in large deviation in drug exposure and
finally cause inter-subject variation in efficacy. The effect
can be prominent in the case of anticancer agents with nar-
row therapeutic window. Schell et al. suggested mononu-
clear phagocytic system (MPS) would be the most dominant
factor to affect pharmacokinetic variability of liposomes.
According to the meta-analysis, liposomal formulations
with lower systemic clearance showed a tendency to lead
to higher inter-subject variation of AUC, while no such
tendency in free anticancer drugs (Schell et al. 2014). In
case of CKD602, increasing dose of liposomes reduced
pharmacokinetic variations and they suggested this could
be due to the saturation of liposome clearance by MPS. In
contrast to liposomes, free CKD602 showed no correla-
tion between dose and pharmacokinetic variability. From
this results, Schell et al. suggested that extended circulation
time of PEGylated liposomes would increase variability of
pharmacokinetics (PK) and pharmacodynamics (PD). How-
ever, two other PEGylated liposomes such as Doxil® and
THL-305 exhibited lower variability compared to PEGylated
liposomal formulation of CKD602 (S-CKD602). In these
aspects, we need to pay attention to the non-bioequivalence
of Lipodox® (Sun Pharmaceutical Inc., Mumbai, India)
approved as a generic for Doxil® although there was no
clear study on the reason for the non-bioequivalence (Ying-
choncharoen et al. 2016). According to the clinical trial
for ovarian cancer, Doxil® showed 18% of ORR and 7.2
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months of PFS while Lipodox only 4.3% of ORR and 5.4
months of PFS. On the whole, Lipodox® showed approxi-
mately 15.7-21.3% lower activity compared to Doxil® and
this was likely due to the lower accumulation of Lipodox®
into tumor (Yingchoncharoen et al. 2016). Considering high
variability in PK/PD of liposomal formulations and the dif-
ference between the generic and original products, behavior
of liposomes would be altered responding very sensitively to
the slight changes such as particle size and drug release rate.
Consequently, the high sensitivity results in large variations
in clinical efficacy which in turn make it difficult to detect
advantage of liposomes over conventional formulations in
clinical situations. In this aspect, it would be also important
to prepare homogeneous with narrow particle size distribu-
tion and reproducible liposomes to achieve improved clinical
effectiveness compared to conventional formulations.

Reduced toxicity by liposomal formulations

Nano-carriers including liposomes have been regarded as
delivery systems to reduce adverse effects of free cytotoxic
drugs preserving anticancer activities (Brand et al. 2017).
Especially, anthracycline-containing liposomes have been
acknowledged for reduced occurrence of cardiotoxicity
compared to conventional formulations (Cagel et al. 2017).
Anthracyclines are one of the most effective and first-line
treatments in many forms of cancers including breast cancer
and lymphoma. However, the benefits of anthracyclines are
restricted by the risk of cardiotoxicity which is known to be
related to cumulative dose (Dong and Chen 2018). Several
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studies have shown that liposomal doxorubicin reduced or
did not increase cardiotoxicity compared to conventional
doxorubicin or anthracycline-free chemotherapy (Olivieri
et al. 2017; Batist et al. 2001; Harris et al. 2002; Sparano
et al. 2009). On the other hand, some trials reported that
liposomal doxorubicin presented similar cardiotoxicity with
higher effectiveness than conventional formulation (Chan
et al. 2004). The inconsistency have led Xing et al. to con-
duct a meta-analysis by combining results from all eligible
randomized controlled trials listed in Table 5 (Xing et al.
2015). They pooled data from 2889 advanced breast cancer
patients in ten trials in Table 4 and concluded that cardio-
toxicity appeared to occur less frequently in patients treated
with liposomal doxorubicin-based chemotherapy compared
with conventional doxorubicin. They commented that their
study was the first meta-analysis to their knowledge which
combined the data of existing published studies and thus
has reduced the effect of published bias. Xing et al. also
acknowledged a few limitations of their meta-analysis; only
cardiotoxicity was considered and the definition of cardio-
toxicity they used was based on significant left ventricular
ejection fraction (LVEF) changes which was not uniform
across all trials (Xing et al. 2015). In spite of the limitations,
the meta-analysis result is encouraging in terms of reducing
toxicity and thus liposomal doxorubicin can be a clinically
advantageous alternative in chemotherapy.

Another meta-analysis was performed to compare cardiac
events associated liposomal doxorubicin and free anthracy-
clines such as epirubicin and doxorubicin in breast cancer
(Yamaguchi et al. 2015). Yamaguchi et al. reviewed rand-
omized controlled trials evaluating either regimens in the
metastatic or adjuvant settings published up to January of
2014 and selected 19 trials which allowed direct and indirect
comparison of cardiotoxicity of different anthracyclines and
non-anthracyclines. Six studies out of the 19 trials included
liposomal formulations as shown in Table 8 and all of them
were also contained in the meta-analysis by Xing et al. (Xing
et al. 2015). According to the results by the meta-analysis,
conventional doxorubicin showed higher cardiac events
grade 3 or greater (CE3) than non-anthracycline-based

regimen and other anthracycline, epirubicin (Yamaguchi
et al. 2015). Liposomal doxorubicin tended to lower cardio-
toxicity than free doxorubicin with statistical significance.
However, liposomal doxorubicin did not present advantage
over epirubicin and non-anthracycline by showing no sta-
tistically significant differences in respect of cardiotoxic-
ity. Yamaguchi et al. suggested that anthracyclines can be
safely used as far as they do not exceed the cumulative dose
limit because the incidence of CE3 was generally low in
any type of anthracyclines. Even though CE3 does not limit
the choice of anthracycline, we need to pay attention to the
result that liposomal doxorubicin appeared to be the least
cardiotoxic formulation among the compared formulations
such as non-anthracyclines, free doxorubicin, epirubicin and
liposomal doxorubicin.

The two meta-analyses taken together, we can conclude
that liposomal formulations significantly reduce the toxic-
ity of un-encapsulated conventional cytotoxic drugs. Even
though liposomes can provide advantage in reducing toxicity
of free drug, encapsulation of cytotoxic drugs sometimes
resulted in a change of toxicological profile and thus produce
other adverse reactions which has not been observed in con-
ventional formulations. For example, PEGylated liposomes
containing doxorubicin (Doxil®) produce skin reactions
known as hand and foot syndrome or palmar plantar erythro-
dysthesia (PPE) which is related to the extended circulation
time (Yingchoncharoen et al. 2016). Due to the long circula-
tion time and low clearance rate, Doxil® can penetrate into
skin tissue readily, making it more effective for the treatment
of AIDS-related Kaposi sarcoma and also resulting in PPE
as a side effect. On the other hand, PPE rarely occurs in
non-PEGylated liposomes of doxorubicin (Myocet®) (Ying-
choncharoen et al. 2016). However, Myocet® induces an
increased bone marrow suppression than free doxorubicin
formulation (Brand et al. 2017).

Lower incidence of API-related toxicity by liposomal
formulations has been reported also for drugs other than
cytotoxic agents (Brand et al. 2017). Encapsulation of
amphotericin B into liposomes reduced adverse events of
nephrotoxicity associated with amphotericin B (Steimbach

Table 8 Clinical studies including liposomal formulations in the meta-analysis by Yamaguchi et al. (2015)

Studies (year) Liposomal formulations Non-liposomal drugs Concurrent treatment Stages Cancer types

Batist et al. (2001) NPLD (Myocet®) Doxorubicin Cyclophosphamide Phase 3 Metastatic breast cancer
Harris et al. (2002) NPLD (Myocet®) Doxorubicin None Phase 3 Metastatic breast cancer
Chan et al. (2004) NPLD (Myocet®) Epirubicin Cyclophosphamide Phase 3 Metastatic breast cancer
O’Brien et al. (2004) PLD (Doxil®) Doxorubicin None Phase 3 Metastatic breast cancer
Sparano et al. (2009) PLD (Doxil®) Docetaxel None Phase 3 Metastatic breast cancer
Vici et al. (2014) NPLD (Myocet®) - Cyclophosphamide, Phase 3 Metastatic breast cancer

docetaxel, paclitaxel

NPLD non-PEGylated liposomal doxorubicin, PLD PEGylated liposomal doxorubicin
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et al. 2017; Brand et al. 2017). According to a meta-anal-
ysis for amphotericin B formulations, all lipid formula-
tions (liposomes, lipid complex, colloidal dispersion and
Intralipid infusion) presented better profiles than the con-
ventional formulation with respect to the adverse events of
nephrotoxicity, fever, chills and vomiting, while exhibited
the same efficacy profile with conventional formulation
(Steimbach et al. 2017).

Conclusion

It appeared to be encouraging that meta-analyses showed
liposomal formulations are comparable or modestly superior
in clinical efficacy compared to non-liposomal conventional
formulations despite of some doubts related to the ambigu-
ous EPR effect in humans. Besides, drug-related toxicity,
for example, cardiotoxicity of doxorubicin, has been clearly
reduced by encapsulation of cytotoxic agents into liposomes
despite carrier-related adverse events are newly occurred.
As many researchers indicated, EPR effect extremely het-
erogeneous in humans and thus it would be necessary to
stop claiming enhanced efficacy via EPR effect. It requires
to develop alternative strategies which do not depend on
EPR effect to raise clinical value of liposomes in chemo-
therapy. Otherwise, more elaborate pre-clinical study should
be considered to provide meaningful prediction of efficacy
in humans.
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