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Abstract: Liposomes are biodegradable and can be used to deliver drugs at a much higher
concentration in tumor tissues than in normal tissues. Both passive and active drug delivery
by liposomal nanoparticles can significantly reduce the toxic side effects of anticancer drugs
and enhance the therapeutic efficacy of the drugs delivered. Active liposomal targeting to
tumors is achieved by recognizing specific tumor receptors through tumor-specific ligands or
antibodies coupled onto the surface of the liposomes, or by stimulus-sensitive drug carriers
such as acid-triggered release or enzyme-triggered drug release. Tumors are often composed of
tumor cells and nontumor cells, which include endothelial cells, pericytes, fibroblasts, stromal,
mesenchymal cells, innate, and adaptive immune cells. These nontumor cells thus form the
tumor microenvironment, which could be targeted and modified so that it is unfavorable for
tumor cells to grow. In this review, we briefly summarized articles that had taken advantage of
liposomal nanoparticles as a carrier to deliver anticancer drugs to the tumor microenvironment,
and how they overcame obstacles such as nonspecific uptake, interaction with components in
blood, and toxicity. Special attention is devoted to the liposomal targeting of anticancer drugs
to the endothelium of tumor neovasculature, tumor associated macrophages, fibroblasts, and
pericytes within the tumor microenvironment.

Keywords: tumor microenvironment, endothelium, neovasculature, tumor-associated
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Introduction

Cancer is a disease that is difficult to eradicate. According to the most recent sta-
tistics from the International Agency for Research on Cancer, about 12.7 million
cancer cases and 7.6 million cancer deaths occurred in 2008 worldwide.! In general,
cytotoxic drugs kill tumor cells, but also frequently display unwanted toxicities as
they lack tumor cell selectivity. Moreover, drug resistance is often developed.?*
Drug resistance limits the efficacy of chemotherapy in cancer patients and is typi-
cally due to reduced accumulation of drugs in tumor cells and acquired tumor cell
protection from apoptosis. The genetic and epigenetic heterogeneity of tumors
in combination with the selection of anticancer drugs leads to the overgrowth of
drug-resistant variants.* The adaptive phenotypes of cancer cells can be explained
in part by genetic and epigenetic instability and mutations.® A fivefold increase in
genetic instability was found in cells grown in vivo compared to in vitro,® indicat-
ing that the tumor microenvironment induces genetic changes that are not observed
in vitro. Human solid tumors are heterogeneous and contain both neoplastic and
normal cells.” The loss of apoptotic potential is most likely driven by the genomic
instability and inhibition in deoxyribonucleic acid (DNA) repair induced by the
tumor microenvironment.® Hypoxia and reoxygenation often lead to the formation
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of reactive oxygen species that have been shown to induce
damage in the DNA. Reactive oxygen species formation
leads to the amplification of mutations, single and point
mutations, as well as single and double strand breaks.’
Finally, tumor cells also have the ability to avoid regula-
tory control mechanisms, leading to subpopulations with
an aggressive phenotype.

To circumvent such obstacles, attention has been focused
on killing other nontumor cells present in the tumor microen-
vironment. There is an emerging effort to better explain
and predict the phenotypic characteristic of cancer, and
there is evidence suggesting that the tumor stromal tissue is
not a passive bystander in tumor development.’ The tumor
microenvironment includes cancer cells, stromal cells,
immune cells, fibroblasts, cytokines, vascular tissue, and
the extracellular matrix (Figure 1).'"° Tumor cells interact
with the surrounding nonneoplastic cells such as endothe-
lial cells, cancer-associated fibroblasts, mesenchymal stem
cells, and different immune cells such as lymphocytes and
tumor-associated macrophages (TAMs).!! Unlike tumor
cells, the supporting cells in tumor microenvironments are
often genetically stable, which reduces the potential for the
development of drug resistance.

Finally, the idea that tumors may contain cancer stem
cells has reshaped approaches for tumor chemotherapy
and targeted drug delivery. Cytotoxic chemotherapy has

been mainly aimed at killing proliferating tumor cells, and
most chemotherapeutic drugs kill tumor cells by interfering
with cell division. However, cancer stem cells are mostly
quiescent and resistant to apoptosis. Therefore, cancer stem
cells may survive conventional chemotherapy and cause the
repopulation of cancers or relapse, making it necessary to
develop novel and effective approaches that can eradicate
cancer stem cell populations as well. In fact, there have
been attempts to utilize liposomes to address this need. For
example, retinoic acids, derivatives of vitamin A, are known
to induce cancer cell differentiation, proliferation arrest, and
apoptosis. Li et al'? incorporated all-trans retinoic acid into
stealth liposomes and showed that combination therapy using
retinoic acid-liposomes and vinorelbine liposomes was more
effective than monotherapy using vinorelbine liposomes
alone in inhibiting the relapse of breast cancer arisen from
breast cancer stem cells, likely because the retinoic acid-
liposomes promoted the differentiation of cancer stem cells
and arrested cell cycle."

In this review, we will briefly summarize studies that took
advantages of liposomal nanoparticles as a carrier to deliver
anticancer drugs to the tumor microenvironment. Special
attention is devoted to the liposomal targeting of anticancer
drugs to the endothelium of tumor neovasculature, tumor
associated macrophages, fibroblasts, and pericytes within
the tumor microenvironment. Figure 1 also includes some
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of the cells and molecules that had been used as targets for
liposomes.

Endothelial cells in tumor

neovasculature

Angiogenesis is an important process in tumor develop-
ment as it provides soluble nutrients as well as oxygen
through circulation.’* !5 In normal quiescent vasculature,
the tissue is comprised of endothelial cells, pericytes, and
basement membrane. The endothelial tubule is maintained
at a quiescent state with a layer of pericytes.' In order to
form new blood vessels, pericytes must be dissociated from
the endothelial tubule, followed by basement membrane
degradation. Extravascular fibrin deposition occurs, and
finally endothelial cells must respond to proangiogenic
signals and initiate the formation of new tubules.!” Activated
endothelium of newly formed vessels differs from mature
blood vessels based on the high expression of specific mol-
ecules.'® Although tumor blood vessels are heterogeneous,
vascular endothelial growth factor (VEGF)-A serves as
a critical factor, promoting new blood vessel formation
in tumors.!” TAMs secrete VEGFE, fibroblast growth fac-
tor (FGF)-2, platelet derived growth factor (PDGF), and
epidermal growth factor (EGF). Together, these signaling
molecules initiate the formation of new blood vessels from
existing blood vessels.?

Immune cells in tumor

microenvironment

Malignant tumors are rich in immune cells, such as mac-
rophages, neutrophils, dendritic cells (DCs), and natural killer
cells.*! Recent studies have shown that the accumulation of
macrophages in tissues of chronic inflammation promotes
cancer progression by stimulating tumor vascularization,
invasion, and metastasis.?? Further, it was shown that TAMs
correlated with poor prognosis for cancer patients.? In certain
mouse cancer models, CD4+ helper T lymphocytes and B
lymphocytes release protumorigenic factors such as inter-
leukin (IL)-4, IL-10, transforming growth factor beta, which
stimulate the tumor-promoting properties of macrophages.?**
TAMs are required for tumor cell migration, invasion, and
metastatic formation.? TAMs from differentiated monocytes
are recruited to tumor sites in response to tumor chemotactic
factors. Importantly, it was shown that women with tumors
that have a combination of high TAMs, high CD4+ T helper
cells, and low cytotoxic CD8+ T cells are at a high risk of
developing secondary tumors.2 Moreover, TAMs are known to
stimulate excessive tumor vascularization, and their persistent

expression of proangiogenic factors, such as VEGE, induces
the formation of abnormal hypoperfused blood vessels, which
limit the delivery of chemotherapy to tumors.?”2

TAMs have also been shown to accumulate in hypoxic
tumor areas. DCs are the most important antigen-presenting
cells and can affect the functions of natural killer cells, which
are effector cells of the innate immune system,” and are
capable of killing virus-infected or malignant cells, secreting
cytokines, and regulating both innate and adaptive immune
responses.*® The cross-communication between tumor and
DCs results in the accumulation and expansion of regulatory
T cells, which suppress the proliferation of other T cells in
the tumor microenvironment through contact-dependent
mechanisms, or independently through the secretion of
IL-10 and transforming growth factor-beta. Regulatory
T cells can also proceed to block the function of antitumor
effector cells.’!

In general, homeostasis disrupted by the progress of
tumor development will activate immune cells, leading
to the release of cytokines, growth factors, and enzymes,
which will reestablish the extracellular matrix and contribute
to further tumor progression. Meanwhile, the cross-com-
munication between innate and adaptive immune systems
is also distorted as a result of the continuous stimulation
of certain inflammatory pathways. These processes play
important roles in enhancing tumor cell survival, growth,
and metastasis.

Liposomes

Liposomes in the nanometer scale appear as closed vesicles
composed of lipid layers.** Liposomes are biodegradable
and can be used to encapsulate both hydrophilic and
hydrophobic drugs.** Various liposomal formulations have
been developed to target malignant tissue.** For example,
liposomal doxorubicin (DOXIL®, Janssen Biotech, Inc,
Horsham, PA) is widely used in clinical settings for the
treatment of Kaposi’s sarcoma, ovarian cancer, and multiple
myeloma.*3¢ DOXIL® is a stealth liposome formulation
with a long blood circulation time. Although DOXIL®
shows benefits in cancer patients, dose-limiting toxicities
and doxorubicin-resistance have been observed. Intrave-
nously administered unmodified liposomes are cleared
quickly by the reticuloendothelial system (RES).’” Sys-
temic delivery of cationic liposomes encounters obstacles
such as the strong interaction with blood components,
uptake by the RES, kidney filtration, and toxicity.*® If the
agent to be delivered is targeted to organs other than the
RES, modification of liposomes with polymers, such as
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Table | Strategies for targeting neovasculature endothelium and TAM utilizing liposomal nanoparticles

Target Tumor model Therapeutic agent Delivery system Ligand/antibody Reference
Breast cancer MCF-7 Retinoic acid DSPE PEG-2000: EPC LP N/A 12
stem cells
Organ-specific N/A Plasmid DNA DOTIM-Chol-LP N/A 43
endothelial cells
Tumor A-Mel-3 Paclitaxel EndoTAG-1 LP N/A 45, 46, 48
microvessels
FGFR Blé6-FI0 Paclitaxel DOTAP: Chol LP tbFGF 51
Vascular N/A siRNA (Tie2, PKN3, Cationic LP AtuFECTOI N/A 54
endothelium PTEN, CD31)
L-VCAM-I Colo 677 N/A soyPC: Chol: DSPE PEG-2000 LP Anti-VCAM-| 58
MTI[-MMP Colon 26 NL-17 DPP-CNDAC DSPC: Chol LP GPLPLR 62
MTI[-MMP HT 1080 Doxorubicin HSPC: Chol LP Anti-MT |-MMP 63
Integrin o 33 C26-colon carcinoma Doxorubicin DPPC: Chol: PEG-2000 LP RGD-peptide 68
Integrin o, A549 lung carcinoma Paclitaxel PC: Chol: DSPE PEG-2000 RGD-peptide 69
Integrin o581 MDA-MB-231 cells Doxorubicin PEG-2000 LP PHSCNK 71
Integrin o 3 B16 melanoma N/A DSPC: DSPE PEG-2000 LP CI16Y peptide 72
Integrin o, 33 Bl6-FI0 N/A Gd-DTPA-DSA: DSPC: RGD/Anx 73
Galectin-| melanoma Chol: DSPE PEG-2000
Aminopeptidase N HT 1080 c-myc siRNA Liposome: polycation: DNA (LPD) NGR peptide 75
Aminopeptidase N Orthotopic NB Doxorubicin HSPC: Chol: DSPE PEG-2000 NGR peptide 76
TAM B16-F10 melanoma Clodronate, DPPC: Chol: DSPE PEG-2000 N/A 83
prednisolone
phosphate
p32/gClq receptor ~ SPC-Al Doxorubicin HSPC: Chol: DSPE-PEG LyP-1 87
CD163 receptor TAM N/A HSPC: Chol: PE-PEG Anti-CD163 90
antibodies

Abbreviations: TAM, tumor-associated macrophage; N/A, not applicable; DSPE PEG-2000, distearoylphosphatidyl-ethanolamine-N-poly 2000; EPC LP, enzyme precipitating
coated liposomes; DNA, deoxyribonucleic acid; DOTIM-Chol-LP, |-[2-[9-(Z)-octadecenoyloxy]]-2-[8](Z)heptadecenyl]-3[hydroxyethyl] imidazolinium chloride liposomes;
FGFR, fibroblast growth factor receptors; DOTAP, N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate; Chol LP, Chol liposome; tbFGF, truncated
basic fibroblast growth factor; siRNA, small infecting ribonucleic acid; Tie2, PKN3, protein kinase-C molecule; PTEN, phosphatase and tensin homolog; CD31, cluster of
differentiation 31; VCAM-1, vascular cell adhesion molecule-I; soyPC, hydrogenated soybean phosphatidycholine; MT|-MMP, membrane type-| matrix metalloproteases;
DPP-CNDAC, 5'-O-dipalmitoylphosphatidyl 2’-C-cyano-2’-deoxy- |-B-D-arabino-pentofuranosylcytosine; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; GPLPLR,
stearoyl-Gly-Pro-Leu-Pro-Leu-Arg; HSPC, hydrogenated soy phosphatidylcholine; DPPC, Dipalmitoylphosphatidylcholine; RGD-peptide, Arginine-glycine-aspartic peptide;
Gd-DTPA-DSA, Gadolinium diethylenetriaminepentaacetate-di(stearylamide); RDG/Anx, o, 3 integrin-specific RGD ligand; LPD, liposome-polycation-DNA; NGR, Asn-Gly-

Arg; NB, neobladder; SPC-Al, secretory pathway Ca2+-ATPase isoform .

polyethylene glycol (PEG), can reduce the absorption of
opsonins and avoid rapid RES clearance, thus achieving
a long circulation.®

Binding of plasma proteins by liposomes is the primary
mechanism for the RES to recognize circulating liposomes.
Sterically stabilized liposomes extravasate through the gaps
between the endothelial cells of the tumor vasculature (passive
targeting) and collect in the interstitial space, where they are
retained due to the lack of lymphatic clearance; this process
is known as the enhanced permeation and retention (EPR)
effect.*® Therefore, liposomes can deliver drugs at a much
higher concentration in tumor tissues than in normal tissues.
Liposomes can also be actively targeted to tumor tissues by
recognizing specific tumor epitopes or receptors, which is
achieved by coupling tumor-specific ligands or antibodies onto
the surface of the liposomes, or by means of stimulus-sensitive

41

drug carriers such as acid-triggered release,*' or enzyme-

triggered drug release.” Both passive and active targeting can

significantly reduce the toxic side effects of anticancer drugs
and enhance the therapeutic efficacy of the drugs delivered.

Delivery of liposomes to tumor
microenvironment
Targeting of endothelium in tumor

neovasculature

Tumors must induce the formation of new blood vessels in
order to grow. Tumor blood vessels provide nutrients and
oxygen, as well as eliminate waste from tumor tissues.” New
blood vessel formation is based on a local shift in the bal-
ance between proangiogenic molecules (VEGF-A, FGF, and
EGF) and antiangiogenic molecules (thrombospondin). This
shift favors the initial phase of angiogenesis. Tumor blood
vessels exhibit disorganized blood flow. Pericytes in the tumor
endothelium are abnormal, which results in the leakiness in
the tumor blood vessels as well,” making the endothelium
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easily accessible by liposomal nanoparticles after intrave-
nous administration. The tumor endothelium, which plays
an important role in forming tumor neovasculature, has been
the primary target in most of the liposomes reported to target
anticancer drugs to the tumor microenvironment.

Targeting of endothelial cells using positively

charged liposomal nanoparticles

Positively charged liposomes have been investigated to
deliver drugs to tumor blood vessels. The negatively charged
proteoglycans on the endothelial cell membrane could bind
and help cells internalize cationic liposomes due to their
electrostatic interaction. Mclean et al** showed that cationic
1-[2-[9-(Z)-octadecenoyloxy]]-2-[8](Z)heptadecenyl]-3-
[hydroxyethyl] imidazolinium chloride (DOTIM) lipo-
somes loaded with DNA accumulated in the vasculature
after intravenous injection into mice, demonstrating that
positively charged liposomes can be taken up by the normal
endothelium. This finding triggered a series of studies that
focused on the targeting of the tumor neovasculature.

To enhance the targeting efficiency to tumor blood
vessels, positively charged protamine was injected intrave-
nously before the injection of cationic liposomes, resulting
in a 2.2-fold increase in the accumulation of liposomes in
tumor vasculature.* Importantly, it was found that the qui-
escent endothelium took up less of the liposomes than the
tumor endothelium. It was thought that protamine functioned
by saturating areas of high uptake outside the tumors or by
changing the tumor microenvironment to facilitate the inter-
action between endothelium and cationic liposomes.*

The therapeutic efficacy of cationic liposomes encap-
sulated with paclitaxel has been extensively examined.*’
The paclitaxel-loaded cationic liposomes inhibit tumor
growth and metastasis, and thereby prolong the survival
of animals. They target tumor neovasculature and increase
tumor microvessel leakiness, leading to vascular damage.
The observed antiangiogenic mechanisms of the cationic
paclitaxel liposomes include reduced blood vessel density in
the tumor periphery and reduced endothelial cell prolifera-
tion. In addition, Strieth et al***¢ found that platelet activation
within the tumor microcirculation contributed to the effects
of the cationic liposomes encapsulated with paclitaxel, and
the accumulation of platelets reduced tumor capillary blood
flow, giving rise to reduced tumor perfusion.

EndoTAG-1® (ET; Medigene AG, Martinsried, Germany)
cationic liposomes loaded with paclitaxel were found to
exhibit antitumor activity by targeting tumor endothelial cells
in solid tumors.*® Patients with advanced cancer and liver

metastasis were treated with ET after single or repeated doses
(22 mg/m?, intravenously) the tumor vasculature or phar-
macokinetic effects were evaluated. The pharmacokinetic
profile, which was measured by dynamic contrast-enhanced
magnetic resonance imaging and contract-enhanced ultra-
sound, showed slight accumulation of paclitaxel in tumor
tissues after repeated doses. The pharmacokinetic parameters
were similar to the liposomal paclitaxel.*® ET liposomes were
well tolerated, as 50% of the patients had stable disease after
the first treatment cycle.*®

Fibroblast growth factor receptors (FGFR) are reported
to be overexpressed on the surface of tumor neovasculature,
as well as in a variety of tumor cells.***° Wang et al*' used
truncated basic fibroblast growth factor (bFGF)-conjugated
cationic liposomes to improve the biodistribution and
pharmacokinetics of paclitaxel in tumor-bearing mice. In
their study, the pharmacokinetics and tissue distribution of
paclitaxel in truncated bFGF-conjugated cationic liposomes
(tbFGF-LPs-PTX) and tbFGF-free cationic liposomal
paclitaxel (LPs-PTX) were evaluated in tumor-bearing
mice and compared to that of free paclitaxel (F-PTX). The
tbFGF-LPs-PTX and the LPs-PTX exhibited similar phar-
macokinetic characteristics, but the biodistribution of the
tbFGF-LPs-PTX was different from that of the LP-PTX,
with the tbFGF-LPs-PTX accumulated more extensively
in tumors and spleen.’! The tbFGF-LPs-PTX effectively
targeted the paclitaxel to tumors and prolonged the survival
time of tumor-bearing mice.”'

Finally, lipoplexes formed by the self-assembly of nucleic
acids and positively charged liposomes were applied in many
studies to deliver oligonucleotides or plasmids to tumor blood
vessel endothelium.’>%* Santel et al** showed that liposomes
prepared with a mixture of cationic and fusogenic lipids, and
complexed with negatively charged small interfering ribo-
nucleic acid effectively targeted the small interfering ribonu-
cleic acid to tumor vascular endothelium. After intravenous
injection, endothelial cell-specific uptake was confirmed in
the tumor tissue, and the silencing of endothelium-specific
genes encoding of CD31 and Tie2 was observed.**

Ligand- or antibody-conjugated

liposomal nanoparticles

Besides the positively charge-based targeting, most of
the liposomal targeting strategies focus on targeting
specific receptors overexpressed on tumor endothelial
cells.” Decades of investigations on the molecular basis of
angiogenesis have led to the discovery of several proteins
expressed on solid tumor-associated angiogenic vessels,
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while they are barely detectable in established blood vessels.
Examples of such proteins include o, integrins, the receptor
for angiogenic growth factor, and other types of membrane-
spanning molecules, such as transmembrane glycoprotein
and aminopeptidase N.

Vascular cell adhesion molecule-1 (VCAM-1), an
immunoglobulin-like transmembrane glycoprotein, is a sur-
face receptor that is overexpressed on tumor blood vessels.*
It is also found in other cell types such as macrophages, DCs,
and myoblasts, but to a lesser extent. VCAM-1 can generate
firm cell—cell adhesion. VCAM-1-targeted liposomes are
promising in the treatment of cancer by altering endothelial
function. Voinea et al’’ showed that anti-VCAM-1 coupled
liposomes bind selectively and specifically to tumor necro-
sis factor-alpha (TNF-ov)-activated human endothelial cells
in vitro. Gosk et al*® also demonstrated tumor-specific target-
ing of liposomes surface-conjugated with anti-VCAM-1. In
vitro the VCAM-1-targeted liposomes showed specific bind-
ing to activated endothelial cells with or without simulated
blood flow. In vivo tumor targeting was studied in mice with
Colo 677 xenografts, and more anti-VCAM-1 liposomes accu-
mulated in tumor blood vessels than control liposomes.*®

Metastatic invasion is advanced by the attachment of
tumor cells to the extracellular matrix and the degradation of
matrix components by tumor-associated proteases.** Matrix
metalloproteases (MMPs) are a family of enzymes that
degrade the basement membrane and extracellular matrix,
leading to tissue remodeling. Membrane type-1-MMP (MT1-
MMP) is expressed specifically on vascular endothelial cells
as well as in tumor cells.” It is a membrane-anchored enzyme
and is involved in the degradation of various extracellular
membrane components such as collagen, fibronectin, laminin,
fibrin, aggrecan, and vitronectin. In addition, MT1-MMP can
activate several promatrix metalloproteinases, which enhance
its role in connective tissue remodeling, especially for angio-
genesis.”*! Therefore, any agent that has a high affinity to
MT1-MMP may potentially be used for the active targeting
of tumor angiogenic vessels. Kondo et al® investigated the
targeting of angiogenic endothelium and tumor cells using
stearoyl-Gly-Pro-Leu-Pro-Leu-Arg liposomes (GPLPLR-
Lip). PLPL was found to be a consensus substrate sequence
for MT1-MMP-! In vitro, GPLPLR-Lip showed a stronger
binding to human umbilical vein endothelial cells, as com-
pared to unmodified liposomes.® In vivo, such modification
enhanced tumor accumulation of the liposomes by fourfold,
and tumor growth was strongly suppressed by GPLPLR-
liposomes loaded with the nucleoside analogue 5’-O-dipalmi-
toylphosphatidyl 2’-C-cyano-2’-deoxy- 1-beta-d-arabino-pen

tofuranosylcytosine.® Finally, it was also demonstrated that
anti-MT1-MMP antibody-modified liposomes significantly
inhibited tumor progression, as compared to unmodified
ones. Hatakeyama et al®® coupled the Fab’ fragment of anti-
MT1-MMP antibodies to PEG-liposomes encapsulated with
doxorubicin. In HT 1080 cells, which express a high level of
MT1-MMP, the anti-MT1-MMP Fab’ fragment significantly
enhanced the cellular uptake of the liposomes.**

The transmembrane glycoprotein integrins had served
as one of the most important targets for active targeting.
Integrins mediate cell-to-cell and cell-to-matrix interactions,
and play an important role in various vital cellular functions,
including signal transduction, gene expression, cell prolif-
eration, apoptosis, invasion, metastasis, angiogenesis, and
tumor growth.*** Integrin o 33, o 5, and .51 have been
identified on tumor neovascular endothelial cells and some
tumor cells.® It was demonstrated in many studies that acti-
vated endothelial cells bind and internalize PEG-liposomes
modified with cyclic RGD-peptides on their surface. RGD-
peptides have a high affinity to integrin o, 33.°” In vitro
RGD-peptide-modified liposomes loaded with doxorubicin
were found to be significantly more cytotoxic to endothelial
cells than unmodified control liposomes. In vivo, in a doxo-
rubicin-resistant murine C26-colon carcinoma model, only
the RGD-liposomes loaded with doxorubicin inhibited tumor
progression, whereas control doxorubicin-loaded RAD-
liposomes and nontargeted PEG-liposomes failed. Since
C26-tumor cells are highly resistant to doxorubicin, it was
thought that the RGD-liposomes achieved antitumor effects
through their cytotoxic action on angiogenic endothelium.®
Paclitaxel has also been tested in such a setting as well.* In
mice with A549 xenografts, tumors treated with the cyclic
RGD-liposomes loaded with paclitaxel showed a lower tumor
micro-vessel density than tumors treated with nontargeted
paclitaxel liposomes, which was explained by the specific
recognition and binding of the cyclic RGD-liposomes to the
endothelial cells, resulting in an increased local paclitaxel
concentration in tumor tissues.*’

Integrin a5B1 plays a more significant role than o 33 in
tumor angiogenesis. It is not expressed in quiescent vas-
cular endothelial cells, but is highly expressed in angio-
genic endothelial cells and certain tumor cells.”” ATN-161
(N-acetyl-proline-histidine-serine-cysteine-asparagine-
amide, PHSCN) is a ligand of integrin o531. Dai et al”!
used PHSCN-conjugated PEG-liposomes loaded with doxo-
rubicin to target both tumor angiogenesis and tumor cells,
and demonstrated that the PHSCNK significantly enhanced
the cell uptake and cytotoxicity of the doxorubicin-loaded
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liposomes by both human umbilical vein endothelial cells
(HUVEC) and breast cancer cells through integrin-mediated
endocytosis.”!

Hamano et al”? investigated PEGylated liposomes modi-
fied with C16Y peptide, which is derived from the laminin
Y1 chain and binds to integrins o 33 and a5B1, targeting
both HUVECs and B16 cells, which are representative
of endothelial and cancer cells, respectively. The results
indicate that the C16Y peptide-mediated PEG-liposome
can enhance the uptake of both HUVECs and B16 cells,
and that their uptake was dependent on temperature, which
points to the involvement of receptor-mediated endocytosis.
Kluza et al” improved activated targeting to endothelium in
tumor neovasculature by incorporation of two angiogenesis
ligands. A dual-conjugated liposome containing galectin-1-
specific anginex (Anx) and the o 33 integrin-specific RGD
ligand (Anx/RGD-Lps) were evaluated in mice bearing
B16F10 melanoma to investigate the targeting properties
and clearance kinetics of Anx/RGD-Lps.” Fluorescence
microscopy was used to access the specificity of Anx/
RGD-Lps associated with tumor endothelium, and found it
to be 53% % 6%, which was significantly higher compared
to single targeting liposomes Anx-L 43% % 9% or RGF-L
28% + 8%. The synergistic targeting of galectin-1 and o, 33
improved the specificity of the liposomal nanoparticles to
tumor endothelium.”

Aminopeptidase N is a protease overexpressed on mem-
branes of endothelial cells of angiogenic vessels in solid
tumors, and the aspargine-glycine-arginine (NGR)-motif is
one of the various ligands identified thus far that promote
peptide binding to aminopeptidase N.”*”* Pastorino et al™
coupled peptides containing NGR-motif to the surface of
PEG-liposomes loaded with doxorubicin. In severe combined
immunodeficiency mice with an orthotopic neuroblastoma,
NGR-peptide-conjugated liposomes achieved a tenfold
increase in tumor accumulation, as compared to conventional
NGR-peptide-free liposomes.” Such accumulation can be
blocked by coinjection of free NGR, indicating the NGR-
specific uptake of the liposomes.”

Targeting tumor-associated macrophages

“Classically activated” macrophages release proinflamma-
tory cytokines such as TNF-a, IL-1f, IL-12, and enhanced
the expression of major histocompatibility complex-2, CD80,
and CD86, which are important for antigen presentation. This
process has been utilized in drug targeting. Macrophages
can be targeted and activated to confer tumor suppressive
properties in cancer treatment.””’® Activation of macrophages

results in augmenting antitumor immune responses by the
induction of proinflammatory mediators such as TNF-a,
IL-8, and nitric oxide.”*

During tumor initiation and progression, tumor tissues
promote an inflammatory environment that supports tumor
growth. Macrophages are one of those mononuclear phago-
cytes significantly accumulated in tumors. TAMs have a
distinct phenotype, compared with “classically activated”
macrophages. TAMs are significantly active in angiogenesis,
tissue remodeling, and repair.?! TAMs also produce less
proinflammatory cytokines and overexpress surface scav-
enger receptor A and mannose receptor.’? Moreover, TAMs
have decreased capacity to act as antigen-presenting cells.

PEG-liposomes loaded with prednisolone phosphate (LPs-
PLP), which is selectively toxic to macrophages, were investi-
gated in B16-F10 melanoma-bearing mice. LPs-PLP exerted
antitumor activity through the inhibition of tumor angiogenesis
by the depletion of TAMs. LPs-PLP reduced TAM-mediated
production of proangiogenic factors such as granulocyte-
macrophage colony-stimulating factor, macrophage colony-
stimulating factor, IL-1a, IL-1B, IL-6, and IL-9, but the
production of antiangiogenic factors is hardly affected.®

The therapeutic efficacy of DOXIL® was evaluated in
B16-F10 melanoma-bearing mice in the presence or absence
of TAMs,% which was controlled using PEG-liposomes
loaded with clodronate injected 24 hours before the actual
treatment. PEG-liposomes loaded with clodronate suppressed
tumor progression through the reduction of the proangio-
genic function of TAMs. The antitumor effect of DOXIL®
was only partially due to its ability to inhibit TAM-mediated
angiogenesis.

The LyP-1 peptide has been shown to have high associa-
tion to lymphatic vessels and tumor cells.®> In particular, it
was shown to selectively bind to p32/gC1q —a receptor over-
expressed in tumor cells.® LyP-1 was found to accumulate in
hypoxic areas in the tumor, and thus its potential as a target for
tumor therapy was evaluated. The LyP-1was conjugated to the
PEGylated liposome surface to investigate the targeted ther-
apy.’’ In vitro LyP-1-conjugated PEG-liposomes had higher
uptake by SPC-A1 lung adenocarcinoma cells, but not by
normal lymph nodes. In vivo near-infrared fluorescence imag-
ing results indicated that LyP-1-mediated PEG-liposomes
enhanced the liposome uptake by metastatic lymph nodes, but
not by normal lymph nodes. Moreover, immunofluorescence
showed that LyP-1-mediated PEG-liposomes were specifi-
cally distributed adjacent to both tumor lymphatics and TAMs
in metastatic lymph nodes. Further, a pharmacodynamic
study comparing unmodified liposomes to LyP-1-mediated
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doxorubicin-loaded PEG-liposomes showed enhanced
inhibition of tumor cells in vitro, and lymphatic metastatic
tumor in vivo with the targeting motif.*’

The hemoglobin scavenger receptor CD163 is overex-
pressed in the tissues of resident macrophages of the M2
phenotype, and in macrophages in sites of inflammation and
tumor growth.®®% Etzerodt et al” investigated the CD163-
binding monoclonal antibodies coupled to the surface of PEG-
liposomes to target the CD163 cells and macrophages. The
antibody-mediated PEG-liposomes significantly increased
the uptake of liposomes in both CD163 transfected cells and
macrophages. Further the receptor CD163-targeted PEG-
liposomal doxorubicin exhibited strong cytotoxic effects in
CD163-expressing human monocytes.” The CD163-binding
monoclonal antibodies-mediated PEG-liposome is a potential
approach to target therapeutic agents to macrophages that
support inflammatory and malignant progression.

Finally, Matsui et al”” had used oligomannose-coated
liposomes to successfully deliver 5-fluorouracil to peritoneal
macrophages, which then delivered the 5-fluorouracil to
omental milky spots, known as the initial metastatic sites in
the peritoneal cavity.”' At Table 1 we summarized strategies
for targeting neovasculature endothelium and TAM utilizing
liposomal nanoparticles.

Targeting tumor-associated fibroblasts

In addition to endothelial cells and macrophages, fibroblasts
are another major component of tumor microenvironment.
Fibroblast activation protein (FAP) is a surface antigen
selectively expressed by reactive tumor-associated fibroblast
(TAF). Liposomes coupled with FAP antibody Fv fragments
were internalized into the endosomal compartment of FAP-
expressing cells, as shown by Baum et al.”? The value of such
an approach needs to be confirmed in vivo.

Sadlonova et al”*compared gene expression profiles of
fibroblasts extracted from breast tumors with those from nor-
mal breast tissue. A total of 420 genes were found to be dif-
ferentially expressed, of which 240 genes were overexpressed
by TAF. These genes are relevant to the fibroblast-epithelial
interaction. They are also potential ligands for TAF-specific
delivery of liposomes for cancer treatment.

Targeting tumor-associated pericytes

Pericytes have been found to be involved in triggering metas-
tasis by perturbing pericyte-endothelial cell-cell interactions.
Pericyte dysfunction resulted in metastasis in distant organs
and local lymph nodes.* Platelet-derived growth factor recep-
tor-beta (PDGFR-P) is overexpressed on tumor-associated

pericytes and fibroblasts, while it is expressed on malignant
cells.”> Human serum albumin was modified with a cyclic
peptide as ligand-binding to PDGFR-[} to form a carrier,
which was loaded with doxorubicin to target tumors.”® The
data showed that the targeted doxorubicin-carrier accumu-
lated in PDGFR-P expressing vascular pericytes and stromal
fibroblasts, in addition to malignant cells, while it appeared
to be rapidly clearing from other organs. Treatment with the
targeted carrier loaded with doxorubicin markedly reduced
the tumor growth without showing doxorubicin-related side
effects.’ The investigation indicated that this is a novel strat-
egy to target more cell types simultaneously for good anti-
cancer potential. The ligand-mediated liposomal anticancer
agent may be a promising approach to achieve this goal.

Targeting tumor-associated

extracellular matrix

The extracellular matrix surrounding malignant cells
is significantly different from that surrounding normal
cells in tumor tissue. In particular, tenascin-C (TN-C)
as a multifunctional extracellular matrix glycoprotein is
overexpressed in many different tumors such as gliomas,
breast tumors, and prostate tumors.®’” The sulfatide is a
natural acidic glycosphingolipid that can be utilized as
a ligand of targeted liposomes via binding to TN-C. The
sulfatide-mediated liposomes were internalized by both
caveolae/lipid raft- and clathrin-dependent pathways in
experiments with TN-C-expressing glioma cells.”® These
studies exhibited a new strategy for more effective anti-
cancer chemotherapeutics.

Targeting to tumor-associated lymphocytes
The lymphatic system is involved in the metastasis of
most human cancers such as breast, ovarian, lung, colon,
and prostate cancer.” Exploration exhibited that VEGF-C
and VEGF-D enhanced lymphangiogenesis, the metastatic
spread of malignant cells to lymph nodes.''* Honokiol is
a potential antiangiogenic and antitumor medicine that acts
by blocking VEGF-induced autophosphorylation of VEGF
receptor 2. To investigate related lymph node metastasis
and antitumor activity, liposomal honokiol was injected
intraperitoneally in a mouse model of xenografted Lewis
lung carcinoma cells overexpressing VEGF-D. Liposomal
honokiol markedly reduced metastasis to the lymph nodes
when compared with the control group. The decrease of
lymphatic metastasis to the lymph nodes depended on the
administered doses (30% and 10% for 12.5 mg/Kg/day and
50 mg/Kg/day, respectively).!!
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Conclusion and future perspectives
The dynamic interactions between tumor cells and cells
in the tumor microenvironment coordinate events that are
critical for tumor progression and metastasis formation. The
complex tumor microenvironment calls for a drug delivery
system that can target tumor cells as well as nontumor cells.
Liposomal nanoparticles demonstrated immense potential in
effectively and safely targeting anticancer drugs to tumors.
PEGylation of liposomes can help decrease the rapid clear-
ance of the liposomes from the circulation and increase the
accumulation of the liposomes in tumor tissues by the EPR
effect. Cationic liposomes are effective in delivering antican-
cer drugs to tumor tissues by targeting the negatively charged
proteoglycans on the membrane of the endothelial cells in
tumor neovasculature. Liposomes that are surface-conjugated
with ligands, or antibodies against surface molecules that
are specific or overexpressed on tumor-associated cells, can
actively and selectively target anticancer drugs to tumors.

The translation of the success of the aforementioned
liposomes that target tumor microenvironments ranging from
animal studies to clinics will be dependent on their ability to
target all aspects of the tumor microenvironment, including
cancer stem cells. The complex nature of tumor growth and
progression dictates that a curative therapy needs to expand
from aiming at single pathways to addressing multiple
pathways simultaneously. Therefore, future tumor-targeting
(liposomal) nanoparticles need to be carefully engineered
to not only kill tumor cells, but also to modify the tumor
microenvironment so that it is unfavorable for tumor cells to
grow, and for cancer stem cells to repopulate.
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