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Liver fibrosis and its end stage disease cirrhosis are a major cause of mortality
and morbidity around the world. There is no effective pharmaceutical
intervention for liver fibrosis at present. Many drugs that show potent anti-
fibrotic activities in vitro often show only minor effects in vivo because of
insufficient concentrations of drugs accumulating around the target cell
and their adverse effects as a result of affecting other non-target cells.
Hepatic stellate cells (HSC) play a critical role in the fibrogenesis of liver, so
they are the target cells of antifibrotic therapy. Several kinds of targeted
delivery system that could target the receptors expressed on HSC have been
designed, and have shown an attractive targeted potential in vivo. After
being carried by these delivery systems, many agents showed a powerful
antifibrotic effect in animal models of liver fibrosis. These targeted delivery
systems provide a new pathway for the therapy of liver fibrosis. The
characteristics of theses targeted carriers are reviewed in this paper.
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1. Introduction

Liver fibrosis and its end stage disease cirrhosis are major world health problems
arising from chronic injury of the liver by a variety of etiological factors. Worldwide,
the common causes of liver fibrosis and cirrhosis include hepatitis B, hepatitis C
and alcohol. Other causes include immune-mediated damage, genetic abnormalities
and non-alcoholic steatohepatitis, which is associated with diabetes and the metabolic
syndrome [1]. Changing patterns of alcohol consumption in the West and the
increasing rates of obesity and diabetes mean that advances in preventing and
treating viral hepatitis may be offset by an increasing burden of fibrosis and cir-
thosis related to alcohol and non-alcoholic steatohepatitis [1.2). Liver cirrhosis is
characterized by extensive fibrous scarring of the liver and the formation of pseudo
lobes, which are typically associated with such clinical signs as variceal hemorrhage,
ascites, or hepatocellular carcinoma [3]. In the UK alone, the subsequent liver cirrhosis
results in 4000 deaths a year, with two-thirds dying before their 65th birthday, and
the incidence of cirrhosis-related death is increasing [4].

The key factor in the pathogenesis of liver fibrosis is the activation and proliferation
of hepatic stellate cells (HSC) and their transformation into myofibroblasts. HSC
contribute largely to the intrahepatic connective tissue expansion during fibrogenesis [s].
As a result of liver injury, HSC, which in the healthy organ store vitamin A,
undergo a process of activation that is mediated by the concerted action of resident
hepatic cell types such as Kupffer cells (KC), liver endothelial cells (LEC) and
hepatocytes. The phenotype of activated HSC resembles that of myofibroblasts and
is characterized by: 0-smooth muscle actin (0-SMA) expression; intensive syntheses
of extracellular matrix proteins, mainly type I and type III collagen; and a high rate
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of proliferation [6,7]. Activated HSC also secrete pro-fibrotic
and pro-inflammatory mediators, which, in an autocrine
manner, perpetuate the activated state of HSC and attract
immune cells from the bloodstream [8,9]. In addition, the con-
tractile features of activated HSC are the basis for their pivotal
role in the portal hypertension, which is a major clinical
characteristic of liver cirrhosis [10].

Current treatments for cirrhosis are limited to removing
the underlying injurious stimulus (where possible), eradicating
viruses using interferon, ribavirin and nucleoside analogues
in viral hepatitis, and liver transplantation. Transplantation is
a highly successful treatment for end stage cirrhosis, with a
75% 5-year survival rate [2]; but limited availability of organs,
growing lists of patients needing a transplant, issues of com-
patibility and comorbid factors mean that not everyone is
eligible for transplantation. As a result, effective antifibrotic
treatments are needed urgently. As HSC have a crucial role
in hepatic fibrogenesis, they are attractive targets for antifi-
brotic therapy. Pharmacotherapeutic intervention of HSC
functions can take place at different levels: inhibition of the
activation and transformation of HSC, inactivation of pro-
fibrogenic cytokines, interference with matrix synthesis and
stimulation of matrix degradation [5].

Despite potent activities of many antifibrotic drugs
in vitro, often only minor effects are observed in vivo. So
far, no pharmaceutical intervention is available to treat this
fibrotic disease [11]. The main problem with these drugs 7 vivo
is that they are neither liver-specific nor fibrosis-specific. As
a consequence, insufficient concentrations of drugs could
be accumulated in the target cells. Moreover, uptake of the
drug in non-target cells could in principle cause serious adverse
effects, in particular during chronic administration [12]. Tar-
geting therapeutics to the relevant tissue or disease-associated
cell has several advantages over non-targeted therapies. Lower
levels of therapeutic need to be delivered to achieve thera-
peutic effects, and altered pharmacodynamics increase the
likelihood of a specific action in the target tissue/cell and
reduce the chances of adverse effects [13-15]. The principal
cell type responsible for hepatic fibrogenesis is the activated
HSC. Therefore, this cell type is an important target for
antifibrotic therapies. To attain HSC-specific uptake, drugs
can be coupled to carrier molecules that are designed for
selective uptake by the target cells. Receptors expressed on
(activated) HSC may serve as targets for such carriers [16].
A variety of small molecules, such as peptides, carbohy-
drates or antibody fragments, can be selected for specific
target ligands with ‘one-bead one-compound’ combinatorial
libraries [17].

In the past decade, several kinds of delivery system targeting
to activated HSC or other non-parenchymal cells involved in
liver fibrogenesis have been designed and explored. Most of
them have shown an attractive potential in antifibrotic ther-
apy, and agents carried by them showed a powerful antifi-
brotic effect iz vivo. These delivery systems are reviewed in
this article.

2. Human serum albumin modified with
mannose 6-phosphate

Binding sites expressed on (activated) HSC are considered for
their ability to serve as potential targets for carrier molecules.
One of these is the mannose 6-phosphate/insulinlike growth
factor II (M6P/IGF-1I) receptor, whose expression is increased
on activated rat HSC, particularly during fibrosis [18,19]. The
receptor has binding sites for IGF-II and M6P-containing
ligands such as latent transforming growth factor-f (L-TGFp),
proliferin and lysosomal enzymes [20].

Beljaars e# al. took the lead to demonstrate that human
serum albumin (HSA) modified with M6P could be taken up
by HSC in fibrotic livers. A series of M6P -modified (x = 2,
4, 10 and 28) albumins were synthetized. The hepatic uptake
of M6P_-HSA increased with increasing M6P density.
M6P -HSA with a low degree of sugar loading (x = 2 — 10)
remained in the plasma and accumulated less in fibrotic rat
livers. When the molar ratio of MG6P:HSA was increased to 28:1,
an increased liver accumulation to 59 £ 9% of the adminis-
tered dose was observed; and, 7z vivo, an increased substitution
of M6P was associated with an increased accumulation in
HSC; 70 £ 11% of the intrahepatic staining for M6P,¢-HSA
was found in HSC. Furthermore, the M6P-modified serum
albumin also accumulated in slices of normal and cirrhotic
human livers. After incubation of this neoglycoprotein with
human tissue, the protein was found in non-parenchymal
liver cells. In normal human livers, LEC were responsible
for the uptake of the protein, whereas in cirrhotic human
livers, HSC, in particular to the activated phenotype, and
LEC contributed to the uptake of this neoglycoprotein [5.21].
This binding of M6P,¢-HSA and HSC was specific, as M6P
and an excess of M6P-HSA inhibited the binding, which
indicates the involvement of the M6P/IGF-II receptor, because
M6P is a known ligand for this receptor. So mannose
6-phosphate groups attached to HSA (MG6P-HSA) exert
specificity for the MO6P/IGF-II receptors present on HSC.

Approximately 80% of M6P,;-HSA synthetized is in the
monomeric form and the coupling of M6P groups to albumin
results in a more negatively charged protein as compared
with unmodified HSA. The retention time is increased from
21.5 min for HSA to 27.2 min for M6P,g-HSA p1].

The negative charge of M6P-HSA, caused by the clustering
of M6P groups on the protein core, could also qualify M6P-HSA
as a ligand for scavenger receptors (ScR). Little is known
about the expression of ScR on HSC. Schneiderhan er al.
reported the expression of ScR class B on activated human
HSC and demonstrated that oxidatively modified lipoproteins
stimulate extracellular matrix synthesis through this receptor
in HSC (221. Adrian ez al. explored the interaction of M6P-HSA
liposomes with cultured HSC, and it was demonstrated that
coupling M6P-HSA to the surface of liposomes significantly
increased binding and intracellular uptake of these liposomes
by cultured primary HSC. Surprisingly, a higher association
of the M6P-HSA liposomes was observed for quiescent HSC
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than for activated HSC, yet the results of RT-PCR and
immunohistochemical staining showed an abundance of the
MGP/IGEF-II receptor on activated only [23]. Liposomes coupled
with aconitylated HSA (AcoHSA) have been shown to asso-
ciate readily with LEC through the ScR [24]. Adrian er al.
found that the association of AcoHSA liposome with HSC
was comparable to that of MG6P-HSA liposomes. The asso-
ciations of M6P-HSA liposomes and AcoHSA liposomes
with LEC were both in the same order of magnitude. The
expression of the M6P/IGF-II receptor by LEC was only at
the mRNA, but not at the protein level. All of these results
indicate that besides the MO6P/IGE-II receptors, the ScR also
play a role in the association of M6P-HSA with LEC and
HSC [23]. Furthermore, the scavenger receptor competitor
polyinosinic acid abolished the uptake of M6P-HSA lipo-
somes and AcoHSA liposomes by LEC, which indicates that
not ScR class B, but ScR class A, contributes to the association
of these liposomes [25]. Although ScR class A is mainly expressed
by macrophages, it is also present on endothelial cells, smooth
muscle cells and fibroblasts [26,27].

Anti-fibrotic drugs display their pharmacological activities
either inside the cell or at the cell membrane [28]. Therefore,
it is important to determine whether M6P-HSA is endocytosed
into HSC or remains at the cell membrane. The natural ligands
for the MOP/IGF-II receptor undergo endocytosis after
binding to the receptor [29. M6P-HSA was demonstrated to
be rapidly and extensively taken up into HSC through a
lysosomal route. Endocytosis of M6P-HSA liposomes by
HSC was temperature dependent and could be inhibited by
monensin, a kind of inhibitor for endocytosis. Despite
extensive internalization in lysosomes of activated HSC (up to
40% of the dose administered) only minor degradation products
were detected. This indicates minor cellular processing of
the modified albumin or retention of degradation products
within the hepatic cells [21].

According to these results, M6P-HSA have been explored
for the targeted delivery effect in vivo, either as a targeted
carrier that conjugates directly with antifibrotic drugs, or as
part of a targeted carrier, such as the MG6P-HSA liposomes
mentioned, which encapsulates antifibrotic drugs or genes inside.
After conjugating directly with M6P-HSA, 18B-glycyrrhetinic
acid, gliotoxin, pentoxifylline, losartan and the antiproliferative
drug doxorubicin showed a significantly antifibrotic effect in
animal models of liver fibrosis [30-34]. By doing so, accumulation
of doxorubicin in extrahepatic tissues as well as hepatocytes
was reported to be avoided [34].

Viral gene delivery systems might be an alternative to conven-
tional treatment. The hemagglutinating virus of Japan (HV]),
also known as Sendai virus, is able to fuse with conventional
liposomes, even though they do not contain sialoglycoproteins
on their surface. During this fusion process, membrane proteins
of HV]J are incorporated into the liposomal membrane. Several
reports have shown that vectors derived from the fusion of
liposomes that contain plasmid DNA or oligonucleotides with
inactivated HV] form an effective gene transfection system
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both 7 vitro and in vive (3536). Liposomes that were surface
coupled with M6P-HSA have been demonstrated to accumulate
in HSC in a rat model of liver fibrosis [23]. So the fusion of
HV]J-E with M6P-HSA liposomes creates new targeted particles
for gene treatment, which in an experimental model of liver
fibrosis have been shown to accumulate in HSC 37). The
combination of HSC specific targeting with the effective HV]
gene transfection system may offer the possibility to construct
a new vector, characterized by the delivery of therapeutic genes
selectively to HSC and an enhanced transfection efficiency of
these pivotal cells during fibrogenesis.

As mentioned above, however, besides the MGP/IGF-II
receptors, ScR can also bind with MG6P-HSA. As ScR is
expressed on HSC, LEC and KC, the antifibrotic drugs or
genes carried by M6P-HSA may also have an effect on LEC
and KC. After incorporating the bioactive lipid dilinoleoylphos-
phatidylcholine (DLPC) into the membrane of liposomes and
coupling M6P-HSA to the surface of these liposomes, the
effect of M6P-HSA-DLPC liposomes was evaluated on HSC
activation and liver fibrosis. Targeted M6PHSA-DLPC lipo-
somes and DLPC liposomes significantly reduced gene expres-
sion levels for collagen Ioil, 0-SMA and TGF-B in cultured
HSC. In fibrotic livers, DLPC liposomes decreased gene
expression for TGF-P3 and collagen Iotl as well as 0-SMA and
collagen protein expression. By contrast, M6PHSA-DLPC
liposomes enhanced expression of pro-fibrotic and pro-inflam-
matory genes 7z vivo. In cultured Kupffer and endothelial
cells, M6P-HSA liposomes influenced the expression of pro-
inflammatory genes. So in fibrotic livers, M6P-HSA-mediated
activation of Kupffer and endothelial cells probably counteracts
this beneficial effect of DLPC liposomes [38].

3. Cyclic Arg-Gly-Asp peptides

Specific interactions between cells and extracellular matrix
components are mediated by transmembrane proteins, in
particular the heterodimeric integrins [39.40]. Proteins that
contain the Arg-Gly-Asp (RGD) attachment site, together
with the integrins that serve as receptors for them, constitute
a major recognition system for cell adhesion. The RGD
sequence is the cell attachment site of a large number of
adhesive extracellular matrix, blood and cell surface pro-
teins, and nearly half of the > 20 known integrins recognize
this sequence in their adhesion protein ligands. Type VI
collagen is a major matrix protein involved in the adhesion
of cells to the surrounding matrix. The main cellular sources
of type VI collagen in normal and fibrotic livers are
HSC (41]. In normal livers, type VI collagen is localized in
the portal areas and at the plasma membranes of hepato-
cytes, endothelial cells and HSC within the lobule. The
hepatic deposition of this type of collagen is increased during
liver fibrosis, in particular in the fibrous septa that invade
the lobule [421. RGD sequences are found in type VI collagen.
The integrin-binding activity of adhesion proteins can be
reproduced by short synthetic peptides containing the RGD
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sequence. Reagents that bind selectively to only one or a few
of the RGD-directed integrins can be designed by cyclizing
peptides with selected sequences around the RGD and by
synthesizing RGD mimics [39]. Although several RGD
sequences are found in type VI collagen, the cyclic peptide
C*GRGDSPC* has been shown to inhibit specifically the
attachment of type VI collagen to cells, whereas the RGD-
dependent binding of fibronectin to these cells was not
inhibited and the linear analogue of this peptide failed to
inhibit the cellular attachment of type VI collagen [43.

It has been confirmed that cyclic RGD peptide can target to
rat HSC by recognizing the type VI collagen receptor [16,44].
Beljaars er al. modified HSA with 10 cyclic peptide moi-
eties recognizing type VI collagen receptors (C*GRGDSPC*,
in which C* denotes the cyclizing cysteine residues) yield-
ing pCVI-HSA. In vivo experiments showed preferential
distribution of pCVI-HSA to both fibrotic and normal rat
livers. pCVI-HSA predominantly bound to HSC in fibrotic
livers. By contrast, LEC contributed mostly to the total liver
accumulation in normal rats. /n vitro studies showed that
pCVI-HSA bound specifically to rat HSC, in particular
to the activated cells, and the amount of pCVI-HSA incor-
porated in HSC declined to ~ 50% with monensin, indi-
cating internalization of pCVI-HSA by means of an
endosomal and lysosomal pathway [1644]. The results dem-
onstrate the specificity of the stellate cell targeting and
imply applicability of pCVI-HSA as carriers for drugs that
act intracellularly.

Expect HSA, with sterically stable liposomes (SSL) that
have been modified with cyclic RGD peptides (C*GRGDSPK*,
in which C* and K* denote the cyclizing cysteine residues)
to yield a new carrier, RGD-SSL. Interferon-oy;, (IFN-0;)
or hepatocyte growth factor (HGF) could be trapped in
SSL. When incubating HSC or hepatocytes with cyclic
RGD peptide, the peptide was bound preferentially to acti-
vated HSC. A biodistribution study showed that the accu-
mulation of RGD-SSL in HSC isolated from liver fibrotic
rats was 10-fold more than with unlabeled SSL. The liver
fibrotic rats receiving injections of IFN-o,, or HGF trapped
in RGD-SSL showed significantly reduced extent of liver
fibrosis compared with liver fibrotic rats treated with IFN-ot;,,
or HGF trapped in SSL [4546]. Different from the cyclic
RGD peptides synthesized by Beljaars [16], the RGD peptides
used to modify SSL modified the sequence by replacing
cysteine with lysine, and the modified peptide was easily
conjugated to the liposomal formulation by means a sulf
hydryl group in the cysteine residue. Furthermore, the
modified cyclic RGD peptide, which formed a cycle with a
peptide bond (-NH-CO-) between the lysine and cysteine
residues, tended to form a more stable cyclic peptide than
the original one, which was cyclized by forming an unstable
disulfo bond (~S-S-) between two neighboring cysteine
residues, because the peptide bond is much more stable than
the disulfo bond owing to a lower possibility of being
oxygenized [45].

4. Recombinant human monoclonal antibody
fragment to synaptophysin

Synaptophysin (SYN) is a major transmembrane glycoprotein
of small (30 — 80 nm) electron-translucent (SET) vesicles.
This class of vesicles includes the presynaptic vesicles in neu-
ronal cells and the somewhat larger synaptic-like microvesicles
in neuroendocrine cells [47). The SYN protein is known to
be present in membranes of neuronal synaptic vesicles con-
taining neurotransmitters, SYN-positive secretory granules
in pancreatic tissue demonstrated to contain glucagons or
insulin. Tumors of bronchial epithelium and gastrointestinal
mucosa can also demonstrate SYN reactivity [48-51). In the
liver, SYN expression was reported to be restricted to HSC-
derived myofibroblasts (myofibroblasts express several genes
associated with neural tissue) [52,53]. In 1999, Cassiman et /.
demonstrated that SYN was a new marker for quiescent as
well as activated HSC. They found that SYN reactivity was
present in perisinusoidal stellate cells in both human and rat
normal liver biopsies. The number of SYN-reactive perisinu-
soidal cells increased in pathological conditions. Double
staining for 0-SMA and SYN demonstrated unequivocally
colocalization of both markers in lobular stellate cells. In
addition, freshly isolated rat stellate cells expressed SYN mRNA
and protein; and the presence of small electron translucent
vesicles in stellate cell projections was comparable to the
SYN-reactive synaptic vesicles in neurons [53].

SYN’s external cellular location and cycling to intracellular
location(s) make it a potential site for targeting liver myo
fibroblasts with therapeutics. Recombinant human monoclonal
single chain antibodies (scAbs) were therefore generated to a
conserved peptide sequence present in an extracellular domain
of SYN [54;55]. Phage display was used to generate a human
monoclonal antibody fragment to a peptide sequence present
on an extracellular domain of SYN. An antibody fragment
was isolated (termed C1-3), expressed in bacteria and purified.
Fluorescently labeled C1-3 associates with human HSC but
not hepatocytes in culture. Binding of fluorescently labeled
C1-3 to HSC was blocked by the extracellular SYN peptide
sequence, and uptake of the antibody intracellularly was
inhibited by monensin. The toxin tributyltin — when conju-
gated to C1-3 — retained the ability to kill HSC, confirming
that C1-3 is sequestered intracellularly (54. In addition,
Douglass ¢t al. demonstrated that the C1-3 scAb did not cross
the blood brain barrier and targeted liver myofibroblasts 77 vive.
C1-3 specifically targeted to 0-SMA-positive liver myofibro-
blasts within scar regions of the liver in vivo and did not
colocalize with liver monocytes/macrophages. C1-3-targeted
gliotoxin, an NF-kB inhibitor, stimulated a fivefold increase
in non-parenchymal cell apoptosis, depleted liver myofibro-
blasts by 60%, did not affect the number of monocytes/
macrophages and significantly reduced fibrosis severity [55].

These results demonstrate the targeted effect of scAbs to
SYN in the therapy for liver fibrosis. The antifibrotic effect
of drugs that act intracellularly and are not effective enough
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in vivo or display serious extrahepatic side effects is enhanced
after conjugation with the scAbs.

5. HSA modified with platelet-derived
growth factor receptor-recognizing peptide

A prominent stimulator of fibroblast proliferation during
fibrosis is platelet-derived growth factor (PDGF) [56). PDGF
is a dimeric molecule composed of A and/or B chains. The
PDGF isoforms (-AA, -AB, or -BB) exert their effects on
target cells by binding to two structurally different receptors.
The PDGF-a. receptor binds to both A and B chains with
high affinity, but the PDGF-P receptor binds only to the
B chain [9,57,58]. In liver fibrosis, PDGF is the most important
mediator involved in the proliferation and activation of
HSC, which transform subsequently into myofibroblasts.
The local production of PDGEF is increased during fibrosis,
and the de novo expression of the PDGF-B receptor is
strongly enhanced on activated HSC (59-62].

The general event of the induction of PDGF-B receptors
on cell membranes of fibroblasts after the onset of fibrosis
prompted exploration of the possibility of developing a drug
carrier that distributes to this receptor in order to obtain
homing to the target cells in fibrotic tissues. To create a drug
carrier that distributes specifically to fibrogenic cells, a PDGF
receptor-recognizing peptide is coupled to HSA (pPB-HSA).
This new peptide (C*SRNLIDC*, in which C* denotes the
cyclizing cysteine residues) contains the amino acids arginine (R)
and isoleucine (I) as the receptor-binding moieties of the
PDGF B chain [63], together with the amino acids flanking
these moieties in the native growth factor.

In rats with liver fibrosis, pPB-HSA quickly accumulated
in the liver in contrast to unmodified HSA. The major part
of pPB-HSA in the fibrotic liver was localized in HSC. The
binding of pPB-HSA to HSC in vivo was confirmed in vitro
with primary cultures of quiescent and activated HSC. After
2 h of incubation, only the activated HSC significantly
bound pPB-HSA as compared with HSA. The cell-bound
pPB-HSA at 37°C was not significantly higher than at 4°C,
which indicated that no internalization occurred. So pPB-HSA
may be used to deliver drugs that act extracellularly, such as
receptor antagonists, and at the same time can deliver thera-
peutic agents to the desired site of action (dual targeting). In
addition, pPB-HSA was able to reduce PDGF-BB-induced
fibroblast proliferation 7z vitro, and proved to be devoid of
proliferation-inducing activity itself [44.64]. Furthermore, the
specificity of the binding of labeled pPB-HSA to activated
HSC was examined, and it was shown that the amount of
cell-bound radioactivity was decreased by 80% in the pres-
ence of an excess of unlabeled pPB-HSA. In the presence
of the PDGF receptor antagonists suramin and trapidil,
the binding of pPB-HSA to HSC declined to, respectively,
20 and 42% of the total binding. Moreover, the binding of
pPB-HSA to cells was significantly lowered in the presence
of PDGF-BB, but not by PDGF-AA, showing the specificity
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of the binding of pPB-HSA to PDGF- receptors on activated
HSC [64.

The cyclic peptides attached to HSA displayed a better
interaction with the receptor than the cyclic peptide alone
because the uncoupled peptides were not able to compete
with the cellular binding of PDGF-BB. Apparently, exposition
of more than one cyclic peptide on the albumin molecule
more closely mimics the binding sites present in the PDGF
molecule, which is a dimeric molecule [64,65]. Covalent attach-
ment of several cyclic peptides to a backbone, such as HSA,
may provide a better presentation to the receptor than the
solubilized monomeric peptides. Another advantage of coupling
the peptides to a macromolecule such as HSA is the prevention
of rapid renal excretion that usually occurs with low molecular
mass compounds.

15d-Prostaglandin ]2 (15dPGJ2) induced apoptosis of
human hepatic myofibroblasts and significantly inhibited
the expression of interstitial collagens as well as their prolif-
eration in human hepatic myofibroblasts 7z vitro [66-68]; but
prostaglandins are locally acting mediators that are rapidly
metabolized, resulting in a very short half-life (9]. In addition,
the high protein binding of prostaglandins in serum might
prevent 15dPGJ2 from effectively reaching the essential cells
within the liver after systemic administration. [z vitro studies
demonstrated that pharmacological effects of 15dPGJ2 were
abolished in the presence of serum (6. The coupling of
15dPGJ2 to pPB-HSA clearly led to a rapid and near com-
plete accumulation of the prostaglandin in the fibrotic liver
with significant uptake in HSC. The targeted forms of
15dPGJ2 were pharmacologically effective in vitro, and cou-
pling evidently improved the activity of this prostaglandin
in the presence of serum [70].

The interaction of the macromolecule pPB-HSA with the
PDGF receptor makes this modified albumin in principle
applicable as a drug carrier to any fibrotic organ, in particular
to the fibroblast-like cells in these organs. The homing of
pPB-HSA was tested in rat models of kidney fibrosis as
well [64]. It may also be applicable in other proliferative and
inflammatory diseases associated with an upregulation of the
PDGEF- receptor, such as pancreatic fibrosis, atherosclerosis
and inflammatory joint disease. In these diseases, the fibroblasts
are the main pathogenic cells, responsible for the production
of the excessive amounts and deposition of aberrant forms
of extracellular matrix, and therefore these cells are the main
target cells for antifibrotic drugs.

6. Retinol-binding protein-retinol complex

Retinol is stored in liver. Hepatocytes initially take up the newly
absorbed vitamin A from the diet, which is transported by
blood circulation in chylomicron remnants. They subsequently
transfer retinol to HSC, which store vitamin A in large
cytoplasmic lipid droplets. HSC are thus specific retinoid-
storing liver cells, and they take a leading part in the retinoid
metabolism and homeostasis. The dynamic balance between
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the accumulation and mobilization of systemic liver retinol
deposits is primarily regulated in HSC. Circulating retinol is
associated with plasma retinol-binding protein (RBP) or
bovine serum albumin (BSA). HSC, but not myofibroblasts,
expressed a high-affinity membrane receptor for RBP—retinol
complex, and both cell types expressed a low-affinity one [71.72].

Sato et al. designed vitamin A-coupled liposomes to deliver
small interfering RNA (siRNA) against gp46 (VA-lip-siR-
NAgp46), the rat homolog of human heat shock protein 47
(HSP47), to HSC [731. The HSP47, collagen-specific chaperone
facilitates collagen secretion by ensuring proper triple-helix
formation of procollagen in the endoplasmic reticulum and
has also been implicated in translational regulation of pro-
collagen synthesis [7475). After culturing for 30 min, rat
HSC treated with VA-lip-siRNAgp46 labeled with carboxy-
fluorescein (FAM) showed increasing fluorescence intensities
as RBP concentrations increased, and the intensity plateaued
at concentrations > 0.7 mg/ml RBP. To confirm specific
uptake of vitamin A-coupled liposome/RBP complex by
RBP receptors, anti-RBP antibody was added to the incuba-
tion medium of HSC treated with VA-lip-siRNAgp46-FAM
in the presence of RBP (0.7 mg/ml). The uptake of
siRNAgp46 by these cells was suppressed by anti-RBP anti-
body to levels near those with lip-siRNAgp46-FAM. In rats
with liver fibrosis, VA-lip-siRNAgp46 quickly accumulated
in the liver and the major part of VA-lip-siRNAgp46 in the
fibrotic liver was localized in HSC. Both the HSC and the
fibrotic livers of rats injected with the VA-lip-siRNAgp46
showed suppressed gp46 expression for at least 3 days. Five
treatments with VA-lip-siRNAgp46 almost completely resolved
liver fibrosis and prolonged survival in rats with lethal dim-
ethylnitrosamine-induced liver cirrhosis in a dose- and duration-
dependent manner. Rescue was not related to off-target effects
or associated with recruitment of innate immunity. The recep-
tor-specific siRNA delivery was similarly effective in sup-
pressing collagen secretion and treating fibrosis induced by
CCl4 or bile duct ligation [73]. These results demonstrate the
effect of VA-lip as a targeted delivery system in liver fibrosis,
and the effect depended on the existence of RBP.

As mentioned above, dietary retinoids delivered to the
liver are first processed by hepatocytes, the major parenchymal
cell type, and then transferred to HSC by means of a retinol-
binding protein-dependent pathway (71]. Thus, it is interesting
that the vitamin A-coupled liposomes were not first recog-
nized by hepatocytes but instead delivered intact directly to
HSC bound to retinol-binding protein. The mechanism
needs to be explored further.

7. Recombinant adeno-associated virus
(serotype 2)

Gene therapy represents an attractive approach for the treatment
of liver fibrosis [76.771. However, a cell-specific gene delivery
system and a promising biological basis for the control of
liver fibrogenesis are the main considerations for its clinical

application. Among the currently available viral vectors,
adeno-associated virus has several advantages, including stable
transgene expression, which is particularly important for the
treatment of chronic diseases [78].

The binding activities of recombinant adeno-associated
virus (rAAV) (serotype 2) depend on the expression of its
receptor and co-receptors on the cell surface. So far, one recep-
tor and two co-receptors of rAAV have been identified [79-81].
The expression pattern of rAAV’s receptor, heparan sulfate,
remained unchanged in both normal and fibrotic livers.
Interestingly, a dramatically increased expression of its co-
receptor, fibroblast growth factor receptor-la (FGFR-10v),
was detected predominantly in the fibrotic areas of CCl4-
induced livers with cirrhosis compared with normal livers,
whereas no expression of FGFR-10 was detected in hepato-
cytes. By contrast, the expression pattern of integrin OB
(another rAAV co-receptor) remained largely unchanged in a
comparison of normal livers and livers with fibrosis. The
expression of integrin 0tyfs was mainly restricted to hepato-
cyte and biliary epithelial cells. Impressively, detection of the
localization of rAAV 2 h after portal injection showed a cluster
of injected rAAV in the fibrotic areas of livers that was con-
sistent with the expression pattern of FGFR-1ot in the same
setting. The association of FGFR-l1ot expression and the
binding of injected rAAV were determined further by a dou-
ble immunofluorescent staining in which the expression of
FGFR-1a was colocalized with the presence of rAAV in the
same cell. This suggests a preferential binding of rAAV to the
cells in fibrotics areas of livers, which is associated with
higher expression levels of its co-receptor FGFR-1a. Isola-
tion of HSC from livers with fibrosis showed a higher expres-
sion of FGFR-lo. at the protein of cellular membrane
fraction. This suggests a correlation between higher levels of
FGFR-1a. expression and the preferential binding of rAAV to
HSC in livers with fibrosis. This was supported further by
the data associated with the patterns of transgene expression
in isolated HSCs from livers with fibrosis. Heme oxygenase-1
(HO-1), which was primarily described as an antioxidant
gene, was transduced with rAAV in rats of liver fibrosis. Iso-
lation of different types of cells from CCl4-induced fibrotic
livers showed predominant expression of transgene in HSC
after rAAV/HO-1 administration on day 3 and remained
stable for 12 weeks. In addition, HO-1-transduced HSC
showed reduced transcript levels of type 1 collagen and
impaired proliferative ability compared with controls. With
this approach, the severity of established micronodular cirrhosis
was markedly reduced [s2].

The study demonstrates a natural tropism of rAAV vector
with high efficiency in the transduction of target gene to
HSC. A higher binding activity and transduction efficiency
of injected rAAV to HSC could be based on the expression
patterns of the rAAV receptor and co-receptors in livers with
fibrosis. This observation, together with fewer immunogenic
and desirable safety features, makes rAAV an ideal viral vector
system for liver fibrosis gene therapy.
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8. The targeted delivery system to LEC and KC

Kupffer and endothelial cells play an important role in the
induction and progression of liver fibrosis through the release
of a cascade of inflammatory mediators [83,84]. Consequently,
these cells are the main targets for anti-inflammatory drugs,
such as glucocorticosteroids, leukotriene inhibitors or radical
scavenging agents.

The endothelial and Kupffer cells contain ScR-recognizing
macromolecules with negative charge [85-88]. The affinity for
ScR is also determined by the hydrophobicity of the protein
conjugate [89]. Kamps ez a/l. modified HSA with cis-aconitic
anhydride, which covalently coupled to liposomes with a size
of ~ 100 nm (polyaconitylated HSA [Aco-HAS] liposomes).
Within 30 min of injection into a rat, Aco-HSA liposomes
were completely cleared from the blood and taken up almost
exclusively by the liver. LEC were shown to account for
almost two-thirds of the hepatic uptake of the Aco-HSA
liposomes, the remainder being recovered mainly in KC.
Uptake of Aco-HSA liposomes by both endothelial and
Kupffer cells was inhibited by preinjection with polyinosinic
acid, indicating the involvement of ScR in the uptake process.
The uptake of Aco-HAS liposomes by LEC was dependent
on liposome size; with increasing liposome diameter endothelial
cell uptake decreased in favor of KC uptake [90]. Aco-HSA
can be particularly taken up by LEC and KC, introducing
extra negative charges by reacting albumin with succinic
anhydride (suc-HSA), leading to specific uptake of these
polyanionic carrier molecules by means of ScR on endothelial
cells as well [91,92). Mannose receptors present on Kupffer cells
are involved in the receptor-mediated endocytosis of man-
nosylated HSA (man-HSA), a process that is determined by
the sugar density, net charge and added hydrophobicity
through coupling of drugs to the mannosylated albumin [92,93].
Moreover, in fibrotic livers, selective cellular uptake of these
drug carriers in LEC and KC was not altered in spite of the
abundant collagen deposition in these livers [94].

The cell-selective hepatic delivery of drugs can be achieved
by covalent linking of drugs to HSA. The coupling of
Dexamethasone (Dexa) to HSA led to a shift in its distribu-
tion pattern from hepatocyte uptake to uptake by Kupffer
and endothelial cells [95]. The coupling of Dexa to lysine
groups in HSA prevents subsequent protonation of the
lysine amino group, leading to an increase in net negative
charge. In addition, the linking of Dexa molecules also
increased the hydrophobicity of HSA. A preliminary study
into the mechanism of the uptake of Dexai*-HSA by the
non-parenchymal cells showed that poly-inosinic acid, a
well-known antagonist of ScR, inhibited uptake of the con-
jugate, indicating that ScR were likely to be involved. The
Dexai*-HSA conjugate was taken up intracellularly and
released as active Dexa, as demonstrated in an 7z vitro system
with liver slices. This was confirmed by the protective effect of
Dexa-HSA in fibrotic rats challenged with LPS 7z vivo. The
conjugate was indeed more effective at inhibiting LPS-induced

Li & Wang

TNF-o formation than unconjugated Dexa: 38% inhibition
versus no inhibition of the TNF-a response, respectively, at
the lowest concentration of the corticosteroid. In addition, a
dose of 0.1 mg/kg Dexa-HSA 3 times a week reduced intra-
hepatic reactive oxygen species production strongly as compared
with untreated bile duct ligation (BDL) rats. This dose, how-
ever, also stimulated the depositions of type I and type III
collagens. Overdosing of Dexa,;,-HSA (10 mg/kg) led to a
lethal reduction of body and spleen weight. So Dexa-HSA
has potent anti-inflammatory effects during BDL at extremely
low doses, demonstrating cell-specific targeting. However,
the fibrotic process was not favorably affected [96].

The above data imply the applicability of sugar- and
charge-modified albumins as drug carriers for targeted delivery
of antifibrotic drugs to LEC and KC involved in the fibrotic
process. However, KC play different roles in different peri-
ods of liver fibrosis [(97. In 2005, Duffield ez /. investigated
macrophage function mechanistically in a reversible model
of liver injury in which the injury and recovery phases were
distinct. Macrophage depletion when liver fibrosis was
advanced resulted in reduced scarring and fewer myofibro-
blasts. Macrophage depletion during recovery, by contrast,
led to a failure of matrix degradation. These data provide
the first clear evidence that functionally distinct subpopula-
tions of macrophages exist in the same tissue and that these
macrophages play critical roles in both the injury and recovery
phases of inflammatory scarring [97]. These data also provide
an explanaton for Dexa-HAS mentioned above, which
showed anti-inflammatory effects but not with an ant
fibrotic effect in fibrotic liver; so it is difficult to select the
drug that would be targeted for delivery to KC and its
proper therapeutic opportunity.

9. Conclusions

Several kinds of targeted carrier have been designed and
explored in the treatment for liver fibrosis. Most of these
carriers may be preferentdally taken up by HSC in vivoe,
especially activated HSC, which enable antifibrotic agents
carried by them to show a prominent antifibrotic effect with
less off-target adverse effect in animal models of liver fibrosis.
Drug targeting preparations may create new leads for new
therapeutic interventions. As a consequence, this may provide
a new pathway for the treatment of liver fibrosis.

10. Expert opinion

Targeted delivery systems have shown an attractive prospect
and opened a door for the treatment of liver fibrosis. With
their help, many drugs that could not accumulate around
the target cells with effective concentration iz vivo may show
a significant antifibrotic effect with fewer adverse events,
and the gene therapy for liver fibrosis may show a targeted
interference effect to the targeting hepatic cells. Among
these targeted carriers, small peptides such as cyclic RGD
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peptides and PDGF receptor-recognizing peptides have the
advantage of being chemically defined and can be manufactured
in large quantities and at high purity without biological
contaminants [17].

It should be considered, however, whether targeting of
drugs to just one hepatic cell type will be sufficient to delay
or even reverse the fibrotic process. An adequate treatment
of a complex disease such as liver fibrosis may necessitate a
combination of drug targeting preparations to achieve an
alternative for the liver transplantation. This means, for
example, the targeting of the proliferation inhibitor to HSC
in combination with the targeting of the anti-inflammatory
drug to KC and/or LEC. In addition, all of the in vivo
research on these targeted carriers has been performed in
animal models, so it is necessary to explore further whether
these carriers could also show the same targeted effect in
humans with liver fibrosis or cirrhosis. Before doing this,
research should be completed on the pharmacokinetic and
the long-term adverse effects of these carriers, such as an
immune response, in particular, after multiple injections of
the carrier preparation, which may constitute a major drawback
for future therapeutic applications.

Drug targeting also offers possibilities in the research areas for
the pathogenesis of liver fibrosis. Targeting of pharmacological
active agents or interference genes to an individual cell type
offers the advantage of selective elimination of one cell type
or blockade of a single process within this cell type. After
specific inhibition of a process, the implications for the
development of liver fibrosis can be studied. In this way,

drug targeting allows us to gain more insight into the
molecular basis of liver fibrosis iz vive [16].

In addition, these targeted delivery systems could be used
to deliver diagnostic or imaging molecules for assessment of
liver fibrosis, currently a major unmet clinical need [98). The
prognosis and management of chronic liver diseases often
depend strongly on the degree of liver fibrosis. This is par-
ticularly true of chronic hepatitis C virus infection. Until
recently, liver biopsy examination was the only gold standard
for evaluating liver fibrosis. However, liver biopsy examination
is invasive and painful, and can have life-threatening com-
plications. The poor acceptability of liver biopsy examination
can lead to treatment delays, and liver biopsy examination is
difficult to repeat in poorly symptomatic subjects. The accuracy
of liver biopsy examination for assessing fibrosis also has
been questioned because of sampling errors and intra- and
interobserver variability that may lead to over- or understaging
of fibrosis. There is thus a need for accurate non-invasive
methods of measuring the degree of liver fibrosis [99]. With
the help of targeted carriers, diagnostic or imaging molecules
could be accumulated around HSC that are activated and
proliferative in liver fibrogenesis. So the degree of liver fibrosis
could be shown indirectly. This research has been carried
out in the authors’ laboratory.
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