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Abstract

Importance of the field—Targeted liposomal drugs represent the next evolution of liposomal
drug delivery in cancer treatment. In various preclinical cancer models, antibody-targeted
PEGylated liposomal drugs have demonstrated superior therapeutic effects over their non-targeted
counterparts. Single chain Fv (scFv) has gained popularity in recent years as the targeting agent of
choice over traditional targeting agents such as monoclonal antibodies (mAb) and antibody
fragments (e.g., Fab").

Areas covered in this review—This review is focused mainly on advances in scFv-targeted
liposomal drug delivery for the treatment of cancers, based on a survey of the recent literature, and
on experiments done in a murine model of human B-lymphoma, using anti-CD19 targeted
liposomes targeted with whole mAb, Fab” fragments and scFv fragments.

What the reader will gain—This review examines the recent advances in PEGylated
immunoliposomal drug delivery, focusing on scFv fragments as targeting agents, in comparison
with Fab” and mADb.

Take home message—For clinical development, scFv are potentially preferred targeting agents
for PEGylated liposomes over mAb and Fab’, owing to factors such as decreased immunogenicity,
and pharmacokinetics/biodistribution profiles that are similar to non-targeted PEGylated
(Stealth®) liposomes.
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1. Introduction

Since the first description of liposomes in the 1960s [1], liposomes have emerged as the
archetypal nanoscale drug carrier, and they have entered the mainstream of drug delivery
with several products approved for clinical use [2]. Several liposomal drugs, such as
liposomal amphotericin B (Ambisome®, Gilead, Foster City, CA, USA;/Astellas, Deerfield,
IL, USA), liposomal doxorubicin (Myocet®, Cephalon, Frazer, PA, USA), liposomal
daunorubicin (DaunoXome®, Gilead) and PEGylated liposomal doxorubicin (Doxil/
Caelyx®, Alza/Johnson & Johnson, New Brunswick, NJ, USA), are now on the market, and
many others, including some liposomal drugs not intended for the treatment of cancers, are
in various stages of clinical development (Table 1) [3-10]. Liposomes can be divided into
either passively targeted or ligand-targeted (sometimes called ‘active’ targeting) when
antibodies, peptides (e.g., NGR [11]), or small molecule ligands (e.g., folate [12] or
transferrin [13]) are attached at the liposome surface.

All nanoscale particulate carriers, including liposomes, are distributed to solid tumors, or to
other sites of increased vascular permeability, by means of the enhanced permeability and
retention (EPR) effect [14]. Nanoscale drug carriers concentrate in solid tumors via the EPR
effect, resulting in increased local drug concentrations as they extravasate through
fenestrated gaps in the tumor vasculature and localize in the tumor interstitial space [15].
Decreased lymphatic drainage in solid tumors impedes their clearance from the tumors. As
the vascular endothelium in most healthy tissues, for example heart, contains tight gap
junctions, limited or no extravasation of nanoparticles into these tissues occurs. Other
reviews have discussed the EPR effect in greater detail [16].

The selectivity of liposomes, or other nanoparticles, for diseased cells can be enhanced
further by targeting them with antibodies, antibody fragments, peptides or small ligands.
Antibody-targeted liposomes, termed immunoliposomes (IL) and Stealth® (i.e., PEGylated)
immunoliposomes (SIL), have been shown to increase the specific delivery of anticancer
drugs to solid tumor cells by binding to tumor-associated internalizing antigens on the
surface of cancer cells (reviewed in [17]). Conjugation of antibodies to the surface of
liposomes has also been used to target liposomal drugs to blood-borne malignancies (e.g.,
lymphomas, leukemias) and to micrometastases, where the EPR effect is absent. IL and SIL
have traditionally been targeted by means of whole monoclonal antibodies (mAbs), but
advances in antibody engineering have allowed the use of antibody fragments such as Fab’
and single chain Fv (scFv) as targeting agents. Previous reviews have discussed the role of
mADb, Fab” and scFv in targeting liposomes [18-20]. Recently, scFv has gained popularity
as targeting agents. This review focuses on a discussion of recent advances in scFv-targeted
liposomal anticancer drugs, and speculation on their future utility.

1.1 Sterically stabilized (Stealth®) liposomes

Sterically stabilized liposomes, sometimes called Stealth or PEGylated liposomes (SL), are
liposomes having surface-grafted polyethylene glycol (PEG) molecules of ~ 2000 kDa
(Figure 1A), but other types of hydrophilic polymer or peptide may also be used [21]. The
grafting of hydrophilic PEG molecules on the surface of SL reduces their clearance by the
reticuloendothelial system (RES), thereby increasing their circulation half-life to several
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hours, which is a considerable improvement over the circulation half-lifes of ‘classical’
liposomes that lack the PEG coating. PEGylation of the liposome surface eliminates the
saturable, Michaelis—Menten clearance of classical liposomes and imparts dose-independent,
zero-order pharmacokinetics (PK) for the Stealth liposomes through much of the clinical
dose range [22].

It can take ~ 24-48 h for circulating nanoparticles to reach peak levels in solid tumors [23],
hence SL that have circulation half-lifes of several hours can recirculate continuously
through the solid tumor vasculature, eventually finding their way through gaps in the tumor
endothelium to accumulate in the tumor interstitial space. Once localized in tumors,
therapeutics released from liposomes into the interstitial space are taken up by adjacent
tumor cells to exert therapeutic effects. The rate of drug release is dependent on the method
of encapsulation, and the physicochemical properties of the encapsulated drug and the
membrane lipids (reviewed in [24]). The rate of drug release can, in turn, influence the
therapeutic activity and the side effects of liposomal drugs. For example, doxorubicin (DXR)
encapsulated in liposomes with an intermediate rate of drug release (t1/, = 65-125 h /n vivo)
resulted in significant weight loss in mice, possibly owing to toxicity to the gastrointestinal
tract, compared with DXR-loaded liposomes that had either a higher or a lower rate of
release [25,26]. In another series of studies, maximal therapeutic activity was achieved by
optimization of the rate of drug release from liposomes, and rates of drug release at either
extreme resulted in decreased activity [27]. These experiments suggest that both the
therapeutic activity and toxicity of liposomal drugs are related to the rate of drug release.
Therefore, it is now thought to be possible to optimize the rate of drug release to achieve the
maximum therapeutic activity while minimizing toxicity for individual liposomal drugs.

Interestingly, Allen et al. demonstrated that the toxicity of liposomal DXR with intermediate
rates of drug release can be ameliorated through antibody-mediated targeting of the
liposomal DXR in a murine model of B-cell lymphoma [26]. In these experiments, the
authors showed that the toxicity of liposomal DXR having intermediate rates of drug release
was reduced when those formulations were targeted to the B cells by means of an anti-CD19
mAb. The decrease in toxicity may be related to increases in the specific biodistribution of
the liposomes to the CD19" malignant B cells as a result of conjugation of anti-CD19 mAb
to the surface of the liposomes.

1.2 Ligand-targeted liposomes

Although Stealth liposomes and ligand-targeted Stealth liposomes both reach tumor tissues
by the same mechanism, that is, passive distribution to the tumor cells via the bloodstream,
the similarities end there. Only ligand-targeted nanoparticles bind selectively to target cells,
such as tumor cells. When the ligand is chosen so that it binds to an antigen or receptor that
triggers receptor-mediated endocytosis, then the whole particle, including its cargo of
therapeutic molecules, is internalized into the target cell [28-30]. This allows even normally
impermeant molecules, for example highly charged molecules such as siRNA, to gain access
to the cell interior. Ligand-targeted liposomes may also have advantages over non-targeted
liposomes in other situations, for example against micro-metastases that have yet to develop
a vasculature, or when directed against tumor vasculature endothelial cells [31,32] or other
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targets readily accessed from the vasculature. In addition to the specific delivery of
anticancer drugs to antigen-expressing cells, synergistic effects may be achieved when
anticancer drugs are delivered by means of IL or SIL targeted with antibodies that are
capable of initiating antiproliferative or antiangiogenic signals [31,33,34]. Therefore, some
clear advantages exist for the targeted delivery of liposomal anticancer drugs over non-
targeted liposomes.

In various /n vitro experiments, and in animal models of cancer, many (but not all) studies
have demonstrated that targeted delivery of anticancer drugs with SIL results in an increased
therapeutic effect over non-targeted liposomes [33,35,36]. Recently, Pastorino et al. showed,
in an animal model of neuroblastoma, that targeted delivery of liposomal doxorubicin to
both tumor vasculature endothelial cells (via the NGR peptide sequence) and tumor cells
(via an anti-GD» antibody) resulted in significantly enhanced therapeutic effects compared
with endothelial-targeted and tumor-targeted formulations alone [31]. Li and Huang showed
that targeted liposomes are able to localize to and effectively deliver siRNA to tumors in a
xenograft model of human lung cancer [37]. Folate-targeted liposomes encapsulating arsenic
trioxide, a toxic chemical with a low therapeutic index that has been used in the treatment of
some forms of leukemia, was recently shown to be effective against malignant cells that
express the folate receptor [38].

The identification of increasing numbers of tumor-specific antigens, and the development
and marketing of numerous antibodies directed against these antigens, present substantial
opportunities for the development of targeted drug delivery systems. Despite the availability
of non-targeted liposomal anticancer drugs for more than a decade and the intense research
in applications for SIL, no immunoliposomal anti-cancer drugs are being marketed at
present, although at least one formulation has entered clinical trials [39].

1.3 Choice of targeting ligand

As discussed above, liposomal anticancer drugs may be targeted by means of small ligands,
peptides, or antibodies and fragments of antibodies. IL/SIL can be targeted with whole
monoclonal antibodies or fragments of antibodies, for example, F(ab’), Fab’, or scFv
fragments (Figure 2). Antibodies and antibody fragments have been widely used for
targeting liposomal drugs because they have the advantage of being highly specific for their
target antigens, relative to other classes of targeting agents. In addition, synergistic activity
may be observed when signaling antibodies are combined with combinations of anticancer
drugs [40,41]. However, the production of antibodies and fragments, which require
expression and purification from biological systems, is much more cost-intensive than the
production of small ligands and peptides, which, although they have lower target specificity,
can be chemically synthesized.

1.3.1 Monoclonal antibodies and fragments of antibodies—Whole mAb is a
bivalent molecule with two antigen-binding domains per mAb (Figure 2). The variable
regions in the heavy (V) and light chains (V) contain the complementarity-determining
regions (CDR) that recognize and bind to specific epitopes on antigens. The Fc region of
whole mADbs bind to Fc receptors on macrophages and other cells, resulting in uptake of the
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mADb, which is the primary mode of clearance of mAb from circulation [42]. Fc binding can
also activate secondary signals in other cells, for example, activation of mast cells, resulting
in degranulation [43].

Studies have shown that some mAbs (e.g., the anti-HER2 mAD, trastuzumab) can inhibit cell
signaling pathways that are essential for tumor growth, in addition to initiation of antibody-
dependent cell-mediated cytotoxicity (ADCC) [44,45]. Early studies using murine mAb in
humans found that murine mAb were immunogenic and resulted in the formation of human
anti-mouse antibodies (HAMA) and rapid removal of the mAb from circulation [46,47].
However, it was found that the murine Fc domains were not as effective at activation of
ADCC or complement-dependent cytotoxicity (CDC) in humans as are human Fc domains
[48]. Despite their immunogenic nature and lower therapeutic potential, some murine mAbs
such as muromonab (Orthoclone OKT3®) and ibritomomab (Zevalin®) have been approved
for clinical use. Substitution of human regions for the constant regions of murine mAb is
increasingly being used to decrease the immunogenicity of mAbs, resulting in chimeric
mAbs [49], humanized mAbs [50] and, now the technology exists, to make fully human
mADbs [51]. However, even with fully human mAbs there is the possibility that anti-idiotypic
antibodies might be formed that reduce the therapeutic potential the mAb [52-54].

Small antibody fragments such as Fab” and scFv are postulated to be less immunogenic than
whole mAb as they lack the Fc domain against which most HAMA response is directed [46].
Fab’s are monovalent fragments of a mAb containing the light chain and a portion of the
heavy chain (Figure 2). Single chain Fv fragments are small fragments of antibodies
containing only the Vi and V|_domains linked by a flexible polypeptide linker (Figure 2).

In the older targeting literature, IL/SIL were targeted principally with whole mAb, but
increasingly antibody fragments such as Fab’, and now scFv, are being used as targeting
agents. There are several potential advantages of using scFv fragments over whole
antibodies or larger fragments for liposome targeting. These include: i) slower clearance
than mAb-targeted liposomes, as Fc-mediated clearance is eliminated [55]; ii) theoretically
lower production cost for scFv fragments generated from bacterial cultures relative to whole
antibodies generated from animal ascites or cell culture [56,57]; iii) the ability to select scFv
with the desired affinity and specificity using phage display [58]; iv) the option of
engineering tags into scFv constructs, which can aid in their identification and purification
[59]; and v) the ability to engineer fully human fragments or fragments with low levels of
non-human content, which will reduce the risk of immunogenic reactions [60,61].

Whole mAbs potentially have one advantage over Fab” fragments or scFv fragments, which
is the avidity imparted by the two binding regions on each mAb, compared with only one on
Fab” fragments or scFv fragments. However, the multivalent display of monovalent
fragments on the surface of IL/SIL can restore binding avidity [62].

1.4 Antibody-coupling methods

Antibodies or ligands can be coupled to liposomes by covalent or non-covalent bonds. For
preparation of SIL, whole antibodies or fragments of antibody are covalently coupled to the
modified PEG termini distal to the surface of lipo somes. Various modifications to the PEG
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termini permit the covalent coupling of ligands, including hydrazide-PEG (Hz-PEG) [63],
pyridyl-dithio propionoylamino-PEG (PDP-PEG) [64], maleimide-PEG (Mal-PEG) [65],
cyanuric acid-PEG (cyanur-PEG) [66] and p-nitrophenylcarbonyl-PEG [67].

In the Mal-PEG method, antibodies are thiolated and coupled to liposomes containing Mal-
PEG-polyethylene-glycol-distearoylphosphatidylethanolamine (Mal-PEG-DSPE) by means
of thio-ether bonds. The advantage of the Mal-PEG method is that this method has high
coupling efficiencies and results in stable covalent bonds. A drawback of the Mal-PEG
method is that functionalization and thiolation of whole antibodies occur randomly and may
occur in multiple locations, resulting in random orientation of antibodies relative to the
surface of SIL (Figure 1B). This can lead to increased clearance of the liposomes from
circulation by means of two different mechanisms: crosslinking of the immunoliposomes
and rapid clearance of the resulting aggregates or the exposure of Fc groups in the case of
whole mADb, and clearance of the immunoliposomes by means of Fc receptor-mediated
mechanisms.

The Mal-PEG coupling method can be applied to Fab” fragments of mAb via thiol groups in
the hinge region, and to scFv fragments containing reduced sulfhydryl groups. As they lack
the Fc region, Fab’-coupled and scFv-coupled SIL made by the Mal-PEG method have
similar clearance to untargeted SL and circulate much longer than SIL coupled via this
method to whole mAb [55,68,69]. A cysteine residue is commonly engineered at the C
terminus of the scFv construct to allow for coupling to liposomes and correct orientation of
the scFv on the surface of liposomes [70,71]. Site-specific coupling can be achieved in scFv
through the introduction of cysteine residues in specific sites within the scFv construct. The
location and the number of cysteine residues have been shown to impact the coupling
efficiency to liposomes and the binding avidity of the resultant SIL [72].

The Hz-PEG method involves oxidation of the carbohydrates in the Fc region of the whole
antibody into reactive aldehydes, and the formation of hydrazone bonds with the hydrazide
groups on the PEG terminus. As coupling is through the Fc region of whole mAb (Figure
1C), this method interferes with the binding of the Fc region to Fc receptors; mAb-coupled
SIL formed by this method show similar PK to untargeted liposomes [73].

For non-covalent coupling of antibodies to liposomes, many studies have used antibodies
and PEG-lipids functionalized with proteins or small molecules that have strong affinities for
each other. For example, various antibody constructs have been successfully linked to
liposomes via the strong biotin and avidin interaction [74], via folate and the folate-binding
protein (FBP) [75] and via poly-His tag and nickel nitrilotriacetic acid (Ni-NTA) [76]. Non-
covalently coupled SIL may be less desirable than covalently coupled SIL for /n vivo
applications, owing to the potential for immune reactions (e.g., to avidin) or because the
interaction between the linkage molecules (e.g., poly-His and Ni-NTA) may be competed
away by serum proteins or cell surface receptors, resulting in loss of targeting moieties, and
therefore loss of targeting [77].

1.4.1 Post-insertion approach—In addition to conventional coupling, where antibody
or ligands are coupled directly to liposomes containing derivatized PEG-lipids such as Mal-
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PEG-DSPE, immunoliposomes can also be prepared using the post-insertion method [78]. In
this method, ligands, whole antibodies, or antibody fragments, are first coupled to micelles
of derivatized PEG-lipid, under conditions similar to conventional coupling. The antibody-
conjugated PEG-lipids are then incubated with pre-formed liposomes, either drug-loaded or
empty, under conditions that result in insertion of the conjugated PEG-lipids into the outer
leaflet of the liposome membrane. Immunoliposomes prepared by the post-insertion method
have been shown to have cell binding, rate of drug release and pharmacokinetics/
biodistribution (PK/BD) similar to immunoliposomes prepared by conventional coupling
[79,80].

The production of immunoliposomes containing different drugs is relatively simple using the
post-insertion method, relative to conventional coupling, because a large batch of antibody
or fragments of antibody can be coupled to PEG-lipid micelles and subsequently post-
inserted into liposomes containing the drug of choice. This method is more conducive to
scale-up of manufacturing of immunoliposomal drugs because an antibody-lipid conjugate
can easily be inserted into an approved liposomal anticancer drug [81,82]. In addition, for
antibody constructs with low storage stability (e.g., scFv), coupling to PEG-lipid micelles
may increase stability of the antibody constructs and facilitate retaining activity during
storage (see below).

2. Pharmacokinetics of antibody-targeted immunoliposomes

The PK/BD of SL and SIL can be affected by several factors, such as liposome size, surface
modification and antibody conjugation (reviewed in [24]). In general, murine mAb-targeted
SIL show rapid, biphasic clearance from circulation in mice, owing to recognition of the Fc
region by macrophages in the liver and spleen [62,83], unlike the slower log-linear clearance
of non-targeted liposomes [84]. In clinical practice, the same might be expected when
patients are injected with liposomal drug formulations targeted by means of humanized or
human mAb. SIL targeted via either Fab” fragments or scFv fragments, both of which lack
the Fc region of mAbs, have rates of clearance similar to non-targeted liposomes
[29,31,55,85,86]. Repeated injection of SL and SIL, which may be required in clinical
treatment protocols, may result in increased clearance of the subsequent doses of liposomal
drugs and may be a result of the formation of antibodies against the PEG moiety after the
initial dose [87—-89]. This phenomenon has been observed with SL and mAb-targeted SIL,
and because this may be a result of the formation of antibodies against the PEG moiety on
the surface of liposomes, the same phenomenon may be predicted with Fab” or scFv-
targeted SIL.

As discussed above, the physical orientation of mAb on the surface of SIL can also affect the
clearance of these SIL. Immunoliposomes produced by site-specific coupling of mAb
methods, such as the hydrazide method, contain Fc regions that are less accessible by the
RES. As a result, the PK profile of these SIL is similar to untargeted SL. The rate of
clearance is also dependent on the density of mAb at the surface of liposomes. As the
density of mAb on SIL increases above ~ 60-75 pg mAb/umol phospholipid, they are
cleared at increasingly rapid rates, probably by Fc-mediated mechanisms [64,90]. On the
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other hand, the ability of mAb-targeted liposomes to target tumor cells appears to decrease,
albeit modestly, as a function of decreased antibody densities [65,91].

It has been shown in various animal models, in which SIL targeted via Fab’ versus mAb
were compared, that SIL targeted via Fab” fragments have considerably improved PK over
mAb-targeted SIL; blood levels of Fab’-targeted SIL were similar to non-targeted SL
[62,69,92]. SIL targeted by means of scFv fragments have PK similar to Fab’-targeted SIL
and non-targeted SL owing to the lack Fc domain and fewer foreign peptide sequences (but
see Section 6.1 later). Hence, Fab” or scFv are preferred as targeting agents for IL/SIL
because their clearance is not strongly dependent on antibody density, owing to the absence
of the Fc region.

3. Efficacy of immunoliposomal drugs targeted by means of ScFv

Many preclinical studies have confirmed that immunoliposomal drugs targeted by means of
scFv are more efficacious than either free drugs or non-targeted liposomal drugs
[30,55,70,86,93,94]. /n vitro studies by An et al. demonstrated that immunoliposomal
topotecan targeted by means of an scFv directed against mesothelioma cells were more
efficacious than non-targeted liposomal topotecan or the free drug [94]. Recently, Noble et
al. demonstrated that immunoliposomal vincristine or vinblastine targeted by an anti-HER2
scFv were more efficacious than their respective non-targeted formulations or the free drug,
in an animal model of breast cancer [86]. Messerschmidt ef a/. demonstrated a new way of
delivering tumor necrosis factor (TNF) to tumor cells expressing the fibroblast activation
protein (FAP), using TNF-functionalized lipidic nanoparticles that are targeted by an anti-
FAP scFv [95]. Hence, data are emerging to demonstrate that targeting of liposomal drugs
by scFv results in increased therapeutic effects over non-targeted liposomal drugs and
suggest that scFv is a viable alternative to Fab” or mAb.

4. Stability of ScFv constructs

Various studies have highlighted the fact that /n vitro stability of scFv fragments is essential
for successful targeting /n vivo[96,97]. In addition, it has been shown that the stability of
scFv fragments is dependent on several factors, including temperature, pH and
concentration, and that substantial engineering of scFv constructs may be needed to alleviate
stability issues [98,99]. Some studies have reported that low stability is an inherent issue
associated with the production and the use of scFv; the lack of constant regions in scFv may
play a partial role in this low stability [100].

The stability of scFv fragments can affect their therapeutic efficacy, either as the free
fragment or when attached to IL/SIL. Therapeutic applications generally require large
amounts of the targeting agents, and the stability of scFvs can affect their production yield
[101]. In addition, scFv may be susceptible to destabilization under the conditions used
during the coupling or conjugation procedures used in the production of IL/SIL and
immunoconjugates. Therefore, optimization of stability is an integral part of the
developmental process of any scFv-targeted therapeutic. To that end, many laboratories are
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working to elucidate factors that contribute to the stability of scFv, and to develop solutions
that improve their stabilities.

Assessment of the stability of an scFv can be measured quantitatively by determining the
free energy of folding at equilibrium as a function of increasing concentration of denaturant
(e.g., urea or guanidine hydrochloride) [102]. However, interpretation of the results
generated from this analysis can be problematic because it requires modeling of the data,
and the presence of partially unfolded intermediates can complicate the interpretation of
results [103]. The stability of scFv can also be measured by stressed incubation, where the
scFv is incubated in conditions similar to its intended application (e.g., in serum at 37°C)
followed by evaluation of the remaining activity or the amount of protein aggregation after
the incubation [104]. In addition, dynamic light scattering has been used to assess the
thermal stability of scFv [72]. In this method, the incubation temperature is gradually
increased until the melting point of the scFv is reached and the intensity of the light
scattering dramatically increases.

Various factors can affect the stability of scFvs. Invariably, most scFv constructs require
molecular engineering to improve their stability. The Allen laboratory had experimented
with several anti-CD19 scFv constructs for targeting of liposomes and has shown that most
of the tested scFv constructs suffered from low stability and could benefit from some
modifications [105].

Intradomain disulfide bonds at conserved positions within scFvs are associated with their
intrinsic stability [102,106]. Many scFv cannot tolerate the loss of these disulfide bonds
[107], and only a very few scFv constructs have been shown to fold correctly and retain their
activity in the absence of intra-domain disulfide bonds [108,109]. Proba et a/. demonstrated
that, although the stable ABPC48 scFv derived from its wild-type parental mAb is naturally
missing a disulfide bond in the V chain, restoration of the disulfide bond by point mutation
can increase the stability of the scFv above that of the unmodified ABPC48 scFv [106].
Recently, various strains of Escherichia coli with more oxidizing cytoplasm have become
available for expression of disulfide-dependent proteins such as scFv (reviewed in [110]).

In addition to the intradomain disulfide bonds, other elements, such as the stability of the V|_
and Vy domain interface [102], may affect the stability of scFv constructs. Spontaneous and
transient opening of the interface between the V| and V chains has been suggested to result
in exposure of normally hidden hydrophobic patches, leading to aggregation [111]. The
introduction of an interdomain disulfide bond (between the V| and Vy chains) [112], and
variations in the length and flexibility of the V| =V linker [113] have been shown to
increase interdomain stability by limiting the opening of the V| -V interface. An alternative
approach to increase the stability of an scFv is the CDR-grafting method, which was
originally developed for humanization of murine mAb, and has also proved to be useful for
scFv constructs [96,114]. In this method, the CDR sequence (i.e., the antigen-binding
sequence) of an unstable scFv is grafted onto a framework of another scFv construct with
proven stability. It has also been shown that the stability of scFv can be improved when
some scFv are expressed as Fab fragments [115]. Other methods, such as point mutation,
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directed evolution and phage display of scFv constructs, have been used to improve the /n
vivo stability of scFv [116-118].

Cheng and Allen were able to increase the storage stability of an anti-CD19 scFv, without
any modifications to its protein sequence, simply by conjugating the scFv to PEGy-lated
lipid micelles (PEG-DSPE) [55]. Conjugation of the scFv to PEG-DSPE micelles resulted in
preservation of its activity, compared with the unconjugated scFv, even after extended
storage at sub-zero temperatures. Although this method will not increase the intrinsic
stability of an scFv construct, it is postulated that aggregation of other scFv constructs could
be prevented by conjugation to micelles, allowing for scale-up of their production. In fact, an
anti-HER2 scFv fragment that is intended for clinical trials of immunoliposomal anticancer
drugs is manufactured and coupled to PEG-DSPE micelles, and stored as the scFv-PEG-
DSPE conjugate [81].

5. Production of ScFv constructs by refolding denatured ScFv

Single chain Fv are commonly expressed in bacterial cultures and extracted either from the
periplasmic space or from inclusion bodies. A leader sequence is usually engineered into the
scFv construct to allow transport of the scFv to the periplasmic space, which is a non-
reducing environment that promotes proper protein folding. However, induced expression of
scFv in bacteria often results in excessively high protein concentration in the cytoplasm,
which is a reducing environment that promotes unfolding of the scFv, leading to aggregation
and formation of inclusion bodies. The accumulation of recombinant proteins in inclusion
bodies can account for > 20% of total cellular protein [119,120].

Native (i.e., correctly folded) scFv can be extracted from the periplasmic space, but the
amount of scFv extracted is often very low. Extraction from inclusion bodies, on the other
hand, involves the use of chaotropic agents to disaggregate the scFv. This procedure yields
large amounts of denatured scFv that require refolding to restore activity. Many studies
involving scFv-targeted liposomes have used scFv constructs that were produced and
extracted from bacterial inclusion bodies [71,76,86]. Although extraction of scFv from
inclusion bodies yields large quantities of scFv, various studies have suggested that the
refolding of scFv is a difficult and complex process [101,103]. During the refolding process,
the scFv can be trapped in a “thermodynamic sink’, where the protein remains in an
intermediate state [121]. If the proper folding of the scFv construct can be optimized through
molecular engineering, inclusion bodies can be a valuable, high-yield source of scFv.

6. Clinical applications of ScFv-targeted immunoliposomes

6.1 Effect of ScFv tags

Long circulation time is important for IL/SIL to localize and target tumor cells, hence SIL,
with their long circulation half-lifes have an important advantage over IL in this regard. SIL
targeted by means of scFv are expected to have circulation time similar to Fab” and
untargeted Stealth liposomes, owing to their lack of the Fc region. However, Cheng and
Allen reported that scFv-targeted liposomes had rather shorter circulation times compared
with non-targeted Stealth liposomes, and that this was mediated by the presence of a poly-
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his molecular tag engineered into the scFv fragments that increased the liver uptake of the
SIL. Removal of the tag eliminated the liver uptake [55]. Further evidence can be found in
the literature where recent studies have shown that a His-tagged anti-CEA scFv was also
taken up rapidly by the liver (30-40% of the injected dose) [122]. In a separate study by
another group, using a tag-free anti-CD45 scFv, the uptake and binding by the liver was
much lower at only < 5% of the injected dose [123]. Other studies, however, have not
demonstrated an increase in liver uptake of scFvs that contain a poly-his tag [124,125].
Taken together, these results further suggest that the PK/BD of scFv fragments or scFv
conjugates may be influenced by molecular tags within the constructs. It can be expected
that an increase in uptake of drug delivery systems (DDS) by the liver via mechanisms
mediated by the poly-his tag may result in increased toxicity to the liver owing to
accumulation of the DDS and the encapsulated cytotoxic drugs. In addition, molecular tags
such as the c-myc tag, which may have oncogenic potentials, will be less acceptable to
regulatory agencies.

Molecular tags, such as the poly-His tag, are useful in the preclinical development of scFv
because they are generally used for the purification and identification of scFv. However, as
discussed above, molecular tags have the potential to result in organ toxicities owing to
accumulation of targeted DDS containing cytotoxic drugs. Single chain Fv fragments that do
not contain molecular tags can be used to avoid unwanted accumulation in organs such as
liver, and these scFv can be purified using the immunoglobulin-binding protein Protein L,
which binds to the light chain of the scFv [126].

6.2 Targeting of immunoliposomes using mAb, Fab’ or scFv

With the availability of different targeting constructs, one of the questions that can be asked
is which is the best antibody construct for targeting? Various studies comparing mAb and
Fab” have demonstrated that Fab” are more suitable for clinical applications owing to
improved PK/BD resulting in increased therapeutic effects [29,62]. As discussed above,
several pre-clinical studies have demonstrated the therapeutic potential of scFv-targeted
liposomal drugs in various solid tumor and hematological malignancy models. However,
many of these studies were limited to comparison of the scFv-targeted liposomal drugs with
the non-targeted formulation, and few studies have compared an scFv with the parent mAb
and its Fab”.

Cheng and Allen were one of the first to compare the therapeutic potential of an scFv
construct against its parent mAb and Fab” in the same study [55]. This study demonstrated,
in a mouse xenograft model of B-cell lymphoma, that SIL DXR targeted to the B-cell
antigen, CD19 via anti-CD19 mAb, Fab” or scFv, were all more efficacious than non-
targeted liposomal doxorubicin or the free drug. Interestingly, of the three SIL doxorubicin
formulations (i.e., anti-CD19 mAb, Fab” or scFv), the Fab’-targeted formulation tended to
be the most efficacious (although it did not reach statistical significance), whereas the scFv-
targeted formulation appeared to be intermediate in efficacy between the Fab” fragment and
the mAb-targeted formulation /n vivo (although, again, the differences were not significant).
The scFv-targeted formulation of SIL DXR was postulated to be less therapeutically
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effective owing to decreased stability of the scFv fragment (see Section 4) and/or its avidity
for the CD19 antigen [55].

In this model, SIL DXR targeted via the anti-CD19 mAb, although showing lower survival
rates than SIL targeted via either the Fab” or the scFv fragments, was not statistically
different from the longer circulating SIL DXR targeted via the fragments. This was
unexpected, as the rapid clearance of mAb-targeted liposomes was expected to impact
negatively the therapeutic effects of this formulation. Perhaps the explanation lies in the fact
that a hematological model was used, where the target cells were rapidly accessible to the
SIL, so clearance rates did not play a significant role in the therapeutic outcome. In solid
tumor models, where long circulation times are needed for substantial localization of the
carrier to the tumor, one can hypothesize that the differences in the relative clearance rates
between the different constructs might have greater effects on therapeutic outcome [22].
Hence, this study suggested several factors that can affect the /in vivo efficacy of scFv-
targeted liposomal drugs, but also demonstrated the importance of making comparisons of
SIL targeted by scFv with their parent mAb and Fab’.

When all factors are taken together, the choice of targeting agent for applications involving
immunoliposomal drugs depends not only on therapeutic outcome, but also on other criteria
such as stability, production yields, affinity and avidity, immunogenicity and toxicity of the
respective constructs. In this regard, mAb seems to have several strikes against it: it is
expensive and inconvenient to produce, its clearance is accelerated by the presence of the Fc
domain, and it has a higher potential to cause an immunogenic reaction. Humanized Fab’
would appear to have some advantages over the parental mAb, as it should possess similar
stability, and multivalent display on IL/SILs should restore avidity, but its production from
humanized mAb would not be a preferred method of manufacture. Production of
recombinant humanized Fab” in bacteria or other expression system may be an acceptable
alternative. Single chain Fv are potentially valuable targeting agents, if the scFv fragments
are engineered and selected for optimal affinity and stability. However, the tag-mediated
clearance of scFv-targeted liposomes and the potential of the tag-containing scFv to cause
toxicities need further study.

6.3 Single chain Fv in the clinic as an anticancer therapy

Several scFvs are now in different stages of clinical trials for the treatment of various
cancers [127,128]. An Anti-CD22 scFv [129] and an anti-mesothelin scFv [130] have been
conjugated to Pseudomonas exotoxin A (PE), whereas others, such as an anti-CEA scFv
[128], are fused to an enzyme and are used in antibody-directed enzyme prodrug therapy
(ADEPT) as pre-targeting agents. For the scFv-PE fusion protein, each scFv molecule
carries a payload of one high potency PE molecule. For less potent therapeutics, the dose of
scFv needed for therapeutic efficacy may become excessively high, which would not only
become prohibitively expensive, but could also increase the frequency of adverse effects,
such as the immunogenic reactions reported by Mayer [128]. Nevertheless, the success of
scFv-targeted alternative therapeutics will pave the way for the clinical acceptance of scFv-
targeted SIL drugs. One of the benefits of targeted immunoliposomal drugs over
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immunoconjugates is that a large payload of drugs can be delivered with a relatively few
scFv, thereby minimizing expense, and the risk of scFv-associated adverse effects.

There are obstacles that need to be overcome for scFv-targeted SIL drugs to be successful in
the clinic. The production capacity would need to be in the neighborhood of currently
marketed monoclonal antibodies. Despite the reduced amount of scFv needed for targeting
of DDS compared with use as a monotherapy, it can be expected that an amount in the
hundred grams to kilograms range will be needed for clinical trials and clinical use. Storage
stability is also a major issue that needs to be addressed, although great advances have been
made [81,82].

6.4 Failure to respond and resistance to antibody-targeted immunoliposomal drugs

The response to immunoliposomal therapy is dependent on the expression of the target
antigen. In most cancer cell populations there is a spectrum of antigen expression among
cells, with some cells having high expression and others low or no expression of a particular
antigen. Although antigen expression is usually high and stable in most B-cell populations,
which are monoclonal in origin, some patient samples contain B cells that lack or have low
levels of CD19 expression [131]. Obviously, B cells that do not express CD19 or that have
low levels of CD19 will be less likely to respond to anti-CD19 SIL therapy. The strategy of
targeting immunoliposomes to more than one antigen will increase therapeutic success in
these cases [132].

For clinical applications of immunoliposomal drugs, it is crucial to consider that resistance
to therapy may arise, either to the drug or to the targeting agent, or because of loss of the
targeted antigen on the target cell. Recent studies have reported resistance to rituximab
therapy in some patients following long-term rituximab therapy [133,134]. Several
mechanisms, including downregulation of CD20 [135] and overexpression of the
antiapoptotic protein Bcl-2 [136], have been proposed. In breast cancers, preclinical studies
have postulated overexpression of the mucin 4 (MUC4) protein on breast cancer cells as one
of the possible mechanisms to trastuzumab resistance by masking HER2/neu and induction
of steric hindrance to the binding of trastuzumab to HER2/new/[137,138]. Therefore, it can
be speculated that cells may acquire resistance to immunoliposomal drugs through various
mechanisms. A potential approach to overcoming resistance resulting from downregulation
of cell surface antigens is to target immunoliposomal drug against multiple antigens such as
CD19, CD20 and CD22 expressed on B cells [62,132,139]. Other mechanisms of resistance,
such as decreased expression of topoisomerase 11, can potentially be combated by treatment
with multiple immunoliposomal drugs with different mechanism of actions, for example,
immunoliposomal DXR combined with immunoliposomal vincristine (VCR) [140].

7. Future directions

7.1 Combination of immunoliposomal drugs

Examination of different combinations of immunoliposomal drugs, containing either
different drugs and/or different targeting agents, could result in enhanced efficacy. So far,
only a few studies have examined the therapeutic effects of combinations of SIL drugs
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and/or targeting agents [31,35]. In a B-cell lymphoma model, Sapra ef a/. used
immunoliposomal VCR, targeted by means of a combination of anti-CD19 mAb and anti-
CD20 mAb [35]. In this study, additive activity was observed for the combination, compared
with SIL targeted by means of either anti-CD19 or anti-CD20 alone. In a model of
neuroblastoma, Pastorino et al. treated mice with liposomal DXR targeted by means of
mixtures of an anti-GD, mAb or Fab” (tumor cell-targeted), and an NGR-peptide (tumor
vasculature-targeted) [31], and also were able to demonstrate additive activity over either
ligand used alone. Furthermore, Pastorino et a/. demonstrated that doxorubicin and an antic-
myc antisense oligodeoxynucleotides delivered via anti-GD,-targeted liposomes were more
effective than either agent alone [32]. The Allen lab has also examined combinations of anti-
CD19 (internalizing), anti-CD20 (non-internalizing) and anti-CD22 (internalizing) in murine
models of human B lymphoma and reported that, in particular, combinations of SIL targeted
via the two internalizing antibodies led to the best therapeutic outcome [139]. Combinations
of vascular-targeted and tumor cell-targeted liposomes also gave improved results, compared
with either therapy alone, in the treatment of murine models of metastatic breast cancer
[140]. These studies showed that combining either drugs or antigens can result in increased
therapeutic effects over monotherapies of immunoliposomal drugs. Co-encapsulation of two
different anticancer drugs in the same liposome have recently been described [141-143],
making it possible to investigate the therapeutic effects of bispecific immunoliposomes co-
encapsulating a combination of drugs.

7.2 Triggered release systems

Various triggered release liposomes, including liposomes containing
dioleoylphosphatidylethanolamine (DOPE) [144] and liposomes containing fusogenic
peptides [145], have been developed for fusion of the liposomal and endosomal membranes
after antigen-mediated endocytosis, allowing efficient release of liposomal contents into the
cytoplasm. Although DOPE-containing liposomes can enhance drug delivery to cells, /n
vivo results were less than desired, because these liposomes had very short circulation times
despite the addition of PEG onto the surface of liposomes [146]. Recently, DOPE-free
liposomes targeted via transferrin and containing a fusogenic peptide (GALA) incorporated
on the liposome surface have been shown to fuse efficiently with the endosomal membrane
after internalization [147]; because it is known that surface PEG can interfere with liposome
fusion [148], these GALA-modified liposomes were classical liposomes that lacked a
stabilizing polymer such as PEG on the liposome surface. Therefore, an opportunity exists to
examine the effect of long-circulating IL containing fusogenic peptides such as GALA or
TAT [147,149] on the liposome surface. To make these liposomes long circulating, they can
be modified with PEG molecules that are anchored on the surface of these liposomes via
pH-sensitive linkages, which can be cleaved at endosomal pH [150,151]. The PEG
molecules would mask the fusogenic peptides at the bilayer interface and prevent unintended
membrane fusion during circulation, but on binding of the antibodies to their antigens, and
antigen-mediated internalization, cleavage of the PEG-liposome linkers would expose the
fusogenic peptides on the liposome surface and allow fusion to occur with the endosomal
membrane.
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7.3 New antibody constructs: bispecific antibodies

New antibody constructs, such as bispecific antibodies, may be useful for targeting
liposomal drugs. Bispecific (bs) antibodies can be used as a pre-targeting agent for
liposomes. In one example, a bsmAb with an anti-tumor domain and an anti-biotin domain
was injected and allowed to localize in the tumor before initiating treatment with
biotinylated liposomal drug [152]. Alternatively, immunoliposomes can be conjugated with
bsmADb targeted against a tumor antigen and an antigen on effector cells, for example CD16
on NK cells [153,154]. Binding of these immunoliposomes to tumor cells would lead to
specific delivery of the drug, as well as the recruitment of NK cells; this would result in
direct cell-mediated cytotoxicity against the tumor cells. Bispecific antibodies can also be
used to target liposomal drugs against multiple tumor antigens in order to increase binding to
tumor cells; an example would be a bsmAb containing anti-CD19 and CD20 or CD22. For
this application, extra advantages of using bispecific antibodies over combinations of
individual mAb are that: i) two different Fab” fragments can be generated from a single
digestion; and ii) bispecific immunoliposomes can be prepared from a single coupling
procedure, in comparison with previous methods that used a separate digestion and coupling
step for each mAb [132]. Recently, Vallera et al. demonstrated superior toxicity to various
malignant B-cell lines using a diphtheria toxin-linked bispecific scFv (CD19 and CD22),
over toxin linked to either anti-CD19 or anti-CD22 scFv alone [155]. Such advances in scFv
technology will pave the way for future studies using SIL targeted with bispecific scFv.

7.4 Innovative approaches to production of antibody fragments

Improving the intrinsic stability of scFv constructs and increasing production yields are
crucial for successful application of scFv-targeted immunoliposomal drugs in the clinic. In
addition, proper folding of the scFv during expression is essential to the activity of the scFv
construct. Optimization of the expressing vectors is one of the most basic approaches to
improving expression yields and has been associated with impressive yields [156]. In
addition, optimization of codon use in specific expression vectors can also increase
production yields [157]. Rationalized point mutations designed to improve proper folding
and thermal stability should also improve production of scFv [118]. The inclusion of rare
codons in the polypeptide linker between the V| and Vy has also been shown to improve
production yield by slowing down the transcription process and allowing for proper folding
of the VV|_and Vy regions [158]. Other approaches to facilitate proper folding of scFv during
expression include the co-expression of the scFv with chaperone proteins [159]. The fusion
of the scFv construct to naturally occurring £. coli proteins (e.g., maltose-binding protein
and thioredoxin) also resulted in an increase in properly folded, active scFv [160,161]. The
successful production of a thioredoxin-fusion scFv in a co-expression system with
chaperone protein, which resulted in increased specific expression of the fusion scFv, was
reported recently [162].

E. colfhas traditionally been the vector of choice for expression of proteins, but induced
expression of proteins such as scFv in large quantities in £. coli and the resulting formation
of insoluble inclusion bodies can be toxic to the bacteria, resulting in lysis of cells and a
decrease in production yield [163]. Expression of scFv in algal systems, such as
Chlamydomonas reinhardlii, is relatively cost-effective in comparison with other eukaryotic
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systems such as mammalian cells [164]. In addition, algal systems are quite flexible, as a
variety of induction methods can be used, and the culture volume can be up to 500,000 liters
[164]. The main drawback for algal systems may be the relatively low yields of target
proteins.

A carrier protein YebF was recently found to be secreted into the culture media of a lab
strain of £. coli[165]. The investigators then went on to demonstrate that functional YebF-
fusion proteins, such as YebF-a-amylase and YebF-alkaline phosphatase, both of which are
larger than the typical scFv construct, can be secreted into and accumulate in the culture
media. Therefore, fusion of scFv constructs to YebF may result in an increase in production
yield of properly folded protein, as the large volume and oxidative environment of the
culture media are less conducive to formation of inclusion bodies than the cytoplasmic
environment. An extra advantage to purifying scFv from culture media, compared with
purification from the periplasmic space or from inclusion bodies in the cytoplasm, is that
there are fewer problems with bacterial contaminants in the culture media than in
fractionated cells.

8. Conclusions

With the current advances in antibody technology and the clinical acceptance of antibodies
as a treatment modality, it is time for liposomes to progress from a passive targeting
platform into an active, antibody-targeted drug delivery platform. Targeted liposomes are
complex systems and various factors, including the size of the liposomes, antibody coupling
methods as well as the targeting agent used, can affect the PK/BD of the DDS. Single chain
Fv provides some clear advantages over Fab” and mAb, such as reduced molecular mass
and improved pharmacokinetics of scFv-targeted liposomes. However, issues such as the
potential for molecular tags to result in increased organ uptake need to be addressed before
clinical use. Innovations in scFv engineering and expression systems will address many of
the shortcomings associated with scFv, such as proper folding in oxidative environment, low
in vitro stability and low production yields.

9. Expert opinion

The in vitro stability of an scFv construct is crucial to its success as a targeting agent for
immunoliposomes. The refolding of scFv from denatured inclusion bodies, although it can
dramatically increase the production yield, is still not optimal. Hence, this approach may not
be suitable for many scFv constructs. Conjugation to PEG-lipid micelles appears to be an
effective means to increase the storage stability of scFv constructs. At least for
hematological malignancies, the choice of antibody constructs for the targeting of SIL
appears to be somewhat independent of their circulation half-lifes, but this may not apply for
solid tumors where long circulation half-lifes are needed for effective tumor localization of
the IL/SIL. Other factors such as stability, production yields, cost, immunogenicity and
toxicity need to be factored into the decision process when deciding which type of construct
to use for targeting. ScFv is potentially a useful targeting agent for immunoliposomal drugs
and hopefully this paper can help to point the direction for the future development of
clinically acceptable immunoliposomal anticancer therapies.
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Avrticle highlights

Nanomedicines containing small molecule therapeutics, peptides or gene
medicines can be targeted to specific cells by means of antibodies or antibody
fragments that lead to the internalization of their therapeutic contents, thereby
increasing their selective toxicity.

Clearance rates of targeted nanomedicines depend on factors such as the
presence of Fc domains in the targeting agents.

Antibody scFv fragments are proving to be efficacious targeting agents.

The /n vitro stability of scFv fragments, which is essential for successful
targeting /n vivo, is dependent on several factors and substantial engineering
of scFv constructs may be needed to improve their stability.

High yields of scFv can be obtained by extraction from bacterial inclusion
bodies with chaotropic agents, but improper refolding of the scFv is common;
low yields of native scFv can be obtained from the periplasmic space.

There are several advantages to using scFv fragments as targeting agents, but,
although promising preclinical results have been reported, there are still
obstacles to be overcome before a product is in the clinic.

Developments in the areas of combination targeting, triggered release
systems, new antibody constructs and antibody engineering will result in
further improvements in scFv-targeted nanomedicines.

Properly engineered ScFv fragments are promising targeting agents for the
selective delivery of therapeutics to target cells.

Proof-of-principle for the therapeutic efficacy of scFv-targeted nanomedicines
has been obtained, but engineering advances that improve the yield and
stability of scFv fragments are needed before they can enter into the clinic.

This box summarizes key points contained in the article.
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Figure 1. Schematic representation of Stealth® and immunoliposomes coupled to various
antibody constructs

A. Stealth® Liposome (SL). B. Stealth® immunoliposomes (SIL) conjugated with mAb via
maleimide method. C. SIL conjugated with mAb via hydrazide method. D. SIL conjugated
with Fab’. E. SIL conjugated with scFv.
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Figure 2. Schematic representation of various antibody constructs
A. Mouse IgG. The V|_and Vy regions contain the antigen binding domains (i.e.,

complementarity-determining regions). B. Human 1gG. C. Chimeric 1gG with murine V_
and Vy regions and human constant regions. D. Humanized IgG with murine CDR sequence
grafted onto human 1gG backbone. E. F(ab"), generated by pepsin digestion of the Fc
domain of 1gG. F. Fab” can be generated by reduction of the disulfide bond in the hinge
region of F(ab"), G. ScFv, which contains recombinant V| and V regions linked by a short
peptide sequence (usually 4 Gly). Various tags (e.g., poly-His) and amino acid sequences
(e.g., terminal Cys, with a sulfhydryl group for coupling to liposomes) can be engineered
into the scFv construct. H. Bivalent scFv with two scFv, directed against the same epitope,
joined by a polypeptide linker. Bispecific scFv can be constructed by linkage of two scFv
directed against two different antigens.
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Table 1
Currently marketed liposomal drugs.
Brand name Drug Formulation Indications Manufacturer
AmBisome® [3] Amphotericin B Liposome Fungal infections, visceral Gilead/Astellas
leishmaniasis
Myocet® [4] Doxorubicin Liposome Metastatic breast cancer Cephalon
Doxil/Caelyx® [5] Doxorubicin PEGylated liposome  Kaposi’s sarcoma, refractory Alza/Johnson & Johnson

DaunoXome® [6]

DepoCyt® [7]

Margibo® [8]

Fluidosome™ Tobramycin [9]

Liposomal Ciprofloxacin [10]

Daunorubicin

Cytosine arabioside

Vincristine

Tobramycin

Ciprofloxacin

Liposome

Liposome

Liposome

Liposome

Liposome

breast cancer, and refractory
ovarian cancer

HIV-related Kaposi’s sarcoma
Lymphomatous meningitis and
neoplastic meningitis

Acute lymphoblastic leukemia
and melanoma

Pseudomonas aeruginosa
infections in cystic fibrosis

Gram-negative infections in
cystic fibrosis

Gilead

SkyePharma (London,
UK)/Enzon (Bridgewater,
NJ, USA)

Hana Biosciences (San
Francisco, CA, USA)

Axentis Pharma
(Cleveland, OH, USA)

Aradigm
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