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Abstract
Background—Traditional cancer therapy can be successful in destroying tumors, but can also
cause dangerous side effects. Therefore, many targeted therapies are in development. The
transferrin receptor (TfR) functions in cellular iron uptake through its interaction with transferrin.
This receptor is an attractive molecule for the targeted therapy of cancer since it is upregulated on
the surface of many cancer types and is efficiently internalized. This receptor can be targeted in
two ways: 1) for the delivery of therapeutic molecules into malignant cells or 2) to block the
natural function of the receptor leading directly to cancer cell death.

Scope of review—In the present article we discuss the strategies used to target the TfR for the
delivery of therapeutic agents into cancer cells. We provide a summary of the vast types of anti-
cancer drugs that have been delivered into cancer cells employing a variety of receptor binding
molecules including Tf, anti-TfR antibodies, or TfR-binding peptides alone or in combination with
carrier molecules including nanoparticles and viruses.

Major conclusions—Targeting the TfR has been shown to be effective in delivering many
different therapeutic agents and causing cytotoxic effects in cancer cells in vitro and in vivo.
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General significance—The extensive use of TfR for targeted therapy attests to the versatility
of targeting this receptor for therapeutic purposes against malignant cells. More advances in this
area are expected to further improve the therapeutic potential of targeting the TfR for cancer
therapy leading to an increase in the number of clinical trials of molecules targeting this receptor.

Keywords
transferrin receptor; CD71; cancer; nanoparticles; immunotoxins; delivery; conjugates; gene
therapy

1. Introduction
The receptor for transferrin (Tf), referred to as TfR1 (also known as CD71), is ubiquitously
expressed at low levels in most normal human tissues. A second member of the TfR family
is TfR2, a protein that is highly homologous to TfR1 but whose expression is largely
restricted to hepatocytes [1]. Serving as the main port of entry for iron bound Tf into cells,
TfR1 is a type-II receptor that resides on the outer cell membrane and cycles into acidic
endosomes into the cell in a clathrin/dynamin dependent manner [1-4]. Iron is delivered into
the cell and TfR1 is recycled back to the cell surface (Figure 1-2) [5, 6]. Despite its
ubiquitous expression, TfR1 is expressed on malignant cells at levels many times higher
than those on normal cells and its expression can be correlated with tumor stage or cancer
progression [7-12]. This high expression of the receptor on malignant cells, its ability to
internalize, and the necessity of iron for cancer cell proliferation make this receptor a widely
accessible portal for the delivery of drugs into malignant cells and thus, an attractive target
for cancer therapy (Figure 3).

Targeting of the TfR1 has occurred through the use of a variety of methods including
strategies that utilize mostly its natural ligand Tf or monoclonal antibodies or their
fragments (Figure 3). However, short peptides have also been used as targeting moieties. In
general, cytotoxicity of Tf conjugates can be blocked by native Tf. Therefore, high levels of
circulating free Tf in the blood may interfere with the effects of these Tf conjugates leading
to decreased therapeutic efficacy. As Tf conjugates have the potential to interact with both
TfR1 and TfR2 (which is highly expressed in the liver), they may be lethal to many normal
cells in addition to the targeted malignant cells. Targeting the TfR1 through the use of
monoclonal antibodies may help to circumvent these potential concerns.

There are two ways to effectively exploit the TfR for therapeutic purposes. One is through
the use of molecules that are capable of antagonizing the normal function of the receptor.
Work from our group and others have shown promising results for the treatment of a variety
of cancers via cytotoxicity induced by the direct inhibition of TfR1 function by monoclonal
antibodies. Among these are the monoclonal antibodies 42/6 [13], A24 [14], and ch128.1Av
(also known as anti-hTfR1 IgG3-Av) [15, 16]. The second way of targeting the TfR is for
the delivery of therapeutic agents into malignant cells. This allows the delivery of anticancer
drugs to neoplastic cells by the association of the drugs to molecules with high affinity and
specificity for the receptor. Even though the receptor is normally constitutively recycled, its
use as a delivery vehicle is possible and has been clearly shown as discussed below.
Delivery of therapeutic agents into the cytoplasm of cancer cells can be due to the alteration
of the intracellular trafficking of the receptor, which can be caused by the targeting molecule
or through endosomal rupture and escape caused by the therapeutic agent itself.
Additionally, agents that increase vesicle pH can be used to ensure that the cargo is not
degraded in low pH vesicles during intracellular trafficking. These agents can be part of the
cargo itself or as additional agents that are used in combination with the targeted therapy.
This review is focused on the specific targeting of TfR1 by antibodies or other ligands and
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how these vehicles can be employed for the delivery of a broad repertoire of anti-cancer
agents (Figure 3).

2. Delivery strategies
The literature on the use of TfR1 as a target for the delivery of small molecules, proteins,
nucleic acids, and even nanoparticles and viruses into many types of malignant cells
continues to grow. Delivery can be achieved by the direct linkage of the therapeutic to the
targeting moiety or by loading of the therapeutic into carriers such as nanoparticles linked to
the targeting molecule. A wide variety of therapeutic agents have been used for TfR-targeted
cancer therapy (Figure 3). They include chemotherapeutic drugs and prodrugs, bacterial
toxins, plant toxins, DNA, oligonucleotides (ODN), short inhibitory RNA (siRNA), and
enzymes. Targeting cancer cells through use of the TfR can enhance drug delivery by
increasing intracellular drug concentration resulting in more effective tumor targeting, less
non-specific toxicity, and therefore in an overall increased therapeutic efficacy.

The term “nanoparticles” encompasses numerous engineered entities, architectures, and
particulate systems that usually share as a common feature a size range from a few
nanometers (nm) to several hundred nm, depending on their intended use [17, 18]. These
particles often self-assemble and include micelles, dendrimers, polymeric nanoparticles,
cyclodextrins, and liposomes by which therapeutic agents can be entrapped, covalently
bound, encapsulated, or adsorbed to overcome drug solubility issues (Figure 4) [19]. They
can carry small molecules, peptides, proteins, and nucleic acids, preventing them from being
recognized and inactivated by the immune system. Nanoparticles can deliver the therapeutic
drugs to the tumor by passive or active targeting, as is the case of TfR targeted nanocarriers
[20]. Passive targeting of nanoparticles to tumors occurs by the modulated vasculature,
which allows nanocarriers to extravasate through gaps in the endothelium. The entry of the
particles to the interstitial space, associated with poor lymphatic drainage from the tumor,
results in higher retention times of nanoparticles in the tumor than in normal tissues, in a
process known as enhanced permeability and retention (EPR) effect [20]. Significant
increases in drug accumulation in the tumor tissue by the EPR effect can reach 10-fold or
higher concentration with drug-loaded nanoparticles compared to free drug [21]. Active
targeting requires the use of targeting moieties, such as antibodies or receptor ligands,
conjugated to the surface of the nanocarrier systems for their delivery enhancement.

3. Targeting moiety conjugated directly to the active compound
3.1. Tf conjugates

3.1.1. Tf-chemotherapeutic drug conjugates
3.1.1.1. Tf-Doxorubicin/Adriamycin® conjugates: Doxorubicin or Adriamycin® (ADR),
is an anthracycline, antineoplastic drug that has the ability to intercalate into DNA, generate
free radicals, and inhibit certain enzymes such as topoisomerase II [22]. ADR is a widely
used chemotherapy in treating many forms of cancer, but ultimately exhibits severe side
effects, including cardiotoxicity, myelosuppression, nephrotoxicity, extravasation, and bone
marrow depression due to quick diffusion throughout the body [22]. To circumvent the
adverse affects of ADR, it has been chemically conjugated to Tf in an effort to deliver it
directly to cancer cells expressing high levels of TfR [23-26], resulting in an effectual tissue
distribution, a prolonged half-life of ADR in blood plasma, and controlled release from Tf
[25]. This Tf-ADR conjugate has shown cytotoxicity in vitro against a variety of malignant
human cell lines, including Lovo (colorectal adenocarcinoma), H-MESO-1 (mesothelioma),
Hep2 (liver carcinoma), HL-60 (promyelocytic leukemia), K562 (erythroleukemia), HeLa
(cervical adenocarcinoma), U-937 (histiocytic lymphoma), LXFL (lung carcinoma), and
MDA-MB-428 (breast cancer) and the murine fibroblast cell line L929 [23-25, 27-30]. The
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Tf-ADR conjugate produced three to 10-fold greater in vitro cytotoxicity than free ADR in
cell lines such as Lovo, Hep2, K562, HL-60, and HeLa [23, 27, 28]. Additionally, relative to
free ADR, it was consistently found that less Tf-ADR conjugate was needed for an IC50 in
HL60 and K562 cells [24]. The IC50 of Tf-ADR conjugate in comparison to free ADR was
reduced by 57-fold for L929, 21-fold for MCF-7, and 14-fold for RT4 cells [30]. In nude
mice bearing H-MESO-1 tumors, i.v. administered Tf-ADR increased the life span of the
mice by 69% in comparison to 30% in mice treated with ADR alone [23].

Many studies have been conducted to evaluate the mechanism of cytotoxicity of Tf-ADR. In
order to determine if the amount of ADR or Tf in the conjugate is responsible for the
potency of cytotoxic effects, different compositions of the Tf-ADR conjugate were tested on
HL-60 cells [28]. Conjugates composed of varying levels of Tf with a constant amount of
ADR resulted in the same inhibition of HL-60 cell growth. Thus, the cytotoxicity of Tf-
ADR conjugates is due to the level of ADR delivered, not from the level of Tf. In human
umbilical vein endothelial cells (HUVEC), significantly less cytoxicity was observed [25].
Free ADR was more toxic than acid-sensitive conjugates of ADR, indicating that select
conjugates are active against TfR-positive cells [25]. However, acid-sensitive maleimide
conjugates have cytotoxicity similar to free ADR against HUVEC cells, suggesting that the
chemical link between Tf and ADR is related to levels of cytoxicity. Free ADR mainly
functions via DNA intercalation in the nucleus of the cell, however, the cytotoxicity of Tf-
ADR may be mediated by a different mechanism. The protein conjugate was shown not to
translocate to the nucleus, but to act on various enzymes within the plasma membrane,
suggesting that the action of ADR was directed by the physiological interactions of Tf [26,
27, 31]. Importantly, this conjugate was also able to overcome multidrug resistance while
minimizing toxicity to normal cells [28, 32, 33].

Additionally, Tf-ADR conjugates have the ability to overcome multidrug-resistant tumor
cells when saturated with iron or gallium nitrate (GN), producing Fe-ADR and GN-ADR,
respectively. GN is an antineoplastic drug that shares chemical properties with iron and thus
binds Tf [34]. GN-ADR-Tf was able to reverse the resistance to free ADR in MCF-7 human
breast cancer cells, as the IC50 decreased 100-fold with the use of GN-ADR-Tf conjugate
[35]. Similarly, Fe-ADR-Tf showed a 10-fold stronger inhibition compared to free ADR.
ADR was found to accumulate in the cytoplasm in resistant MCF-7 cells, however in the
cells treated with the GN-ADR-Tf conjugate, ADR was found in the cytoplasm in addition
to the nucleus. Thus, the reversal of resistance by the GN-ADR-Tf conjugate suggests that
the localization of ADR into the nucleus is key to bypass the multi-drug resistance protein
(an ATP-binding transport glycoprotein) expression, which pumps drugs out of the
cytoplasm. Overall, Tf-ADR appears to have multiple mechanisms of action that may be
cell-type dependent or dependent on the presence of GN within the Tf-ADR conjugate.

3.1.1.2. Tf and other chemotherapeutic drug conjugates: Tf has also been conjugated to
other drugs in order to avoid the adverse side effects of these drugs in a free condition, while
helping direct and localize the drug to its target. Cisplatin (Platinol-AQ®) is a platinum-
based alkylating agent that is used as a treatment for various cancer types, including bladder,
ovarian, and testicular cancer. Cisplatin has been chemically conjugated to Tf to produce the
complex MPTC-63 [36]. This complex has been shown to be cytotoxic to human HeLa cells
in only seven days compared to the control, which kept growing past seven days. MPTC-63,
was also shown to be cytotoxic to feline lymphoma cells in vitro. In a Fisher rat tumor
model, MPTC-63 administered i.v. (8.6 mg/cc daily for seven weeks) prevented metastatic
growth of the mammary carcinoma cells in the lungs. Additionally, two out of five patients
who were administered MPTC-63 showed an anti-tumor response [36]. Subsequently,
another Phase I clinical trial has shown four out of 11 patients with advanced breast cancer
(36%) had a positive response rate, including one complete response to MPTC-63 [37]. Only
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minor side effects were observed in these patients. This clinical trial also showed seven out
of the eight patients had a partial response to the combination of MPTC-63 and the iron
chelator deferoxamine mesylate [37]. A promising case study in a female with stage IV
breast cancer, showed that treatment resulted in a complete remission of malignant ascites
[38]. The treatment consisted of vaccine immunotherapy in combination with targeted
chemotherapy using Tf conjugated to metals such as gallium and platinum.

Chlorambucil (Leukeran®) is an alkylating agent that interferes with DNA replication and
RNA transcription. It is used to treat chronic lymphoid leukemia, non-Hodgkins lymphoma,
and advanced ovarian and breast cancer. This drug was chemically conjugated to Tf. Similar
to Tf-ADR, introducing a thioether forming maleimide group (a building block in organic
synthesis) into the drug allowed conjugates bound to Tf via acid cleavable spacers to show
cytotoxicity to MOLT4 (human leukemia) and MCF7 (human mammary carcinoma cells)
[39]. Chlorambucil or the Tf-chlorambucil conjugate was used in a preliminary toxicity
study in mice injected daily with 20 mg/kg. Two out of three mice treated with free
chlorambucil died after subsequent injections, whereas all the mice treated with Tf-
chlorambucil survived, confirming the safety of the conjugated drug [39].

Mitomycin C, or MMC (Mutamycin®), is another alkylating agent that results in DNA
crosslinking. When used as a chemotherapeutic drug in patients, myelosuppression and
gastrointestinal complications are common. A Tf-MCC conjugate was constructed and
tested relative to free MCC against HL60, HepG2, and hepatocytes from male Wistar rats
[40]. The conjugate significantly inhibited cell growth in HL60 cells, but only slightly in
HepG2 cells. The level of internalization of the conjugate was larger for HepG2 relative to
HL60, and the IC50 was 43% less for HepG2 than HL60. MCC cytotoxicity is specific to
dividing cells and it is internalized at low levels in hepatocytes, explaining the lack of
cytotoxicity observed when the conjugate was used. Daunorubicin (Cerubidine®) is an
anthracycline topoisomerase inhibitor, which also blocks DNA synthesis and RNA
transcription. Daunorubicin chemically conjugated to Tf was 10-fold more cytotoxic
compared to free daunorubicin on NCI-H69 small cell carcinoma of the lung cells [41].
Gemcitabine (Gemzar®) is an anti-metabolite pyrimidine analog that blocks DNA synthesis.
Conjugated to Tf this drug demonstrated six to 10- fold higher cytotoxicity compared to free
drug against UCRU-BL13 and UCRU-BL28 human bladder cancer cells [42]. SCID mice
bearing UCRU-BL28 xenografts treated with the conjugate showed partial remission and
significantly smaller tumors relative to untreated mice [42]. All of the above studies
demonstrate that Tf chemically conjugated to chemotherapeutic drugs enhances the
cytotoxic effects of the free drug and helps to minimize potential toxicities to normal tissues.

3.1.2. Tf-toxic protein conjugates
3.1.2.1. Tf- ricin A chain (RTA) conjugates: Ricin is a highly toxic protein isolated from
the plant Ricinus communis. It is a type II ribosomal inactivating protein composed of an A
chain (RTA) that contains the N-glycosidase catalytic domain and a cell-binding B chain.
Once in the cytoplasm, the A chain inactivates the ribosome leading to inhibition of protein
synthesis and ultimately cell death. Since it lacks cell-binding activity, RTA alone is not
expected to be toxic. Conjugation of Tf to RTA allows TfR-mediated delivery of RTA into
cells that can restore its toxicity. The ID50 of Tf-RTA in human leukemia CEM cells was
10,000-fold less compared to the non-linked combination of Tf and RTA [43]. This toxicity
was completely blocked by Tf or antibodies against RTA. Two human Burkitt’s lymphoma
cell lines, Daudi and Raji, demonstrated an ID50 that was ten-fold less that the CEM cells
[43]. Since these lymphoma cells lines exhibited lower TfR levels on their surface compared
to CEM cells, this suggests that the density of TfR correlates with the potency of the
conjugate. The efficacy of Tf-RTA was also evaluated against a 3-D tumor model of
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micromasses using human breast carcinoma (MCF7) and rat glioblastoma (9L) cells [44].
Tf-RTA treatment can completely block growth of these micromasses in vitro.

3.1.2.2. Tf-saporin conjugates: Saporin (SO6), derived from seeds of the plant Sapornaria
officinalis, is a type I ribosome-inactivating protein that is similar to ricin but is composed
of only the catalytic chain and lacks the cell-binding domain. Thus, native SO6 is expected
to be non-toxic. However, like RTA, if SO6 is conjugated to a delivery vehicle, such as Tf,
it becomes highly toxic. SO6 chemically conjugated to Tf was cytotoxic to K562 human
erythroleukemic cells [45] and HepG2 human hepatocellular carcinoma cells [46] in vitro.
Tf-SO6 inhibited protein synthesis of HepG2 in a dose-dependent manner, while free SO6
demonstrated no toxicity to HepG2 cells [46]. The Tf-SO6 conjugate has also been shown to
be cytotoxic to human glioblastoma cell lines and primary glioma cancer cells isolated from
patients [47, 48].

3.1.2.3. Tf-diphtheria toxin conjugates: The diphtheria toxin (DT) is secreted by the
bacterium Corynebacterium diphtheriae and acts to block protein synthesis through the
ADP-ribosylation of elongation factor 2. The DT is composed of three chains: an N-terminal
catalytic domain, a translocation domain, and a C-terminal cell-binding domain. Tf was
covalently conjugated to the DT and demonstrated high cytotoxicity to thymidine kinase-
deficient mouse L (LMTK-) cells in culture, reducing protein synthesis by 50% in 24 hours
[49]. A 10,000-fold greater sensitivity of mouse LMTK- cells to Tf-DT was observed
relative to DT treatment alone. This cytotoxicity was blocked by ammonium chloride due to
the fact that it elevates the pH of intracellular vesicles suggesting that like the native toxin,
decreased pH causes a conformational change of the Tf-DT, insertion into the membrane of
the vesicle, and release of the catalytic domain into the cytosol [49].

In order to further increase the delivery capability of TfR-targeted therapies, two mutant Tf
molecules have been developed (K206E/R632A and K206E/K534A) that show a decreased
rate of iron release [50, 51]. These mutant Tf molecules when conjugated to DT, have
shown enhanced delivery and cytotoxicity against HeLa human cervical adenocarcinoma
cells relative to wild-type Tf-DT [50]. The IC50 was decreased to around 1 pM compared to
1.73 pM for the wiltype Tf-DT. These mutants also showed increased internalization of Tf
and cytotoxicity against U87 and U251 human glioma cells [51]. Mice with established
subcutaneous (s.c.) xenograft glioma tumors treated intratumorally with mutant Tf-DT
conjugate showed significant regression as the tumor bulk decreased rapidly and near-
complete tumor regression was observed in all four tumors. Immunohistochemical analysis
of tumors from mice sacrificed at 24 hours post-treatment verified that the toxin conjugate
caused tumor growth to decrease via apoptosis.

Additionally, the DT itself has been mutated to block non-specific entry of the toxin into
cells. CRM107 is a mutant form of the DT that contains two amino acid mutations in the B
chain that result in the inability of the mutant toxin to bind to the cell surface [52]. Tf
chemically conjugated to CRM107 (Tf-CRM107), has demonstrated in vitro cytotoxicity
against many human cancer types including neuroblastoma, leukemia, ovarian cancer, and
breast cancer cell lines, as well as glioblastoma and medulloblastoma-derived cell lines,
medulloblastoma cells in primary culture, and other cell lines derived from tumors that are
usually metastatic to the cerebrospinal fluid [52, 53]. The Tf-CRM107 conjugate was also
shown to have dose-dependent growth inhibitory effects against 3D micromasses of MCF7
or rat glioblastoma 9L cells [44]. The toxicity of the DT, CRM107, and the Tf-CRM107
conjugate was compared in three guinea pigs after direct injection into the brain
(percutaneously into the cisterna magna). Unconjugated CRM107 increased the maximum
safe dose 100-fold compared to the wild-type DT [52]. Furthermore, Tf-CRM107 further
increased the maximum safe dose 10-fold compared to CRM107 (equivalent to 1000-fold
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compared to wild type DT). In rhesus monkeys, direct injection of Tf-CRM107 intrathecally
into the cisterna magna at concentrations up to 5000-fold higher than those used for the in
vitro cytotoxicity studies in cancer cells was well tolerated [52].

A Phase I clinical trial was conducted with Tf-CRM107 to determine its effectiveness and
relevance as a cancer therapy in humans [54]. In order to maintain a high concentration in
the brain, the immunotoxin (IT) was delivered by intratumoral infusion to patients with
malignant brain tumors. Nine out of the fifteen patients who could be evaluated (60%)
responded with at least a 50% reduction in tumor volume on magnetic resonance imaging
(MRI). Two of these patients had complete responses. One had no tumor for 23 months after
treatment with a single infusion of Tf-CRM107, while the other had a tumor recur five
months post-treatment. At higher doses of Tf-CRM107 (≥ 1.0 μg/ml), local toxicity
occurred in all three patients treated. However, at lower doses (<1.0 μg/ml), Tf-CRM107
did not cause any local toxicity in patients while anti-tumor activity was present, suggesting
a concentration and dose dependency in tumor response and safety. Subsequently, a Phase II
clinical trial was conducted to evaluate the safety of the conjugate and observe the effect of
Tf-CRM107 on refractory and recurrent glioblastoma multiforme (GBM) or anaplastic
astrocytoma [55]. Fourty-four patients were enrolled in the study, with 31 receiving two
infusions of Tf-CRM107 and the remaining 13 receiving one infusion, however ten were not
evaluable. Out of 34 patients who received two infusions, there were five complete
responders, seven partial responders, and nine showed stabilized disease upon treatment
with Tf-CRM107. From the time of the first infusion treatment, the remaining 13 out of 34
patients (30%) survived past 12 months. Symptomatic progressive cerebral edema resulted
in eight out of 44 patients, and seizures were seen in three patients who responded to
anticonvulsant therapy. Three Phase III clinical trials were initiated, however, one of these
studies was withdrawn prior to enrollment due to concerns that the drug would not meet trial
criteria for efficacy (clinicaltrials.gov). Further data on the other two trials could not be
found.

3.1.2.4. Tf-artemisinin conjugates: Artemisinin, isolated from the plant Artemisia annua, is
an anti-malarial drug that reacts with iron to form cytotoxic free radicals. Since cancer cells
require large amounts of iron for rapid proliferation, they are more susceptible to the toxic
effects of artemisinin [56]. Conjugation of artemisinin with Tf (Tf-ART) allows for the
delivery of iron and artemisinin by the same molecule. This conjugate and an unconjugated
artemisinin analog, dihydroartemisinin (DHA), were tested for their cytotoxic effects on
Molt-4 human leukemia cells and normal lymphocytes. Tf-ART and DHA had an IC50 value
of 0.98 μM and 1.64 μM on Molt-4 cells respectively. In lymphocytes, the IC50 value on
was 33 μM and 58.4 μM for Tf-Art and DHA, respectively, suggesting that Tf-ART is more
effective in killing Molt-4, but that DHA is more potent in killing normal lymphocytes.
Thus, Tf-ART shows potential to target cancer specifically. When Tf is conjugated with 16
artemisinin molecules, the conjugate showed minimal structural change of holo-Tf (iron-
bound Tf) and was cytotoxic to prostate cancer cells in vitro [57]. Tf-ART induced the
intrinsic apoptotic pathway via the release of cytochrome c from mitochondria. A strong
correlation was shown between the number of artemisinin conjugated to Tf and the IC50
values of DU145 and PC-3 (human prostate carcinoma cell lines) [58]. The IC50 of Tf-ART
(containing 4 ART), Tf-ART (6 ART), and Tf-ART (16 ART) were 18.7, 7.2, and 5.0 μM,
respectively. PC3 cells were less susceptible to the toxicity of Tf-ART than DU145 cells,
but were more sensitive when larger numbers of artemisinin molecules were attached to Tf.
In rats bearing s.c. rat MTLn3 mammary adenocarcinoma cells, five daily injections of Tf-
ART significantly retarded the growth rate of the tumors [59]. Additionally, no significant
side effects were observed in these animals.
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3.1.2.5. Tf-PEG-protein conjugates: Since solid tumors show hypervascular permeability
and impaired lymphatic drainage, proteins conjugated to polyethylene glycol (PEG) can
potentially accumulate with the tumor. However, this is via a passive process. In order to
more adequately target tumor cells, these PEGylated proteins can be conjugated to Tf. The
effect of a conjugate consisting of Tf and a model PEGylated protein, β-lactoglobulin B
(LG), was evaluated using K562 (human erythroleukemia), KB (human epidermoid
carcinoma), S-180 (murine sarcoma 180), and normal human hepatocyte LO2 cells [60]. The
effects of Tf-PEG-LG (TPL) have been compared to those of LG and PEG-LG. Cell surface
binding of PEG-LG on K562 and KB cells was only 10% that of Tf, suggesting that TPL
dramatically improved cancer cell targeting. The pharmacokinetics of 125I-LG, 125I-PEG-
LG, and 125I-TPL were evaluated in rats [60]. LG was cleared quickly from the circulation,
with PEG-LG and TPL remained longer. The half-lives of TPL, PEG-LG, and LG in the
plasma circulation were 17.96 h, 8.13 h, and 0.84 h, respectively. In vivo, S-180 tumor
bearing mice were used to track the biodistribution of the three treatments. LG showed the
lowest blood levels due to its short half-life, while TPL displayed the longest mean
residence time in circulation. The accumulation of TPL in tumor was higher than in all
normal tissues compared to PEG-LG, demonstrating the potential of the TPL conjugate to
selectively target tumors. This delivery system was then used to evaluate the effects of an
anti-cancer protein, tumor necrosis factor-α (TNF-α). This conjugate containing Tf
covalently attached to PEGylated TNF-α (TPT4) bound K562 and KB cells with an affinity
similar to native Tf [61]. The biodistribution and anti-tumor effects were studied in
Kunming mice bearing s.c. S-180 murine sarcomas [61]. The conjugate delayed blood
clearance and enhanced tumor targeting. Additionally, the inhibitory rate of tumor growth
was enhanced by TPT 5- fold when compared to TNF-α alone and roughly two fold when
compared to PEGylated TNF-α. Thus, the tumor targeting ability and pharmacokinetic
properties of TNF-α were enhanced by conjugation to Tf.

3.1.2.6. Tf-RNases: Various types of RNases have shown in vitro cytotoxicity against
human cancer cells. They are capable of blocking protein synthesis and thus behaving like
potent toxins once inside the cell. Therefore, in order to deliver bovine pancreatic
ribonuclease A into targeted cancer cells, this nuclease was chemically conjugated to Tf (Tf-
RNase) through a disulfide bond. This conjugate was cytotoxic to K562 human
erythroleukemia cells in vitro with an IC50 of 10-7 M, which was 2-fold less than the IC50 of
native RNase [62]. The cytotoxicity of Tf-RNase was inhibited by excess Tf or RNase
inhibitors (RI), confirming the dependence of the conjugate on both Tf targeting and RNase
activity for the observed cytotoxicity. A similar effect was observed with conjugates of Tf
and onconase, a protein from fertilized Rana pipiens frog eggs that is a member of the
pancreatic ribonuclease A superfamily. A direct comparison of these two conjugates showed
that the IC50 of Tf-RNase in K562 cells was 400 nM, whereas the IC50 of Tf-onconase was
600 nM [62]. Additionally, the Tf-onconase conjugate was 20 to 100-fold more toxic on a
molar basis than unconjugated onconase. However, onconase alone was cytotoxic to these
cells suggesting that the compound alone can enter the cells. The conjugation of RNases to
Tf enhances their cytotoxic properties, showing potential as anti-cancer therapeutics.

Human RNases have also been explored and conjugated to Tf as potential anti-cancer
therapeutics. Pancreatic RNase (hRNAse) and eosinophil-derived neurotoxin (EDN) were
mutated to incorporate cysteine residues at sites of close contact to the RI but distal from
their catalytic domains [63]. Tf was conjugated to the mutant human RNase (rhRNase) and
the mutant EDN to specifically target cells and block RNase inhibitor binding. Tf-rhRNase
was 5000-fold more toxic in vitro to U251 human glioma cells relative to wild-type hRNase
[63]. Tf-EDN showed toxicity similar to hRNase, confirming that the increased resistance to
RI produced greater cytotoxicity. The IC50 of Tf-rhRNase was 2 nM and 1 nM for U251 and
Wehi 7.1 (mouse T lymphoma cells), respectively. These values were significantly lower
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compared to the IC50 of rhRNase - 80 nM and 150 nM for U251 and Wehi 7.1, respectively,
suggesting that the Tf targeting through conjugation increases cell specificity and
cytotoxicity. The sensitivity of two RI-sensitive RNases increased by 200-fold when RI
binding was prevented, 25-fold when conjugated, and 5000-fold when the two modifications
were combined. Thus, both the inhibition of RI and conjugation of RNase to Tf increase the
cytotoxicity of the IT, maximizing its potential as an anti-cancer therapeutic.

3.1.3. Tf-Nucleic Acid Conjugates—Targeting the TfR through the use of Tf can also
be used for the purpose of gene therapy. Conjugation of DNA or RNA to Tf through various
methods serves as a means to deliver therapeutic genes or inhibitory RNA molecules
directly to cancer cells. In most cases, polycations are used since they spontaneously
assemble with nucleic acids and serve as alternatives to viral vectors, which may be
associated with safety concerns. The type of polycation used for DNA compaction and
delivery can have a substantial effect on the intracellular trafficking of the cargo, the cellular
response, and cytotoxicity of targeted cells. The two most widely used polymers that have
been used for targeted gene therapy are polylysine and polyethyleneimine (PEI). Polylysine
is a polyamino acid that is produced from a non-toxic, naturally occurring monomer. It
contains terminal amines that are protonated at physiological pH and adequately condenses
DNA by electrostatically binding phosphate groups of DNA. Polylysine particles can vary in
size from 30 to 300 nm in diameter. The size of polylysine can have a dramatic effect on
transfection efficiency, biodistribution, and cytotoxicity [64]. The second polymer, PEI, is
found in both linear and hyperbranched forms [65]. Its buffering capacity is thought to be
responsible for its high transfection efficiency due to neutralization of pH in the endosome
and membrane lysis due to change in ionic osmolarity. It also efficiently condenses DNA
through the use of its protonated secondary amines and can be found in high (800 kDa) and
low (22-25 kDa) molecular weight forms.

Conjugation of these molecules to Tf enhances tumor targeting and gene delivery, a process
known as “transferrinfection” [66, 67]. Chemical conjugation of Tf to polylysine through a
disulfide bond or a carbohydrate link has shown an increase in luciferase transgene
expression in K562 human erythroleukemia cells [68, 69]. Delivery of the luciferase
transgene using polylysine was also observed in chicken HD-3 erythroblasts when either
human Tf or the chicken homologue conalbumin was used for targeted delivery [66].
Maleimide modified Tf resulted in a 10-fold increase in transfection efficiency in murine
erythroleukemia cell lines (F-MEL and J2E) compared to other common transfection
protocols, including electroporation, modified DEAE-dextran, synthetic lysosomes, or
modified calcium phosphate procedures [70]. Taken together, these studies show that Tf
conjugated to polylysine using a variety of strategies can be successfully used to deliver
nucleic acids into targeted cells.

The use of peptides that contain viral-like properties has also been explored in combination
with Tf-polylysine-DNA complexes. For this purpose, the influenza virus hemagglutinin
HA-2 subunit that has membrane destruction properties was conjugated to polylysine and
added to Tf-polylysine [71]. The presence of the HA-2 peptide in these complexes
dramatically augmented Tf-polylysine-mediated gene transfer in K562 cells. Biotinylated
HA-2 peptide has also been conjugated to Tf-polylysine via a streptavidin-polylysine
conjugate [72]. This complex enhanced transfection efficiency of human melanoma cells
and led to high transgene expression, including the secretion of high amounts of
interleuken-2 (IL-2) into the tissue culture supernatants. Similar secretion levels were
observed using Tf-polylysine ionically conjugated to polylysine-containing DNA complexes
[72]. These studies show that virus-mimicking peptides promote vesicle lysis and release of
DNA into the cytoplasm resulting in increased transgene expression.
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Transferrinfection can also be mediated by the conjugation of Tf to PEI. Tf-PEI (800 kDa)
showed high levels of luciferase transgene expression similar to that of an adenovirus-
enhanced transferrinfection (AVET, see section 4.6.1. below for more details) [73]. This
complex also resulted in high levels of IL-2 transgene expression and secretion in primary
human melanoma cells, nonetheless these levels were similar to non-targeted PEI complexes
[73]. However, in animals bearing s.c. M3 or B16F10 murine melanoma cells, the
transfection efficiency was eight to 10-fold higher with Tf-PEI complexes injected
intratumorally compared to the non-targeted PEI complexes [73]. Furthermore the addition
of polyethylene glycol (PEG) to the Tf-PEI stabilized the complexes and improved the in
vivo characteristics of the complexes. The presence of PEG prolonged circulation in the
blood of A/J mice injected systemically via intravenous (i.v.) injection with the complexes
[74]. PEG shields positive charges and thus decreased the interaction with plasma proteins,
protected the DNA from nucleases, and decreased the amount of erythrocyte aggregation.
This led to less toxicity and enhanced tumor targeting of either Neuro2A murine
neuroblastoma or M3 murine melanoma growing s.c in syngeneic animals [74, 75].

Tf-PEI was also used to deliver therapeutic transgenes. TNF-α is a potent cytokine and has
anti-cancer properties; however, non-specific toxicity often hampers its wide-spread use for
cancer therapy [76]. Three different murine syngeneic models were tested using either
Neuro2a murine neuroblastoma, MethA murine fibrosarcoma, or M-3 murine melanoma
cells growing s.c. [77, 78]. Systemic treatment via i.v. injection with Tf-PEI complexes
consisting of the TNF-α gene resulted in preferential expression of the cytokine within the
tumors, without detectable levels in the serum. High serum levels of TNF-α were observed
in animals treated with non-targeted complexes. Significant anti-tumor effects of Tf-PEI
were observed in all three models, with complete tumor regression in the MethA model.

Moreover, Tf-PEI has been used to deliver short hairpin RNA (shRNA) that knocked down
the expression of the hypoxia-inducible factor-1α (HIF-1α) in human melanoma cells [79].
HIF-1α expression is upregulated in the presence of low oxygen levels. This protein plays
an important role in angiogenesis, glucose utilization, and tumor cell survival [80]. A single
i.v. injection of Tf-PEI-shRNA specific for HIF-1α into nude mice bearing s.c. A375
xenografts showed an 8-fold decrease in the tumor growth rate compared to animals treated
with complexes consisting of scrambled, non-targeted shRNA [79]. Furthermore, in animals
bearing A2780 human melanoma tumors that do not express the TfR, no change in tumor
growth was observed, showing the need for TfR targeting to achieve the anti-tumor effects
of the targeted complexes.

A slightly different human TfR-targeted delivery approach utilizes the strong interaction of
biotin with avidin to deliver DNA-containing PEI conjugates to tumor cells. Biotinylated Tf
was mixed with avidin and biotinylated disulfide PEI complexes containing the tumor
suppressor gene p53 [81]. In vitro delivery of these targeted complexes led to an increase in
p53 expression and induction of apoptosis in HepG2 human hepatocellular carcinoma cells
or HeLa human cervical adenocarcinoma cells. Biotinylated Tf has been used to deliver
DNA without the use of PEI as well. Biotinylated Tf was added to streptavidin and
biotinylated DNA plasmid, sequentially. These targeted complexes delivered functional
DNA into cells expressing high levels of the hTfR (K562 human erythroleukemic, M7069
human colon cancer, and TMK-1 human gastric cancer cells) as evidenced by β-
galactosidase activity [82]. However, the β-galactosidase activity was very low in human
embryonic lung cells that express low levels of the hTfR. Additionally, the tissue
distribution of the complexes in animals bearing s.c. K562 tumors was evaluated [82]. Mice
treated i.v. with these targeted complexes carrying the green fluorescence protein (GFP)
reporter gene showed disseminated expression in many tissues early after injection.
However, by day three after injection of GFP, expression in the tumor was high and was
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maintained through day seven. GFP expression in the other tissues was weak and diminished
over time. After seven days this signal was minimal. Delivery of a therapeutic gene was then
tested in a metastatic tumor model. The herpes simplex virus thymidine kinase (HSV-TK)
was used as the therapeutic gene. Expression of this enzyme renders cells sensitive to
gancyclovir (GCV). K562 cells were injected i.v. in SCID mice. After metastatic disease had
developed, animals were treated with the targeted complexes daily for four days. Then they
were treated for seven days with GCV. Targeted treatment in combination with GCV
significantly prolonged survival [82]. Taken together, the above studies show that
conjugates containing Tf are capable of delivering a wide variety of therapeutic nucleic
acids (including DNA and shRNA) and have shown anti-cancer effects both in vitro and in
vivo.

3.2. Antibody and antibody fragment conjugates
3.2.1. Rat anti-murine TfR—RI7 217 and YE1/9.9 are rat monoclonal IgG2a antibodies
specific for the mouse TfR. They bind to partially overlapping sites on the receptor and do
not interfere with Tf binding [83]. Neither has been demonstrated to have direct anti-cancer
activity, however, when chemically conjugated to RTA both were shown to have at least a
10-fold higher in vitro cytotoxicity against murine malignant cells compared to non-targeted
ITs [83]. R17 217-conjugated RTA inhibited protein synthesis in BW5147 murine T-
lymphoma cells, but not in CCRF-CEM human T-leukemic cells [84], demonstrating the
species specificity of the antibody. At similar concentrations, the conjugate was also shown
to be toxic to late erythroid progenitor cells (CFUe and BFUe). This is consistent with the
high level of TfR expression in these cells. In vivo, donor bone marrow was incubated with
RI7 217-RTA for four hours and was then injected into sublethally irradiated (850 r) CAF1
mice to test the sensitivity of bone marrow pluripotent stem cells to the IT using spleen
colony assays. Under conditions in which the IT was toxic to CFUe, it inhibited CFUs
(colony forming units) no more than 10% [84]. Therefore, the conjugate is not toxic to early
non-committed hematopoietic progenitors and stem cells and thus, this population of cells
should survive treatment and be able to repopulate the later progenitor cells that are affected
by treatment with the IT. Both R17 217 and YE1/9.9 also demonstrated in vivo anti-cancer
activity against syngeneic peritoneal P388D1 murine lymphoid tumor growth when
treatment was given i.p [83]. Additionally, R17 217 prolonged survival of mice bearing
murine ovarian teratocarcinoma implants.

A rat/mouse chimeric antibody (ch17 217) composed of the rat variable regions of the R17
217 antibody was developed and genetically fused to murine granulocyte-macrophage
colony stimulating factor (GM-CSF) [85]. This cytokine has been used as a potent adjuvant
for cancer immunotherapy since it has many anti-cancer functions including the stimulation
of granulocyte and monocyte differentiation from hematopoietic stem cells, upregulation of
major histocompatibility type II (MHC II) molecules, and the increase of antigen
presentation in antigen presenting cells [86, 87]. The GM-CSF-containing fusion protein
retained both the antibody and cytokine activities and was also shown to have in vivo anti-
cancer effects [85]. It decreased the growth of metastases in two different syngeneic mouse
models, including the hepatic metastases of NXS2 murine neuroblastoma cells (syngeneic to
A/J) and pulmonary metastases of CT26 murine colon carcinoma cells (syngeneic to BALB/
c).

3.2.2. Murine anti-rat TfR (OX26)—OX26 is a murine IgG2a anti-rat TfR antibody that
has also been chemically conjugated to the RTA chain to produce an IT. This IT
demonstrated anti-tumor activity in a 3 dimensional culture model system of multicellular
tumor spheroids 9L of rat glioblastoma cells. High concentrations demonstrated complete
growth inhibition, however, lower doses resulted in a heterogeneous response [44].
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3.2.3. Murine anti-human TfR
3.2.3.1. Antibody HB21(5E9): HB21 (also known as 5E9) is a monoclonal murine IgG1
antibody directed against the human TfR that has been shown not to inhibit the binding of Tf
to the receptor [88]. It has been used, either intact or as antibody fragments, to deliver a
number of toxic proteins to cancer cells. Like the DT, the Pseudomonas exotoxin (PE) is a
bacterial toxin that inhibits protein synthesis by ADP-ribosylating elongation factor 2,
leading to cell death. Chemical conjugation of HB21 with the PE created an IT,HB21-PE,
that inhibited protein synthesis in human oral KB carcinoma cells, OVCAR-2, -3, -4, -5, and
A1847 human ovarian carcinoma cells, and MCF-7 human breast carcinoma cells according
to the degree of cellular binding and uptake of the IT [89]. Additionally, combination of
HB21-PE with other anti-cancer agents shows enhanced cytotoxicity. Verapamil, a calcium
channel blocker, enhanced the rate of protein synthesis inhibition in human ovarian
carcinoma cells [89]. Calmodulin antagonists have also been shown to increase the
cytotoxicity of HB21-PE [90]. Dansylcadaverine, a calmodulin antagonist, increased the
activity of the IT in OVCAR-2 and -3 human ovarian carcinoma cells, and trifluoperazine
dihydrochloride enhanced the cytotoxicity in OVCAR-2, -3, and -4 cells [90]. Inhibition of
protein synthesis by HB21-PE in KB cells was enhanced by all three agents, and the activity
of the IT was blocked by monensin, a carboxylic ionophore [90].

A truncated mutant of the PE, PE40, lacks the cell-binding domain of the toxin. An IT
composed of a genetic fusion between the single chain Fv (scFv) of HB21 and the PE40
[HB21(Fv)PE40] has been constructed [91, 92]. This IT was cytotoxic to highly metastatic
KM12L4 human colon carcinoma cells in vitro [91]. HB21(Fv)PE40 also had in vivo anti-
tumor activity against liver metastases and s.c. KM12L4 tumors in nude mice. However,
while three consecutive i.v. injections of 10 μg/dose of the IT eradicated liver metastases, it
only delayed the growth of s.c. tumors. These variable responses to the IT were found to
correlate with the TfR expression levels on the surface of the cells [91]. TfR expression was
higher in cancer cells isolated from the liver. This shows that the expression of the receptor
in KM12L4 cells is modulated by the microenvironment of the organ in which they are
located. This fusion protein was also cytotoxic to human epidermoid carcinoma, breast
carcinoma, and ovarian carcinoma cells among others [92]. This fusion protein was also at
least 100-fold more cytotoxic than anti-TfR-LysPE40 and DT388-anti-TfR(Fv) (both of
which will be discussed in the following paragraphs) [92]. Treatment of DLD1 human colon
cancer cells or SKOV-3 human ovarian cancer cells with this IT adequately blocked protein
synthesis, however, minimal cytotoxicity was observed. ABT-737, a BH3-only mimetic and
proapoptotic Bcl-2 family member, used in combination with the anti-TfR(Fv)-PE40 was
found to enhance apoptosis in KB3-1 human cervical cancer cells (which are sensitive to the
effects of the IT alone) [93]. However, since the cytotoxicity of DT388-anti-TfR(Fv) was
not enhanced by ABT-737, it seems that ABT-737 increases the toxicity only of PE-based
ITs by promoting their translocation from the endoplasmic reticulum to the cytosol after
internalization, a pathway which the DT does not utilize.

A modified form of the PE40 has a chemically reactive lysine residue included in its amino
terminus (LysPE40). This modified toxin has been coupled to the HB21 antibody. The
resulting IT was found to be selectively cytotoxic to various human cell lines: epidermoid
carcinoma cells, KB cells, ovarian carcinoma cells, colon adenocarcinoma cells, T-cell
lymphoma cells, and acute lymphoblastic leukemia cells [94]. It was most toxic to A431
human epidermoid carcinoma cells. In vivo, a treatment of four i.p. injections of 5 μg, 20
μg, 50 μg, or 150 μg of HB21-LysPE40 given over eight days caused regression of solid
A431 tumors in s.c. xenografts in nude mice [94].

The diphtheria toxin 388 (DT388) has also been used to target tumor cells via the hTfR.
When the C-terminus of a truncated form of the DT388 was genetically fused to the scFv of
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HB21, the IT showed specific cytotoxic activity in hTfR-expressing cells in a panel of
human cancer cell lines [92]. However, the DT388 IT was generally less active than the
PE40 IT, as discussed previously. The cholera exotoxin 40 (CET40) has also been targeted
to the hTfR using HB21. The cholera exotoxin is derived from Vibrio cholerae, the
bacterium that causes cholera. The cytotoxicity of a truncated version of the toxin that was
genetically conjugated to HB21 was increased by greater than 10-fold by the addition of the
BH3 mimetic ABT-737 in KB3-1 cells [93]. As mentioned previously, this indicates that
ABT-737 increases the delivery of toxins, including the CET40 and the PE40, from the
endoplasmic reticulum to the cytosol.

HB21 (5E9) has also been chemically conjugated to the plant toxin gelonin [95]. Like SO6,
gelonin is a single chain ribosome-inactivating protein isolated from Gelonium multiflorum
that inhibits protein synthesis. 5E9-gelonin was found to be highly toxic to a panel of human
malignant cell lines, but had no effect on RADA murine thymic leukemia cells [95]. In vivo,
5E9-gelonin was administered via a single systemic i.v. injection to nude mice bearing
peritoneal ascites xenografts of several human cancer cell lines [95]. It was more effective
than gelonin alone and prolonged survival of the tumor-bearing animals. The IT was more
effective than cyclophosphamide (a chemotherapeutic drug) and at least as effective as
ADR. Intravenous injection of 5E9-gelonin also inhibited growth of s.c. nodules of the
Burkitt’s lymphoma Namalwa cell line in nude mice when injected simultaneously with
inoculation or when injected intratumorally [95]. Moreover, 5E9-gelonin inhibited growth of
i.p. implants of Namalwa when injected three to five days after inoculation. 5E9 has also
been chemically linked to pokeweed antiviral protein (PAP). PAP is a toxic protein that
inhibits protein synthesis. When 5E9-PAP was tested on three human acute lymphoblastic
leukemia T-cell lines (HSB-2, MOLT-3, and CEM-CCL-119), various sensitivities to the IT
were observed. HSB-2 cells were more sensitive than MOLT-3 or CEM cells to the effects
of 5E9-PAP. Chloroquine potentiated the inhibitory effects of the IT [96]. A toxic protein
that is derived from the seeds of Luffa aegyptiaca was shown to be a ribosomal inhibitory
protein (LRIP) with functional similarity to the other ribosomal inhibitory proteins that have
been discussed thus far. When 5E9 was chemically linked to LRIP, the resulting IT was
highly cytotoxic to HSB-2 cells in a specific, dose-dependent manner [97].

Additionally, 5E9 has been chemically conjugated to ADR via an acid-sensitive 13-
acylhydrazone linker [98]. This conjugate demonstrated anti-cancer activity in vitro toward
human Daudi lymphoma cells. Moreover, significant in vivo inhibition of s.c. Daudi
xenograft growth in BALB/c (nu/nu) mice was observed upon i.p. treatment [98]. It was also
shown that hydrolysis of the 13-acylhydrazone bond to release free ADR was required for
the cytotoxic effects of 5E9-ADR.

Restrictocin is a ribosomal inhibitory protein that is unable to bind to the surface of cells. It
is produced by Aspergillus restrictus and cleaves the 28S rRNA subunit to inhibit protein
synthesis. Fusing the 5’ end of the DNA encoding restrictocin to the DNA encoding scFv of
HB21 yields anti-TFR(scFv)-restrictocin fusion protein, while fusion at the 3’ end of
restrictocin produces restrictocin-anti-TFR(scFv) [99]. Both chimeric toxins specifically
inhibited protein synthesis in a dose-dependent manner in a cell-free in vitro protein
synthesis assay in a wide variety of malignant human cell lines, although they were about
30-fold less active compared to recombinant restrictocin alone. The cell lines tested were
K562 human erythroleukemia, HUT102 human T-cell leukemia, MCF7 human breast
adenocarcinoma, COLO205 human colon adenocarcinoma, A431 human epidermoid
carcinoma, A549 human lung carcinoma, and HeLa human cervical carcinoma. The ITs had
the greatest effect on K562 cells, which express high levels of hTfR. However, restrictocin-
anti-TfR(scFv) was found to be three to 12-fold more cytotoxic (depending on the cell line)
than anti-TfR(scFv)-restrictocin in all cell lines tested [99]. Since the ITs bind hTfR and
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inhibit in vitro translation similarly, the differences in their activity seem to be due to
intracellular events or factors. Such factors may be differences in translocation efficiency of
restrictocin fragments via the Golgi apparatus and/or in the interaction of the fragments with
the target RNA. Chemical incorporation of a 12-residue spacer that contains the recognition
site for the protease furin between restrictocin and the HB21 scFv, in either the N-terminus
or C-terminus arrangement, enhanced cytotoxicity by 2 to 30-fold in these same cell lines,
depending on the cell line targeted [100]. Conversely, a furin-insensitive linker improved
cytotoxicity in only the N-terminus construct (anti-TFR(scFv)-linker-restrictocin).
Recombinant restrictocin has also been chemically conjugated to the full length HB21 via
cleavable disulfide or non-cleavable thio-ether linkages [101]. The cleavable conjugate was
found to specifically inhibit protein synthesis in a dose-dependent manner in the same panel
of human cancer cell lines that were used to test the genetic fusion protein, while the non-
cleavable conjugate had little cytotoxic activity in any cells lines except HUT102. This
indicates that ribotoxin-based ITs may necessitate cleavable linkages in order to be
maximally active, which may be due to differential processing and/or translocation after
internalization.

Another toxin that has been targeted to the hTfR using HB21 is α-sarcin, a ribonucleolytic
protein in the family of restrictocin that is secreted by the mold Aspergillus gignateus. α-
sarcin interacts with the 28S ribosomal subunit to block protein synthesis. Chemical
conjugation of recombinant α-sarcin to HB21 created an IT that specifically inhibited
protein synthesis in HUT102, A549, MCF7, and U937 human histocytic lymphoma in a
dose-dependent manner [102]. This effect could be blocked by the addition of excess HB21.
No protein synthesis inhibition was observed in murine L929 fibroblasts indicating the need
for hTfR targeting using HB21.

3.2.3.2. Antibody 454A12: 454A12 is a murine IgG1 anti-hTfR antibody that has been used
to target toxic proteins to cells expressing high levels of the TfR. CRM 107 is a modified
diphtheria toxin where two amino acids in the B chain have been mutated. These mutations
decrease the binding ability of the toxin 8000-fold but leave its translocation function
unaffected [52]. When CRM 107 was chemically linked to 454A12, the resulting IT was
cytotoxic to a panel of patient-derived medulloblastoma, glioblastoma, and breast carcinoma
cell lines, but was not toxic to Vero cells that lack hTfR expression [52]. In the same study,
454A12 was also conjugated to a recombinant form of the RTA toxin. When the cytotoxicity
of 454A12-RTA was tested in the same lines, 454A12-RTA showed similar cytotoxicity as
454A12-CRM 107 after 24 hours of incubation. However, after only 3 hours of incubation,
the RTA IT was 10 to 1000-fold less toxic than the CRM 107 IT and thus 454A12-RTA
demonstrated a much slower rate of cytotoxicity compared to 454A12-CRM 107 [52]. Free
Tf did not have an effect on the toxicity of either of the 454A12 ITs, suggesting that 454A12
does not inhibit the binding of Tf to the receptor. However, the recombinant RTA IT
displayed cytotoxic activity at very low concentrations in other human medulloblastoma
(DAOY, D283MED, and D341MED), glioblastoma (U373), as well as in a neuroblastoma
cell line (SH-SY5Y) [53]. Several pediatric tumor specimens, including both benign and
highly malignant tumors, were also treated with low concentrations of 454A12-RTA.
Interestingly, the more malignant tumors were susceptible to the IT while more slow-
growing and benign tumors were not as sensitive. Another IT targeting the hTfR composed
of CRM 107 and anti-TfR has also been tested for anti-cancer activity against these same
cell lines. This IT was cytotoxic to the patient-dervied medulloblastoma, glioblastoma, and
neuroblastoma cell lines in vitro and inhibited protein synthesis more rapidly compared to
454A12-RTA in the same cell lines [53]. Like 454A12-RTA, anti-TfR-CRM 107 had
greater cytotoxicity in the more malignant pediatric tumor specimens, affecting the benign
and slow-growing tumors much less. 454A12-RTA was also cytotoxic to human OVCAR-3
ovarian cancer cells, with an IC50 of 75 ng/mL [103]. This effect was potentiated by low
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doses of IFN-α. In vivo anti-cancer activity was also observed in established i.p. OVCAR
xenografts. Intraperitoneal treatment of 454A12-RTA significantly increased survival of the
animals [103]. Again, the anti-cancer activity was enhanced by IFN-α The survival rate of
the IT alone was 29%, whereas the survival rate of the 454A12-RTA with IFN-α increased
to 89% [103]. IFN-α alone had no anti-cancer effect in this model.

The in vitro activity of 454A12-RTA could be enhanced by combining it with other anti-
cancer agents. Cytotoxicity was enhanced from two to 25-fold by verapamil depending on
the concentration of verapamil in human OVCAR-3 and -4 and KB cells [90].
Dansylcadaverine also increased the cytotoxicity of the IT in OVCAR-3 and KB cells in a
dose-dependent manner. Trifluoperazine, an antipsychotic of the phenothiazine chemical
class, enhanced the activity of the IT in OVCAR-3 cells only. In vivo studies using 454A12
conjugated to RTA have also been completed. When nude mice with s.c. U251 MG flank
tumors were treated intratumorally with 454A12-RTA four times on alternate days, mean
tumor volume was reduced by 30% by day 14. Despite tumor regrowth by 10 days after the
last treatment, tumor volumes were still smaller in treated mice than in control mice after 30
days [104]. Moreover, a single intraventricular injection of 120 μg or higher of 454A12-
RTA into patients with leptomeningeal spread of systemic neoplasia was evaluated and
showed to be tolerable with no systemic toxicities reported [105]. In four out of eight
patients, a greater than 50% reduction of tumor cell counts in the lumbar cerebrospinal fluid
was observed within five to seven days after treatment. The IT remained intact in the
cerebrospinal fluid for up to 24 hours after injection. Even though, tumor progression was
eventually observed in seven of the eight patients, this clinical trial showed that antitumor
concentrations of 454A12-RTA can be attained in cancer patients. A second clinical trial
was performed with i.p. therapy of this IT in twenty patients with metastatic carcinomas
[106]. Only preliminary results were reported from this study and showed that 3 patients
developed temporary superficial mucosities and one patient developed a fatal
encephalopathy with cerebral edema. No anti-tumor effects were reported.

3.2.3.3. Antibody B3/25: B3/25 is a murine IgG1 antibody specific for the hTfR. This
antibody has been used for the production of several ITs as potential therapeutics against
cancer cells. The RTA subunit has been chemically conjugated to B3/25. The resulting IT
specifically inhibited protein synthesis in CCRF-CEM human T leukemic cells, at levels
similar but to a lesser extent than that of the intact ricin toxin [107]. The IT also inhibited
protein synthesis in HeLa human cervical carcinoma cells and M21 human melanoma cells,
the latter of which appeared less sensitive than CCRF-CEM [107]. In BALB/c (nu /nu) mice
bearing s.c. M21 tumors, three i.v. injections of 50 μg of the antibody-RTA completely
inhibited growth of M21 cells [107]. However, a single i.v. injection of 880 μg of antibody
alone also blocked melanoma cell growth in this model. The B3/25 antibody alone was
much less effective in preventing s.c. HeLa cell tumor growth compared to M21. B3/25 as
also been covalently coupled to diphtheria fragment A, the toxic subunit of DT, producing
an IT that specifically inhibited protein synthesis in CCRF-CEM cells in vitro [107].

Additionally, SO6 has been chemically linked to B3/25. This IT was cytotoxic to K562
(human erythroleukemic) and HL-60 (human promyelocytic leukemia cells) cells as
evidenced by the inhibition of clonogenic cell growth and colony formation [108]. Neither
the toxin alone nor a non-targeted IT demonstrated these effects. This conjugate was also
toxic to normal committed human bone marrow progenitor cells (CFU-GM and BFU-E) and
leukemic human hematopoietic progenitors (acute myeloid leukemia- AML- clonogenic
cells) [108]. Erythroid progenitors were more sensitive to the IT than myeloid ones. An IT
composed of B3/25 chemically conjugated to bovine pancreatic ribonuclease A, a protein
that degrades RNA and thus inhibits translation, was produced and evaluated. This IT
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demonstrated cytotoxicity to K562 cells that was 100-fold higher than the ribonuclease A
alone [109].

3.2.3.4. Antibody OKT9: OKT9 is a murine IgG1 anti-human TfR antibody that has been
chemically conjugated with RTA. The cytotoxicity of the IT was evaluated against
multicellular tumor spheroids (MTS) of MCF7 human breast carcinoma cells. While
complete inhibition of MTS was observed using high concentrations of the IT, the response
of individual tumor micromasses was extremely heterogenous at suboptimal doses [44].
MTS treated at these lower doses of the IT, eventually regrew to the same upper volume as
control MTS. This indicates that the individual heterogeneity of MTS may significantly and
unpredictably affect the cytoreductive potential of the IT.

3.2.3.5 Antibody 7D3: 7D3 is also a murine IgG1 anti-human TfR antibody that has been
used for IT production. When chemically conjugated to RTA, the IT inhibited protein
synthesis in five human glioma cell lines (MG-1, -2, and -3, which were derived from
surgical explants, and U-87 MG and U-373 MG, which are well characterized established
lines) [110]. C6 rat glioma cells were not sensitive to the effects of this IT demonstrating the
species specificity of the antibody. Monensin, a carboxylic ionophore, potentiated the
cytotoxic effects of the IT by 16 to 842-fold depending on the cell line, with an average of
100-fold [110]. It was later discovered that monensin potentiated the effects of 7D3-RTA
against H-Meso-1 human malignant mesothelioma and human colorectal cancer cells (LoVo
and LS174T) [111]. Potentiation was also demonstrated in cells grown as human tumor
ascites and peritoneal nodules in the peritoneum of nude mice bearing H-Meso-1 xenografts
[111]. After treatment, these cells were removed from the mice and assessed for inhibition
of protein synthesis. In testing the potentiation effects of monensin in vivo, it was found that
IT plus monensin emulsion had greater antitumor effects than IT alone or IT plus monensin
in buffer in BALB/c-nu/nu mice bearing H-Meso-1 tumors in their peritoneum. The tested
treatments consisted of seven i.p. injections every other day, beginning 10-20 days after
tumor cell injection. In mice bearing LS174T microscopic i.p. tumors, i.p. injection of IT
plus monensin emulsion 24 hours after inoculation was more cytotoxic than IT alone [111].
In H-Meso-1 cells coincubated with 7D3-RTA and monensin, the cytotoxicity and the rate
of cell killing were both higher than in cells treated only with IT. However, ADR showed no
potentiation of the cytotoxicity of the IT [112]. When nude mice bearing H-Meso-1 i.p.
xenografts were treated with IT plus monensin emulsion or IT plus doxorubicin, both
treatments produced similar improvements of survival. Combining the IT, the monensin
emulsion, and ADR further increased survival time by ten days. Thus, the combination of
ITs with other therapeutic agents may enhance the antitumor properties of either agent alone
[112].

3.2.3.6. Antibody 7579: The scFv of the murine monoclonal anti-human TfR antibody 7579
was genetically fused to a viral peptide/HLA-A2 complex in order to redirect cytotoxic T
cells (CTL) to targeted cancer cells that express high levels of the hTfR [113]. HLA-A2 is a
human class I histocompatibility molecule (MHCI) that presents antigens to CTL, which
leads to the lysis of the cell displaying the antigen in the context of the HLA-A2 molecule.
Either hepatitis B virus or an Epstein-Barr virus derived peptides were used to produce viral
peptide/HLA-A2/scFv fusion proteins. When HLA class I-negative, TfR-expressing K562
cells were incubated with the fusion proteins and then with viral peptide-specific CTL, the
fusion proteins were shown to mediate cytotoxicity of K562 cells. Partial inhibition of tumor
growth and prolonged survival was observed in nude mice bearing K562 i.p. xenografts that
were treated i.p. with the EBV/HLA-A2/scFv fusion protein and EBV-specific CTL [113].
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3.2.3.7. Antibody 42/6: 42/6 is a murine monoclonal IgA antibody that targets the human
TfR and has been shown to have direct cytotoxic effects on cancer cells (reviewed in [1]).
However, it has also been used as a delivery vehicle. The 42/6 antibody has been chemically
conjugated to SO6. This IT showed equal cytotoxicity with a Tf-SO6 conjugate against
RPMI 8226 human multiple myeloma cells [47]. The cytotoxicity of the 42/6 IT was only
slightly diminished by the presence of diferric Tf, compared to the significant decrease of
the toxicity mediated by the Tf-SO6 conjugate. Thus, the 42/6 IT may be advantageous over
the Tf-SO6 conjugate since circulating Tf may decrease the anti-cancer efficacy of the latter.
Additionally, chemical conjugation of 42/6 to bovine pancreatic ribonuclease A results in an
IT that is cytotoxic to K562 cells [109].

3.2.4. Mouse/human chimeric antibodies
3.2.4.1. Antibody E6: E6 is a chimeric mouse/human IgG1 antibody specific for the human
TfR that has been used as a delivery vehicle for cancer therapy. Angiogenin is a human
angiogenic ribonuclease that inhibits protein synthesis. Genetic fusion of the angiogenin
gene to the E6 antibody at its CH2 domains resulted in an IT that was cytotoxic to MDA-
MB-231 human breast cancer cells and SF539 human glioma cells, but not to NIH3T3
mouse fibroblast cells [114]. The protein synthesis inhibition of the IT was equivalent to that
of free angiogenin [114]. This fusion protein also inhibited protein synthesis in K562 cells
expressing the hTfR but not in non-human-derived cells that lack the hTfR [115]. Neither E6
alone nor a combination of unfused angiogenin and the E6 antibody had toxic effects,
indicating the need for the physical linkage between the two components for the observed
toxicity.

The scFv region of the E6 antibody was also used to produce a fusion protein capable of
targeting RNases to TfR-expressing cells. The scFv was genetically fused at its 5’ end to
either human pancreatic RNase or human eosinophil-derived neurotoxin (EDN, a member of
the RNase superfamily) [116, 117]. The resulting fusion proteins showed inhibition of
protein synthesis in MALME human melanoma cells, ACHN human renal carcinoma cells,
and MDA-MB-231 human breast carcinoma cells [117]. The fusion protein consisting of
pancreatic RNase was slightly less active than the EDN-containing fusion protein on ACHN
and MDA-MB-231, but the two fusion proteins exhibited similar antitumor effects in
MALME cells. The fusion protein containing EDN also showed cytotoxicity to human K562
and A431 epidermoid carcinoma cells, but not to cells lacking the hTfR [116]. Excess free
E6 antibody inhibited this effect. Several angiogenin-containing fusion proteins were
developed using various linkers that connect the variable light and heavy chains of the scFv,
as well as with or without a linker connecting the scFv and angiogenin [118]. All fusion
proteins were cytotoxic to MDA-MB-231, ACHN, and HT-29 (human colon
adenocarcinoma) cells, however, various sensitivities were observed. These results show
that a spacer between the scFv and angiogenin is needed for optimal activity and that the
linker can affect cellular binding and cellular cytotoxicity [118].

3.2.4.2. Antibody-Avidin fusion proteins: An antibody-avidin fusion protein consisting of
avidin genetically fused to the CH3 domains of a mouse/human chimeric IgG3 molecule
specific for the rat TfR has been described and was designed as a universal delivery system
due to the high affinity interaction of avidin with biotin [15]. This antibody-avidin fusion
protein contains the variable regions of the murine antibody OX26 and was surprisingly
shown to have intrinsic pro-apoptotic activity. This fusion protein is also capable of
delivering active biotinylated therapeutic agents into cells expressing the rat TfR [15]. Two
non-toxic enyzmes (FCU1-P67 or PNP-P67) have been conjugated with this antibody-avidin
fusion protein and used in an antibody-directed enzyme prodrug therapy (ADEPT)
therapeutic strategy [119]. This method relies on the direct targeting of the enzyme in TfR-
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expressing cancer cells. Within the tumor microenvironment, the prodrug would be
converted by the enzyme into toxic metabolites that lead to cancer cell death. FCU1-P67 is a
fusion protein of the yeast enzyme FCU1 (a genetically engineered chimeric protein
consisting of cytosine deaminase and uracil phosphoribosyltransferase) and the carboxyl-
terminal domain of human propionyl-CoA carboxylase alpha subunit (P67). P67 serves as a
human biotin acceptor domain, as it is recognized by BirA (a biotin holoenzyme synthetase)
that mono-biotinylates the protein and through the conjugation to the antibody-avidin fusion
protein can be targeted to TfR-expressing cells. The cytosine deaminase portion of the
FCU1 enyzme cleaves the relatively non-toxic prodrug 5-fluorocytosine resulting in the
formation of the toxic metabolite 5-fluorouracil, which is then metabolized by uracil
phosphoribosyltransferase into 5-fluorouridine 5’-monophosphate, a second toxic
metabolite. When biotinylated FCU1-P67 was conjugated to the antibody-avidin fusion
protein, the IT effectively eliminated Y3-Ag1.2.3 rat myeloma cells in vitro only in the
presence of 5-fluorocytosine in a dose-dependent manner [119]. Similarly, a second enzyme
PNP-P67 was also used using this strategy. PNP is the Escherichia coli enzyme purine
nucleoside phosphorylase [119]. Like FCU1, PNP was genetically fused to P67. PNP
cleaves the prodrug 2-fluoro-2’-deoxyadenosine (F-dAdo) to produce the cytotoxic drug 2-
fluoroadenine (F-Ade). Conjugation of the antibody-avidin fusion protein to biotinylated
PNP-P67 resulted in dose-dependent cytotoxicity to Y3-Ag1.2.3 cells in the presence of F-
dAdo [119]. No cytotoxic effects were observed when the biotinylated enzymes were
conjugated to a non-targeted antibody-avidin fusion protein.

A similar antibody-avidin fusion protein has been produced that targets the human TfR. It
consists of a mouse/human chimeric IgG3 with avidin genetically fused to the CH3 domains
of the antibody. Similar to the fusion protein that targets the rat TfR, this fusion protein also
has intrinsic in vitro cytotoxic activity against a variety of malignant human cells [15, 16,
120] as well as in vivo anti-cancer activity [121]. It also has delivery capabilities and has
been conjugated to biotinylated SO6 [122]. The resulting IT demonstrated a stronger
cytotoxic effect of the antibody-avidin fusion protein alone in cells that were sensitive to the
fusion protein alone (IM-9 human EBV-transformed lymphoblastoid cells). The conjugate
also overcame the resistance of U266 human myeloma cells to the cytotoxic effects of the
antibody fusion protein alone. This study shows that this antibody-avidin fusion protein may
be a useful therapeutic tool due to its functions as a direct anti-cancer agent as well as a
universal delivery system.

3.3. TfR-targeted peptide conjugates
Two peptides targeting the human TfR that do not interfere with Tf binding to its receptor
have been synthesized. These two peptides were covalently conjugated to artemisinin to
form targeted conjugates [123]. These conjugates allow artemisinin to be internalized with
receptor-bound Tf. The iron present on Tf interacts with artemisinin to generate toxic free
radicals that can lead to oxidative stress-induced cell death. These conjugates demonstrated
anti-cancer activity against Molt-4 human leukemia cells with an IC50 of about 1 μM [123].
They were not toxic to normal lymphocytes (IC50 > 10 mM), demonstrating cancer cell
selectivity of the conjugates.

4. Targeting moiety conjugated to carriers loaded with the active
compound
4.1. Polymeric micelles

Polymeric micelles are nanoscopic structures characterized by a core-shell structure and are
the product of self-assembly of amphiphilic copolymers in aqueous media. These nano-
structures tend to be smaller than 100 nm and have the capacity to hold hydrophobic drugs
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at their cores [124, 125]. The shell of the micelles is formed by the hydrophilic portion of
the amphiphilic co-polymers, which favors the dispersion of the system in aqueous media
[126] and the increase of circulation time in vivo, favoring a preferential accumulation in
tumor [127]. The self-assembly of the micelles takes place above a concentration called the
critical micelle concentration (CMC). Amphiphilic copolymers generally have a much lower
CMC value than that presented by low molecular weight surfactants [128]. This feature
makes polymeric micelle structures very stable to dilution and thus they can circulate in the
bloodstream with negligible dissociation [129]. The architecture of these nanoscopic
structures can increase the solubility [130], control the release [131], reduce toxicity [132],
and improve drug selectivity for the tumor site [133].

The binding of ligands such as Tf to the surface of the micelles has been used for the direct
targeting of these structures as carriers of antineoplastic drugs or genetic material to tumors
[134]. Polyion micelles for TfR mediated targeting to tumors were prepared by synthesizing
a copolymer of poly(ethylene glycol)-poly(ethylene imine) biotin (biotin-PEG-PEI) that
form micellar structures to which were bound biotin-conjugated Tf to form a complex using
avidin as the linker [135]. These complex micelles had a diameter of 75-103 nm and were
used for the delivery of antisense DNA into cancer cells. The loaded nanoparticle
significantly improved the incorporation and release of antisense oligonucleotides against
human multidrug resistance protein-1 (MDR-1) to inhibit expression in vitro of the efflux
transporter P-glycoprotein (Pgp), which is responsible for multidrug resistance in human
oral epidermoid carcinoma KBV cells and human breast carcinoma MCF-7ADR cells [135].
Using a similar strategy, Tf was coupled via biotin-avidin to the surface of micelles of PEG-
PLAbiotin (Tf-PEG-PLA) with the aim of targeting tumors on the central nervous system.
The diameters of the nanoparticles were 95–110 nm, and flow cytometry measurements
showed that the cellular uptake of the Tf-PEG-PLA micelles was significantly higher (92.8
± 2.5%) than the PEG-PLA micelles without Tf (68.3 ± 3.1%) in rat C6 glioma cells in
vitro. Observations by fluorescence microscopy of brain slices in an intra-cranial rat tumor
model of C6 glioma showed that PEG-PLA micelles functionalized with Tf could target the
tumor cells in vivo [136], although further studies are needed to confirm that Tf
functionalized PEG–PLA nanoparticles are effective in protecting against brain tumor
growth.

4.2. Dendrimers
Dendrimers are three-dimensional, non-immunogenic, hyper-branched, polymeric structures
defined by a central core with radially-oriented stems that form globular or semi-globular
nanoparticles [137]. These synthetic macromolecules are also known as arborols,
cauliflower or cascade polymers because of their particular structure [138]. The basic
architecture of dendrimers consists of three parts: 1) a multifunctional central core; 2)
branching units surrounding the core; and 3) the surface, with multiple functional groups.
The central core is surrounded by layers called generations (G), which are incorporated
stepwise in focal points during their synthesis [139]. The different layers are synthesized in
an iterative manner from monomers, allowing the control of the dimensions of the
dendrimer [140, 141]. In general there are two approaches for the synthesis of dendrimers:
divergent and convergent. Divergent synthesis starts at the core and the dendrimer is built up
radially, generation by generation, with the number of Gs proportional to its size. In
contrast, the convergent approach starts from the surface and concludes at the core [142].
These structures have a size between 2-10 nm and the volume can be easily modified
according to the number of Gs incorporated, i.e.: the polyamidoamine PAMAM G-2
dendrimer has a diameter of 2.3 nm, while that of PAMAM G-5 is 5.3 nm [137].

Today, dendrimers have a variety of applications in cancer therapy, including the
encapsulation or conjugation of antineoplasic drugs [143, 144], and the transport of nucleic
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acids (Table 1) [145]. Dendrimers can hold different substances within their layers via
complexes with functional groups called endo-receptors as well as on its periphery
conjugated to other groups called exo-receptors [138, 146]. In the case of the poly(propylene
imine) (PPI) dendrimers, the presence of multiple amino groups on its surface provide the
proper platform for the binding of specific ligands that can be used for the targeting of
anticancer compounds to tumor cells [147]. Koppu et al. developed dendrimers of
diaminobutiric poly(propylene imine) (DAB) G-3 conjugated to Tf (DAB-Tf) using
dimethylsuberimidate (DMS) as a crosslinking agent as a therapeutic gene delivery system
of plasmid DNA against human tumors [148]. Cell lines A431 (human epithelial carcinoma
cell line) and T98G (human glioma cell line) were used to determine the efficacy of
transfection of the DAB-Tf system with a plasmid coding for β-galactosidase. The
dendrimer with Tf exhibited 1.3-fold higher expression compared to the dendrimer without
Tf. The i.v. injection of DAB-Tf with the vector coding for the enzyme into female BALB/c
immunodeficient mice bearing s.c. A431 tumors achieved higher expression of the enzyme
in the tumor compared to the other organs. Moreover, when DAB-Tf was complexed with a
plasmid coding for TNF-α (DAB-Tf-complex) and injected i.v. it achieved complete tumor
response in 90% of cases, compared to the DAB-complex without Tf, which resulted in
complete tumor response in 40% of cases [148].

In other studies, PAMAM G-5 dendrimers modified with PEG (PAMAM-PEG) were linked
covalently to the peptide HAIYPRH (T7), which exhibits an elevated affinity for the TfR,
resulting in PAMAM-PEG-T7 nanoparticles. This system was loaded with ADR,
formulating PAMAM-PEG-T7/ADR nanoparticles for the targeting of ADR to tumors
overexpressing TfR [149]. PAMAM-PEG-T7/ADR enhanced the toxicity to human
hepatocellular carcinoma Bel-7402 cells in vitro, and favored the accumulation 1.7-fold in
s.c. Bel-7402 xenograft tumors in vivo compared to the nanoparticles without the ligand,
and 5.3-fold compared to free ADR. In addition, systemic application of the dendrimer
conjugated to T7 achieved lower concentrations of ADR in liver, kidney, head, spleen and
lung and significantly inhibited the tumor growth of s.c. xenograft tumors than its
counterpart without T7 [149]. The system mentioned above was modified to deliver,
simultaneously, a plasmid encoding for a gene that induces apoptosis (pORF-hTRAIL) and
ADR (PAMAM-PEG-T7/pORF-hTRAILeADR) [150]. The nanoparticles with the T7
peptide showed higher efficacy in cellular uptake and gene expression in Bel-7402 cells in
vitro and accumulated in tumor more efficiently than their counterpart without the peptide.
In addition, the PAMAM-PEG-T7/pORF-hTRAILeADR co-delivery system ADR dose of
0.16 mg/kg inhibited 77% of tumor growth in the Bel-7402 s.c. xenograft model in vivo
compared to 69% by 5mg/kg of free ADR. These results suggest the presence of a
synergistic activity in the co-delivery system between pORF-hTRAIL and ADR targeted to
TfR by T7, and that these nanoparticles may show an advantage in the selective destruction
of cancer cells with lower secondary effects [150]. Other dendrimer systems conjugated with
Tf and wheat germ agglutinin and loaded with ADR have shown in vitro cytotoxicity against
the murine C6 glioma cell line [151], but the size of the Tf-conjugated systems were 10- fold
higher the those using the T7 peptide as targeting moiety (199 nm versus 10 nm).

4.3. Single Polymers and Polymeric nanoparticles
Single polymers and polymeric nanoparticles are emerging as promising drug delivery
vehicles because of their multimodular structure that enables them to actively target discrete
cells through multiple barriers and to simultaneously carry multiple drugs of various
chemical natures (Table 1). In recent years, nanoparticles have matured from simple devices
to multifunctional, biodegradable, non-toxic, and non-immunogenic constructs, capable of
delivering synergistically functioning drugs in vivo. These polymeric nanoparticles have a
size between 10 and 1000 nm and are constructed with natural or synthetic polymers [152].
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One of the essential requirements for their use in the clinic is that polymeric materials are
biocompatible and biodegradable. After administration, the polymers should be reduced to
monomers and then metabolized and eliminated by the body’s natural pathways [152]. The
choice of biomaterials with different physicochemical properties (molecular weight,
dispersion index, hydrophobicity, and crystallinity) allows the modulation and control of the
drug delivery rate within the system. Due to their structure and composition, polymeric
nanoparticles have a greater stability when in contact with biological fluids than colloidal
systems [153].

Depending on the different methods of preparation and the properties of material used, it is
possible to generate either single macromolecules, or by self association form nanocapsules
or nanospheres [154]. The nanocapsules are systems in which the drug is adsorbed on the
surface of the particle or placed in an aqueous or oily interior surrounded by the polymeric
layer [155]. In contrast, the structure of the nanospheres is constituted by a spherical matrix,
where the drug can be dissolved, entrapped, chemically bound or adsorbed on the surface
[156]. One of the salient features of these structures is the ability to add functional groups on
its surface in order to attach ligands with the possibility of actively targeting the
nanoparticles to malignant cells or tissues [157].

Polysaccharides, including chitosan (CS), are natural biodegradable polymers most
commonly used in the preparation of single polymeric nanodrugs [158]. CS is a
macromolecule of animal origin obtained from chitin [159]. Another, recently introduced
biopolymer poly(malic) acid (PLMA) is an aliphatic polyester that is a non-self associating,
polyfunctional polymer in which functional groups can be added all along the molecule
[160]. In the case of synthetic biodegradable polymers, the family of aliphatic polyesters
stands out such as poly(lactic acid) (PLA), poly(lactic-co-glycolic) acid (PLGA), or poly(ε-
caprolactone) (PCL) [153], all of which are self-associating polymers in which functional
groups can only be added only at their termini. Some of these compounds are approved by
the FDA for use in drug delivery systems and have widespread uses in the biomedical and
biomaterial areas. Moreover, these polymeric compounds loaded with anticancer drugs have
been conjugated to different ligands to target TfR in order to increase the effectiveness of
the encapsulated drug. PLGA nanoparticles loaded with the aromatase inhibitor 7α-
APTADD were significantly more effective preventing proliferation of the human breast
cancer cell line SK-BR-3 than non-targeted nanoparticles, suggesting that Tf-conjugated
lipid-coated PLGA nanoparticles are potential vehicles for improving the efficiency and
specificity of therapeutic delivery of aromatase inhibitors [161].

Particulate nanodrugs consisting of PLGA loaded with paclitaxel (PTX) were conjugated to
Tf (PTX-NPs-Tf) using an epoxy compound (Denacol-EX-521) with a diameter of 220 nm
[162]. PTX-NPs-Tf activity evaluated in human prostate cancer PC3 cells in vitro showed a
70% inhibition of proliferation at 1 ng/ml, while at the same concentration the nanoparticles
without ligand (PTX-NPs) exhibited 25% inhibition, and paclitaxel in solution (PTX-Cr)
resulted in a 35% inhibition [162]. In addition, in vivo studies using nude mice in a s.c.
tumor model with PC3 cells showed complete tumor regression after an intratumoral dose of
24 mg/kg PTX-NPs-Tf, and resulted in significantly increased survival compared to those
receiving PTX-NPs or PTX-Cr [162]. In other studies, encapsulated PTX-NPs-Tf showed a
significant anti-proliferative activity in vitro compared to the unconjugated nanoparticles or
PTX in solution against the human breast cancer cell lines MCF-7 and MCF-7/ADR drug
resistant [163]. This activity is positively correlated to greater cellular uptake and reduced
exocytosis compared to the unconjugated nanoparticles, thereby achieving higher
intracellular retention and drug levels [163]. Other studies with paclitaxel loaded PLGA
nanocarriers conjugated to Tf (Tf-PTX-PLGA-NPs) with an average size of 170 nm showed
that nanoparticles conjugated to Tf exhibited higher intracellular uptake to rat C6 glioma cell
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compared to nanoparticles without Tf [164]. In addition, the biodistribution studies in rats
implanted s.c. with the C6 cells showed that higher intratumoral concentrations of paclitaxel
were observed in animals treated i.v. with Tf-PTX-PLGA-NPs compared to the
nanoparticles without Tf or PTX in solution after 24 hours of injection [164]. Pulkkinen et
al. observed that another PTX loaded nanopaticle using Tf as targeting moiety were able
improve significantly improve the anti-tumoral activiy in the BT4C rat glioma model in vivo
than non targeted nanoparticles or free PTX [165]. These results are consistent with those
obtained in another study using PEG nanoparticles of poly(cyanoacrylate) conjugated to Tf
and loaded with PTX (PEG-NP-Tf) and with an approximate size of 100 nm [166].
Intravenous administration of PEG-NP-Tf reached the highest intratumoral drug
concentrations compared to the PTX solution and NPs without ligand. Moreover, the
lifespan for mice treated with PEG-NP-Tf increased significantly and 50% of the animals
had complete tumor regression [166]. Other Tf-targeted nanoparticles loaded with
poly(ethylene) glycol-hydroxycamptothecin conjugate exhibited significant improvement in
the reduction of tumor weight compared to non targeted formulations in the in vivo model
S180 murine sarcoma [167]. Gan et al. observed that Tf-conjugated poly(lactide)-d-α-
tocopheryl polyethylene glycol succinate diblock copolymer nanoparticles loaded with
docetaxel could be more efficient eliciting cytotoxicity against C6 glioma than other non
targeted formulations [168].

Polymeric pegylated Tf-conjugated particulate nanodrugs of poly(cyanoacrylate) (PEG-NPs-
Tf) with a size under 200 nm can be used to encapsulate and deliver plasmid DNA (pDNA)
[169]. In vitro studies showed a higher degree of cell attachment of these NP at 4°C
compared to NP without ligand against human K562 cell tumor cells overexpressing the
TfR. The presence of free Tf significantly decreased the binding of PEG-NPs-Tf to the cells
demonstrating that the binding of the ligand was receptor-specific [169].

In addition to Tf, other ligands can be used to modify the surface of these nanocarriers such
as anti-TfR monoclonal antibodies used as a targeting strategy [170]. Fluorescein labeled CS
nanospheres conjugated with PEG obtained with the PRINT technology (Particle
Replication In Non-wetting Templates) were bioconjugated either with the OKT9 murine
anti-human TfR antibody (NPs-OKT9) or with human Tf (NPs-hTf) with a size of 200 nm
[157]. In both cases greater than 80% uptake was observed in several human tumor cell lines
(HeLa, Ramos, H460, SKOV-3, HepG2, and LNCaP) compared to bovine Tf conjugated
nanoparticles (NPs-bTf) or IgG1 (NPs-IgG1). The targeting efficiency was dependent on
nanocarrier concentration, ligand density, dosing time, and level of cell surface receptor
expression. The formulations NPs and NP-hTf-OKT9 were not toxic in vitro to most cell
lines except for the Ramos human B-cell lymphoma cell line. For these cells a strong
correlation was found between the viability and the amount of ligand (OKT-9 or hTf) that
can be conjugated to the surface of the nanoparticles, with lower cell viability associated
with higher percentage of ligand conjugate, suggesting that the polyvalency of the moiety
targeting TfR plays a role in the toxicity in some malignancies [157].

The Polycefin family of naturally-derived polymeric drug delivery is another example [160,
171]. This type of vehicle is built by hierarchic conjugation chemistry of functional groups
onto the scaffold of PMLA, a polycarboxy polyester obtained from the microorganism
Physarum polycephalum. The blood brain barrier (BBB) and the blood-tumor barrier (BTB)
can be obstacles for the successful delivery of drugs for the treatment of brain cancer [172].
Multi-targeted polycefin-based single polymer nanodrugs have been designed as a strategy
to overcome these barriers [171, 173, 174]. Components of these conjugates include: (1) a
pH-dependent endosomal escape unit to allow exiting into the cytoplasm and prevent
subsequent degradation in lysosomes, (2) a tracking fluorescent dye, (3) moieties to
optimize solubility, (4) the therapeutic payload (ODN or drug), and (5) monoclonal

Daniels et al. Page 22

Biochim Biophys Acta. Author manuscript; available in PMC 2013 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



antibodies targeting the rat TfR (OX26) to target the rat endothelial cells for transport across
the BBB and BTB (Figure 5). These nanoconjugates were shown to cross the BTB by
transcytosis and to specifically target the tumor cells where they were internalized by
receptor-mediated endocytosis [160]. When ODN directed against the α4 and β1 subunits of
human laminin-411, an adhesion molecule that is overexpressed in the tumor
neovasculature, were attached as the therapeutic payload, intracranial treatment with these
nanoconugates reduced microvessel density and increased survival in mice challenged with
human U87MG glioblastoma cells [175].

Polycefin variants containing two different targeting antibodies have also been evaluated for
the treatment of brain cancers (Figure 5). Tandemly coupled antibodies targeting the mouse
TfR (to target the murine endothelial cells) and an anti-nucleosome antibody 2C5 (to target
the human cancer cells) were covalently attached to the polymer and were shown to have
enhanced human tumor targeting ability in murine models [176]. Another polycephin variant
containing an anti-human TfR antibody for human cancer cell targeting in tandem with the
anti-mouse TfR antibody has also been produced. After eight rounds of intravenous injection
every three days in xenograft models, tumors of treated mice were 90% smaller than those
of control mice and their blood vessels resembled those in healthy brain tissue [177].

Polycefin nanoconjugates targeting human breast cancer have also been developed [178].
These conjugates were synthesized for repetitive systemic treatments of HER2/neu-positive
human breast tumors in a xenogeneic mouse model. Various moieties were covalently
attached to PMLA, including a combination of (1) ODN directed against the HER2/neu
mRNA, to block the synthesis of the oncoprotein HER2/neu; (2) anti-HER2/neu antibody
trastuzumab (Herceptin®), to target breast cancer cells and inhibit receptor activity
simultaneously; and (3) murine transferrin receptor antibody, to target the tumor vasculature
and mediate extravasation of the nanobiopolymer through the host endothelial system. The
multi-targeted nanoconjugates significantly inhibited the growth of HER2/neu-positive
breast cancer cells in vitro and in vivo by enhanced apoptosis and inhibition of HER2/neu
receptor signaling with suppression of Akt phosphorylation [178]. In vivo imaging analysis
and confocal microscopy demonstrated selective accumulation of the nanodrug in tumor
cells via an active delivery mechanism. Systemic treatment of human breast tumor-bearing
nude mice resulted in more than 90% inhibition of tumor growth and tumor regression, as
compared to partial (50%) tumor growth inhibition in mice treated with trastuzumab or
AON, either free or attached to PMLA [178]. These findings offer a preclinical proof-of-
concept for use of the PMLA nanoplatform for combination cancer therapy.

4.4. Liposomes
Liposomes are colloidal systems composed of amphiphilic phospholipids that self-assemble
spontaneously into bilayers forming spherical vesicles, which are closed due to the
interaction between the phosphate groups of phospholipids and the water molecules [179].
These vesicles are composed of natural or synthetic phospholipids and have a diameter that
can range between 0.02 and 10 μm [180]. Because of their structure, liposomes can carry
hydrophilic and hydrophobic drugs. Hydrophilic compounds are dissolved in the aqueous
interior of the vesicles, while hydrophobic compounds are placed in the lipid bilayer, and
charged drugs can be associated to the surface lipids.

This type of system can increase efficiency and reduce unwanted cytotoxic effects produced
by the administration of chemotherapy [20]. Several non-PEGylated liposomal formulations
(DaunoXome®, Myocet®, VincaXome®, DepoCyt®) and other PEGylated formulations
(Doxil®, Caelyx®) with antineoplastic drugs are available in the market for clinical use. The
surface modification of liposomes with PEG can sterically stabilize them and avoid the
mononuclear phagocytic system (MPS), thus extending their circulation time in blood [181].
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Furthermore, to increase their specificity, these systems can be conjugated with molecules
that recognize selectively overexpressed receptors on the surface of cancer cells [20],
including the TfR (Table 1). For example, PEGylated liposomes conjugated on the surface
with Tf (Tf-PEG-liposomes) could attach to mouse Colon 26 cells in vitro and were
internalized by receptor-mediated endocytosis. In the mouse s.c. tumor model Colon 26 was
observed that the Tf-PEG-liposomes had a prolonged blood circulation, low uptake by the
reticuloendothelial system (RES) and showed enhanced internalized into malignant cells in
vivo [182]. The internalization of the complex ligand-TfR via endocytosis can be used to
promote the uptake of liposomes and the release of the drug in the cell cytoplasm [183]. In
an in vitro study in rat glioma C6 cells, a significant increase in cellular uptake of Tf-
conjugated liposomes loaded with ADR compared to liposomes without the ligand was
observed [184]. Fluorescence studies and confocal microscopy confirmed than liposomes
covalently linked to Tf had a greater association to human T-lymphoblastic leukemia CEM
cells in vitro than liposome formulations without the ligand [185]. Li et al. observed that
liposomes decorated with Tf and loaded with ADR (Tf-SL-ADR) were able to enhance the
intracellular uptake of ADR in the HepG2 human hepatoma cell line compared to the
unconjugated particle [186]. Moreover, in an in vivo s.c. HepG2 xenograft model, i.v.
administration of Tf-SL-ADR resulted in a significant increase in the concentrations of drug
in the tumor site compared to the free drug (ADR). On the other hand, the ADR levels in
heart and kidney were lower for Tf-SL-ADR compared with those of ADR in solution [186].
The administration of cisplatin loaded PEGylated liposomes linked to Tf to
immunosupressed mice in a model of peritoneal dissemination of MKN45P human gastric
cancer cells showed higher levels of the drug in tumor cells and increased survival compared
to animals treated with cisplatin in solution or in liposomes without ligand [187]. In contrast,
Xu et al. reported that a different formulation (PC/chol/DOPE-DPPTPA/mPEG-DSPE) of
Tf-conjugated liposome loaded with ADR showed limited advantage over free ADR in KB
human cervical carcinoma cells in vitro, but it was better than the non-targeted liposome
[188]. However, Anabousi et al. observed that A549 human alveolar basal epithelial cells
exhibit overexpression of TfR compared to primary cell cultures of alveolar type II
epithelium [189]. Tf-conjugated liposomes loaded with ADR showed greater cytotoxicity
against A549 cell line compared to a primary cell culture of human alveolar non-cancerous
cells ATI/ATII. This in vitro data highlight the potential of these systems to specifically
eliminate the tumor cells that overexpress TfR [189].

Tf-conjugated liposomes loaded with genetic material have shown promise as a targeting
strategy. A Tf-conjugated liposome complex loaded with DNA encoding for the tumor
supressor protein p53 have shown efficacy in vitro and in vivo in the DU145 human head
and neck cancer model [190]. A different Tf-conjugated liposome system loaded with a
Bcl-2 specific oligonucleotides antisense G3139 showed improved targeting and
internalization into K562 cancer cells in vitro and in vivo, extending the survival and
improving tumor growth inhibition compared to the antisense alone [191, 192].

One of the major problems of chemotherapy is the development of resistance at the cellular
level, which is mainly associated with overexpression in the plasma membrane of the efflux
pump Pgp [155]. To evade this mechanism of resistance Tf-conjugated liposomes containing
the Pgp inhibitor verapamil and ADR (Tf-L-ADR/VER) were developed and showed an
efficient uptake in the TfR+ K562 human erythromyeloblastoid leukemia cell line [193]. In
vitro studies in K562 cells resistant to ADR (K562/ADR) Tf-LADR/VER showed 5.2 and
2.8-fold greater cytotoxicity (IC50 = 4.18 μM) than liposomes without ligand (L-ADR/VER)
(IC50 =21.7 μM) and than Tf-conjugated liposomes loaded with ADR alone (Tf-L-ADR)
(IC50= 11.5 μM) respectively, suggesting that co-encapsulated ADR and verapamil could be
an effective strategy for selective targeting and reversal of drug resistance. In addition,
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Krieger et al. observed that liposomes loaded with cisplatin and decorated with Tf were able
to overcome resistance of ovarian cancer cells to cisplatin in vitro [194].

Another strategy for active targeting with liposomes is the use of anti-TfR specific
antibodies that can be attached to the surface of liposomes loaded with chemotherapeutic
drugs, called immunoliposomes. Huwyler et al. reported the efficacy of immunoliposomes
conjugated with the anti-rat TfR OX26 monoclonal antibody as a daunomycin delivery
system, presenting evidence of endocytosis of fluorescent immunoliposomes by RG2 rat
glioma cells [195]. In other studies, liposomes conjugated to anti-human TfR monoclonal
antibody OKT9 and loaded with ADR (OKT9-CIL) were used in vitro in K562/ADM
human leukemia cells resistant to ADR. OKT9-CIL was internalized into K562/ADM cells
and caused accumulation of intracellular ADR, resulting in an increase of ADR cytotoxicity
in ADR-resistant tumor cells compared to free drug [196].

In some types of carcinomas, photodynamic therapy is used after photosensitizers are
administered systemically or topically with the intent to accumulate selectively in neoplastic
tissue before being irradiated. The encapsulation of photosensitizing agents such as
aluminum phthalocyanine tetrasulfonate in PEGylated liposomes bound to Tf (Tf-Lip-
AlPcS4) demonstrated the ability of active targeting via TfR in human AY-27 transitional-
cell carcinoma cells, favoring the accumulation of tumor cells both in vitro and in vivo
[197].

Gene therapy is seen as a promising strategy for cancer treatment and requires two main
entities, the therapeutic gene and the vector responsible for its transportation and arrival at
the target cell in an intact form [198]. Cationic liposomes can complex with DNA and form
lipoplexes through a combination of electrostatic interactions. However, these vectors lack
tumor specificity and exhibit low transfection efficiency in vivo compared to viral vectors
[199]. The ability to bind TfR with a suitable ligand such as a single-chain Fv antibody
fragment allows the targeting and internalization of the complex by malignant cells, where
the DNA escapes from the endocytic pathway to the nucleus [199]. During preparation,
cationic lipids such as dioleoyltrimethylammonium -propane (DOTAP) or
dimethyldioctadecylammonium bromide (DDAB) can be fused to neutral lipids such as
cholesterol and/or dioleolyphosphatidylethanolamine (DOPE) [200]. Additionally, Xu et al.
showed that cationic liposomes bound to Tf are also adequate systems for active targeting of
genes in tumor models in vivo [200]. Gene expression was predominantly observed in tumor
tissues after i.v. administration of Tf-liposome-plasmid encoding for p53 (Lip-T-pSVb). No
evidence of gene expression was observed in normal tissues [200]. In human tumor cells of
the nasal vestibule (JSQ-3), that were resistant to radiation, it was observed that the addition
of Tf-lipoplex produced a significant increase in transfection efficiency of 70-80% of the
pro-apoptotic p53 compared to lipoplex without Tf (5-20%), resulting in the reversion of the
radiation resistant phenotype of the JSQ-3 cells [201]. More recently, Xu and colleagues
developed cationic immunoliposomes by incorporating into their liposomal structure a
variable fragment (Fv) of anti-transferrin receptor (TfRscFv) for the release of the p53 gene
into prostate tumor cells [202]. The TfRscFv has the advantage over the Tf molecule in that
scFv has a much smaller size than Tf, resulting in a smaller immunolipoplex with better
penetration into solid tumors. The liposomes bound to TfRscFv increased binding to tumor
cells and the transfection efficiency significantly both in vitro and in vivo [202, 203].
Intravenous administration of immunoliposomes with TfRscFv, in mice xenotransplanted
with JSQ-3 cells revealed a consistent delivery to the tumor site together with an efficient
expression of the p53 tumor suppressor gene compared with liposomes without ligand [202].
In another study, using a different method of bioconjugation, i.v. administration of PEG-
conjugated immunoliposomes and TfRscFv resulted in gene expression levels higher than
those mediated by the same system without PEG [204]. In addition, high levels of
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exogenous gene expression in the PANC-1 human pancreatic cancer mouse xenograft model
and low expression of p53 in liver indicates the preferential tumor targeting of the system
with PEG.

A different approach in gene therapy is the silencing of genes that play an important role in
the malignancy of cancer cells. Encapsulation of siRNA or ODN fragments specifically
designed to silence the BCR-ABL oncogene in Tf-conjugated liposomes effectively
decreased cell viability in two human leukemia cell lines K562 and LAMA-84, no
significant effects were observed in the nonmalignant human fibroblast cell line BJ [205]. A
decreased level of mRNA encoding BCR-ABL was observed only with liposomes
conjugated to Tf.

Among the TfR targeting liposomal systems, two are under clinical investigation. MBP-426
is a liposome conjugated with Tf for the delivery of oxaliplatin that has completed a Phase I
clinical trial (2006, NCT00355888). This formulation is also in a Phase Ib/II clinical trial in
second line patients with gastric, gastroesophageal, or esophageal adenocarcinoma (2009,
NCT00964080). The other system under clinical evaluation is the SGT-53
immunoliposomes using antibody fragments as ligands and is in phase I clinical trial.
SGT-53 is a liposome encapsulating plasmid DNA coding for wild type p53, forming a
complex that is targeted to tumor cells by means of an anti-TfR scFv (TfRscFv) attached to
the surface of the liposome (2007, NCT0040613).

4.5. Cyclodextrins
Cyclodextrins (CDs) are cyclic macromolecules formed by glucopyranose units linked by
glycosidic bonds α-1, 4. The most commonly used are composed of 6, 7, or 8 glucopyranose
units and are called α-cyclodextrin (α-CD), β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-
CD), respectively [206]. They have a molecular structure that is “toroidal” and rigid with
primary and secondary hydroxyl groups oriented toward the surface. The presence of free
hydroxyl groups on the outside surface of the rings makes the CDs soluble in water, which is
the result of the interaction capacity of these hydroxyl groups to aqueous media. The internal
cavity of the CDs is hydrophobic, so these compounds are able to accommodate smaller
hydrophobic molecules to form inclusion complexes [207].

The CD-based polymers are formed by a short polycationic segment through which nucleic
acids (polyanionic) can come together through electrostatic interactions. This union can
provide protection against nucleic acid degradation by nucleases prior to intracellular
delivery [208]. CDs containing polycations (CDP) have proven to be very good carriers of
DNases and nucleic acids such as plasmid DNA and siRNA [209]. These systems present
instability in biological fluids such as blood. One way of stabilizing them is to decorate their
surface with PEG through the formation of a conjugate with adamantane (AD). Adamantane
in the conjugate PEG-AD has the ability to form inclusion complexes with the β-CDs on the
surface of the nanoparticles [208]. In addition, PEGylation (PEG-AD) allows binding of the
ligands at the opposite end of that of the AD, providing the capacity to interact with specific
receptors on the cell surface. For example, Bellocq et al. used apo-transferrin as a ligand for
formation of the complex Tf-PEG-AD, linking via oxidation with sodium periodate or by
binding to amino groups of lysine [210]. Two human cell lines (HT29 and HeLa-A2780)
have been used to demonstrate that the targeting of these polymers based on β-CD to the
TfR is required for proper recruitment and retention of nanoparticles in tumor cells [211].

Additionally, CD particles have been used to deliver siRNA into tumor cells. Imidazole-
modified CD were mixed with Tf-adamantine-PEG5000 (Tf-AD-PEG) [212] and the siRNA
targeting the EWS-FLI1 fusion protein (formed by a translocation that is commonly found in
Ewing’s tumors). This fusion protein has been shown to be a transcription factor involved in
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tumorigenesis. TC71 human Ewing’s sarcoma cells expressing luciferase were injected i.v.
into Nod/SCID mice, a model that mimics metastatic Ewing’s family tumors [212]. Three
consecutive i.v. injections of the targeted complexes on days 35-37 after tumor injection
reduced EWS-FLI1 expression in established tumors and transiently decreased tumor
growth [212]. Additionally, when treatments were given twice weekly for four weeks
starting on the day of tumor cell inoculation, the targeted complexes dramatically inhibited
tumor engraftment. Twenty percent of animals developed tumors compared to 90-100% in
the control groups, which consisted of treatment with siRNA alone, treatment with targeted
complexes consisting of a scrambled siRNA, or untreated animals. Non-targeted complexes
(without Tf) consisting of the siRNA specific for EWS-FLI1 showed a delayed progression
of tumor engraftment, however, tumor growth rate was similar to the other control groups.
Furthermore, these animals went on to develop large tumors. Safety of the Tf-AD-PEG
targeted complexes was evaluated in immunocompetent mice and no significant changes in
blood cell counts, liver or kidney function, and the pathology of major organs were
observed. This study suggests the safety and efficacy of this non-viral, targeted delivery
system. In a subsequent study, β-CDP loaded with siRNA and decorated with Tf, was
administered to non-human primates and was well tolerated in i.v. doses of three and nine
mg/kg siRNA, while the higher dose of 27 mg/kg indicators resulted in kidney toxicity
[213].

This class of drugs is currently on clinical evaluation with CALA-01, an injectable
formulation developed by Calando Pharmaceuticals, Inc., which is currently in a Phase I
clinical trial entitled “Dose-Escalating Study in Adults With Solid Tumors Refractory to
Standard-of-Care Therapies” (Identifier NCT00689065). This formulation is composed of a
linear polymer based Tf decorated CD loaded with siRNA. The siRNA used inhibits tumor
growth by reducing the expression of the M2 subunit of ribonucleotide reductase and has
shown evidence of eliciting specific gene inhibition in humans [214].

4.6. Viral Vectors
The goals of gene therapy strategies are to specifically deliver the transgene to cancer cells
and to maintain expression as needed for therapeutic purposes [215]. Viral vectors are often
used in gene therapy due to their high efficiency of gene transfer. However, the main
problem for specific gene transfer is the broad natural tropism of the viruses, which results
in toxicity to normal, non-targeted cells. To overcome this problem, many strategies have
been employed to modify the surface of viral particles [215]. These strategies include
pseudotyping (changing the tropism of a virus by replacing the viral attachment proteins
with those of a different virus), using adapter molecules (that bind both the viral attachment
protein as well as the targeted cancer cell), and genetic incorporation of ligands that target a
tumor-associated antigen on the surface of the cancer cell.

4.6.1. Tf-targeted viruses—The TfR has been used as a target for such modified viral
vectors. Modified adenoviral particles have been the most extensively studied TfR-targeted
vectors. Adenoviruses are non-enveloped double stranded DNA viruses. One strategy to
modify the adenoviral surface is termed adenovirus-enhanced transferrinfection (AVET) and
makes use of the strong biotin-(strept)avidin interaction to produce DNA-containing
targeted viral particles [73]. For AVET complex formation, biotinylated adenovirus is mixed
with strepavidin-containing polylysine. DNA is then added to this mixture to compact the
DNA and link it to the biotinylated virus. In the final step, Tf-conjugated to polylysine is
added to the DNA complex for targeting purposes. These AVET complexes resulted in high
murine IL-2 expression in vitro and secretion by murine M3 melanoma cells as well as by
five primary human melanoma cell lines [73]. Although the level of secretion is variable
among the cell lines, the highest level of secretion was observed in cells treated with the
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AVET complexes when compared to other Tf-targeted polylysine complexes. In this model,
IL-2 would serve to increase the immunogenicity of the tumor. Additionally, the highest
luciferase expression was observed with the intratumoral injection of the AVET complexes
into s.c. M3 or B16F10 murine melanomas [73]. The transfection efficiency of AVET
complexes after intratumoral injection into s.c. growing Neuro2a murine neuroblastoma
cells or M3 murine melanoma cells was 10 and 100-fold higher, respectively, compared to
naked DNA [75]. The AVET complexes containing the luciferase gene yielded gene
expression in K562 human erythroleukemic cells similar to that caused by a Tf-polylysine
conjugate that was combined with chloroquine, an agent that increases vesicle pH [216].
Taken together these results show that the AVET complexes are efficient gene delivery
vectors and that the virus within the complex acts as an endosomolytic agent, helps to
prevents DNA degradation, and enhances transgene expression.

When used as allogeneic melanoma cell vaccines in animal models, murine melanoma cells
transfected with AVET complexes carrying the murine IL-2 gene induced cross protection
against syngeneic melanoma tumors in DBA/2 mice [217]. This vaccine strategy was
effective in both a prophylactic vaccination setting where protection was observed from
subsequent tumor challenge as well as in a therapeutic vaccination setting against pre-
existing tumor deposits [217]. In a Phase I clinical trial, these AVET complexes were used
to exogenously transfect human melanoma cells with the human IL-2 gene for the use as an
autologous vaccination strategy in patients with advanced disease [218]. This trial showed
that the complexes were well tolerated overall. No partial or complete responses were
observed, however, there was an increase in melanoma cell-specific delayed-type
hypersensitivity reactions in eight of 15 patients, the occurrence of vitiligo in three of 15
patients, and signs of tumor regression in three of 15 patients, which suggest the presence of
a vaccine-induced immune response.

A similar strategy to modify the adenoviral surface to enhance tumor targeting also uses the
strong interaction of biotin and streptavidin to create molecular conjugate vectors (MCV)
[219, 220]. These MCV are constructed by chemically linking polylysine to the adenovirus.
DNA encoding the transgene is then added. Subsequently, streptavidin linked polylysine is
added to the complex followed by biotinylated Tf, resulting in complexes that were termed
“Trans-MCV.” These complexes were modified slightly by using a recombinant adenovirus
in which the transgene is within the viral genome (Trans-recMCV) [219]. Using luciferase
as the transgene, Trans-recMCV were shown to have a 5-fold higher transfection efficiency
in human K562 erythroleukemic cells compared to Trans-MCV. Luciferase expression was
prolonged to 14-20 days compared to 4-8 days with Trans-CMV. Moreover, luciferase
expression could be detected in 35-50% of the single cell clones for up to 6 months.
However, in other human leukemia cell lines (MBO2, MO-7e, KG1, TF1, THP1, and
U-937) this increased transfection efficiency was not observed [220].

A different strategy is direct modification of the adenovirus capsid for targeting purposes.
Solvent-exposed positions of the adenoviral capsid were genetically altered to cysteines,
allowing for the controlled chemical conjugation of Tf to the adenovirus through the
corresponding thiol groups [221]. A thiol-reactive maleimide group was introduced onto
Apo-Tf (not bound to iron) through the use of N-hydroxysuccinimide-polyethylene glycol
3400-maleimide (NHS-PEG3400-mal). The NHS moiety covalently introduces a reactive
maleimide group, which is separated from the protein by the PEG spacer. The maleimide-
modified Tf was then chemically conjugated to the genetically modified adenovirus that also
expresses enhanced green fluorescence protein (EGFP). This targeted viral vector showed a
30-fold increase in transduction efficiency in K562 human erythroleukemic cells [221]. This
study also showed that the spacer length and the chemical nature of coupling did not
influence the targeting efficiency. Additionally, this targeting effect was completely blocked
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by the addition of excess free Tf, which demonstrates that TfR targeting was required for the
increase in transduction efficiency.

Lentiviruses are of the Retroviridae family and can deliver a significant amount of genetic
information into the DNA of the host cell. They have the unique ability among retroviruses
of being able to replicate in non-dividing cells, so they are one of the most efficient methods
of gene delivery. Lentiviruses have a broad natural tropism, thus pseudotyping and the use
of the targeting molecule human Tf have been reported. Recombinant lentiviral vectors
pseudotyped with the baculovirus major envelope glycoprotein gp64 that display
streptavidin or avidin fused to the transmembrane anchor of the vesicular stomatitis virus G
protein (VSV-G) have been constructed [222]. Targeting of BT4C rat glioma and human
D54 glioblastoma cells occurred by the pre-incubation of the cells with biotinylated Tf prior
to transduction with the recombinant lentiviral particles expressing EGFP. In BT4C,
transduction efficiencies increased by 20-30% with avidin containing viruses and 50-60%
with streptavidin containing targeted, recombinant lentiviral vectors [222]. In the human
glioblastoma cells, the efficiencies increased by 20% and 40% respectively.

The opposite strategy, in which the viral surface is biotinylated and conjugated to an avidin-
containing molecule targeting the TfR, has also been reported. A lentiviral vector was
pseudotyped with a mutated form of the Sindbis virus protein. The mutations in the envelope
protein of the Sindbis envelope have been shown to help eliminate the broad tropism of the
virus [223]. To further target the virus, the biotin-adaptor peptide (BAP) was inserted into
the receptor binding region of the mutated envelope protein allowing biotinylation at
specific sites [224]. Biotinylated-Tf was then bridged to the biotinylated lentiviral vector
through the use of neutravidin, which is a mutant form of avidin that shows less non-specific
cell-binding compared to avidin. Like avidin, neutravidin has four biotin binding sites and
thus efficiently links the biotinylated-Tf with the biotinylated lentivirus. This targeted viral
vector encoding the firefly luciferase as a reporter gene showed an increase in transduction
efficiency in Jurkat human T-cell leukemia cells [224]. Additionally, biotinylated lentivirus
was conjugated to an antibody-avidin fusion protein targeting either the rat or the human
TfR (see section 3.2.4.2.) [224]. Due to a lack of species cross-reactivity of the two
antibody-avidin fusion proteins, the specificity of delivery of the biotinylated lentiviral
particles was demonstrated using either human Jurkat or rat myeloma Y3-Ag 1.2.3 cells.
These studies show that the biotinylated, pseudotyped lentiviral vector is a versatile
targeting system that may be used with a wide variety of molecules targeting various cell
surface antigens, including the TfR.

Another TfR-targeted viral vector for gene delivery is based on the Sendai virus. This virus
is a negative sense, single-stranded RNA virus of the Paramyxoviridae family. The targeted
molecule consists of an inactivated hemagglutinating virus of Japan (Sendai virus) envelope
(HVJ-E) [225]. HVJ-E by itself has been shown to have apoptotic activity, however, the
wild type Sendai virus envelope protein hemagglutinin-neuraminidase recognizes many
different cell types that may lead to off target effects. Therefore, this protein was eliminated
and replaced with a chimeric protein consisting of the viral F protein and Tf to increase
tumor targeting [225]. This targeted viral vector increased the infection rate of HeLa human
cervical adenocarcinoma cells3-fold in vitro. This effect was blocked by excess free Tf.
Additionally, in animals bearing s.c. HeLa xenograft tumors, systemic injection of the Tf-
modified viral vector containing quantum dots demonstrated a 32-fold increase in tumor
targeting efficiency compared to the wild type HVJ-E.

TfR-targeted virus-like particles have also been developed and explored as potential gene
delivery vectors [226]. These particles were made using the RNA phage MS2. Antisense
ODN were covalently coupled to the capsid assembly-initiation signal, the translational
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operator RNA. Incubation of this complex with disassembled phage-coat protein subunits
triggers encapsulation of the ODN into protein shells. Targeting of the TfR occurred through
the conjugation of the capsid protein to Tf via a thiol-maleimide linkage. The targeted virus-
like particles were used to deliver an ODN targeting p120-FB2, a nucleolar protein known to
induce apoposis in cancer cells, to HL-60 human protelocytic leukemia or T24 human
bladder cancer cells. These synthetic virons demonstrated a three to four fold increase in the
rate of internalization and an 8-fold increase in cytotoxicity compared to ODN alone [226].
This study shows that the targeted synthetic virons can enhance the efficacy and stability of
the ODN.

4.6.2. Targeting mediated by a TfR-specific peptide—In addition to the ligand (Tf)
and antibodies, targeting of the TfR can also occur through specific peptides. A fiber-
modified adenovirus carrying a TfR-specific peptide (Tf-peptide) has shown increased
transfection efficiencies in human ovarian cancer cells [227]. In this study, β-galactosidase
was inserted into the viral genome and used as the reporter gene. A five-fold increase in
expression was observed in cells that expressed high levels of the TfR (OVCAR3 human
ovarian cancer cells). No improved efficiency was observed in cells that had lower TfR
expression levels (SK-OV-3 human ovarian cancer cells). The correlation between
transfection efficiency and TfR expression was also shown in other cell lines: human HeLa
cells (high TfR levels) and 293 (low TfR levels). This TfR-targeted peptide does not
interfere with the binding of Tf to its receptor [227] and thus is a good candidate for the
targeted gene therapy of cancer.

4.6.3. Targeting mediated by natural tropism—The above studies describe targeted
viral vectors for which the viral surfaces have been modified in order to achieve targeting of
the TfR. However, there are viruses that have a natural tropism for the TfRs, such as the
New World arenaviruses [228] and the canine parvovirus [229], which may be used directly
as platforms for targeted anti-tumor agents. In fact, canine parvovirus-like particles have
been developed and evaluated for their delivery capability into TfR-expressing cells [230].
The parvovirus is a dog viral pathogen that utilizes either the canine or human TfRs for cell
entry. It is a non-enveloped, single stranded DNA virus that codes for three polypeptides,
VP1-3. The virus-like particles consisted of the VP2 polypeptide that was fluorescently
labeled via chemical conjugation. These particles showed uptake in HeLa human cervical
adenocarcinoma cells, HT-29 human colon adenocarincoma cells, and MDA-MB231 human
breast adenocarcinoma cells (all TfR expressing cells) [230]. Uptake was also observed in
chinese hamster ovary (CHO) cells that express hTfR1 (CHO-TRVb1), but not the parental
CHO cell line that lacks hTfR. Similar to the wild-type virus, the viral particles were also
shown to localize to endosomes and lysosomes after internalization. This study shows that
the canine virus-like particles are a novel platform that can be further explored for tumor-
targeted delivery.

5. Conclusions
In summary, TfR displays multiple desirable characteristics for use in the targeting of
cytotoxic agents to cancer tissue. Although conventional chemotherapeutics are often
successful in destroying cancer cells, their non-targeted nature renders them also toxic to
normal cells, which can lead to the development of many dangerous and often life-
threatening side effects. Although the TfR has been explored for some time as a targeting
molecule for a variety of malignancies, improvements in the technology of the targeting
moieties, therapeutic agents, and carrier strategies have renewed interest in the TfR as a
target for the treatment of cancer. Targeting the TfR can occur through the use of its natural
ligand Tf, specific peptides, monoclonal antibodies or their fragments. Delivered compounds
include chemotherapeutics, toxins, polymers, gene therapy vectors, and nanoparticles with
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different configurations and varieties of cargos, all of which can be delivered into cancer
cells. These targeted therapies can cause cytotoxic effects including growth inhibition and/or
induction of apoptosis in a variety of malignancies in vitro and in vivo, and some are
currently in clinical evaluation. Moreover, the TfR could be targeted for different
therapeutic approaches, including the in vitro purging of cancer cells for autologous
transplantation and for in vivo passive immunotherapy through agents that are directly
cytotoxic or through the delivery of anti-cancer agents through receptor-mediated
endocytosis. The advances in all these fronts show the enormous potential for the
development of cancer therapies with higher efficacy and minimal toxicity via targeting of
TfR.
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Abbreviations

AD adamantane

ADEPT antibody-directed enzyme prodrug therapy

ADR doxorubicin/adriamycin

AV avidin

AVET adenovirus-enhanced transferrinfection

ART artemisinin

BAP biotin-adapter peptide

BBB blood-brain barrier

BFU-e blast forming unit-erythroid

BTB blood-tumor barrier

CD cyclodextrins

CDP cyclodextrin-containing polycations

CET40 cholera exotoxin 40

CFU-e colony forming unit-erythroid

CHO Chinese hamster ovary cells

CMC critical micelle concentration

CS chitosan

CTL cytotoxic T lymphocyte

DAB diaminobutiric poly(propylene imine)

DDAB dimethyldioctadecylammonium bromide

DHA dihydroartemisinin

DMS dimethylsuberimidate

DOPE dioleolyphosphatidylethanolamine

DOTAP dioleoyltrimethylammonium -propane

DT diphtheria toxin

EDN eosinophil-derived neurotoxin

EGFP enhanced green fluorescence protein

EPR enhanced permeability and retention

GBM glioblastoma multiforme

GCV gancyclovir

GFP green fluorescence protein

GM-CSF granulocyte-macrophage colony stimulating factor

GN gallium nitrate

G generation one of the layers in a dendrimer

HIF-1α hypoxia inducible factor–1α
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HSV-TK herpes simplex virus thymidine kinase

HUVEC human umbilical vein endothelial cells

HVJ-E hemagglutinating virus of Japan (Sendai virus) envelope

IC50 concentration in which growth of 50% of the cells is inhibited

ID50 dose in which growth of 50% of the cells is inhibited

IFN-α interferon-α

IT immunotoxin

i.p. intraperitoneal

i.v. intravenous

LG β-lactoglobulin

LMTK- thymidine kinase-deficient mouse L cells

LRIP Luffa aegyptiaca ribosomal inactivating protein

Lys PE40 modified PE40 that has a chemically reactive lysine residue in its amino
terminus

MCC mitomycin c

MCV molecular conjugate vectors

MDR-1 multidrug resistance protein-1

MHC major histocompatibility complex

MPS mononuclear phagocytic system

NP nanoparticle

nm nanometer

MTS multicellular tumor spheroids

ODN oligonucleotides

PAMAM polyamidoamine

PAP pokweed antiviral protein

PCL poly(ε-caprolactone)

pDNA plasmid DNA

PE Pseudomonas exotoxin

PE40 Truncated mutant of PE (lacks the cell binding domain)

PEG polyethylene glycol

PEI polyethylene imine

Pgp P-glycoprotein

PLA poly(lactic) acid

PLGA poly(lactic-co-glycolic) acid

PLMA poly(malic) acid

PNP purine nucleoside phosphorylase
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PPI poly(propylene imine)

Pt platinum

PTX paclitaxel

RES reticuloendothelial system

rhRNase recombinant human RNase

RI RNase inhibitors

RIP ribosomal inactivating protein

RTA ricin toxin chain A

s.c. subcutaneous

scFv single chain variable region of an antibody

shRNA short hairpin RNA

SO6 saporin-6

siRNA short inhibitory RNA

Tf transferrin

TfR transferrin receptor

TNFα tumor necrosis factor α

TPL Tf-PEG-β-lactoglobulin

VSV-G vesicular stomatitis virus G protein
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Highlights

• Summary of delivery strategies targeting the transferrin receptor

• Summary of complexes with targeting moiety directly conjugated to the
therapeutic

• Summary of approaches where targeted carriers are loaded with the therapeutic
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Figure 1. Schematic representation of the TfR1 and cellular uptake of iron through the Tf
system via receptor-mediated endocytosis
(A) TfR1 is found on the cell surface as a homodimer consisting of two monomers linked by
disulfide bridges at cysteines 89 and 98 (■). The TfR contains an intracellular domain, a
transmembrane domain, and a large extracellular domain. There is an O-linked glycosylation
site at threonine 104 (◆) and three N-linked glycosylation sites on arginine residues 251,
317 and 727 (●). The extracellular domain of the TfR consists of three subdomains: apical
(A), helical (H) and protease-like domain (P). (B) Each receptor monomer binds one Tf
molecule that consists of two lobes (the N and C lobes). Each lobe of Tf binds one iron
molecule and thus two diferric Tf molecules bind to the receptor with high affinity. (C)
Endocytosis of the diferric Tf/TfR complex occurs via clathrin-coated pits and the complex
is delivered into endosomes. Protons are pumped into the endosome resulting in a decrease
in pH that stimulates a conformational change in Tf and its subsequent release of iron. The
iron is then transported out of the endosome into the cytosol by the DMT1. Apotransferrin
remains bound to the TfR while in the endosome and is only released once the complex
reaches the cell surface. Figure is reprinted from [1] with permission from Elsevier.
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Figure 2. Internalization of Tf by TfR1
Side and top views of the TfR alone (1) or bound to Tf (2). Numbers in the figure
correspond to the numbers and explanations listed on the right side of the figure.
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Figure 3. Strategies for targeting therapeutic agents via TfR to malignant cells
Targeting can be mediated by its natural ligand Tf, a specific peptide, monoclonal antibodies
or single chain antibody fragments specific for the extracellular domain of the TfR. The
therapeutic agent can be delivered conjugated to the compound or enclosed in a carrier.
Targeting the TfR has been an option to deliver chemotherapeutic drugs, therapeutic
proteins, genes in vectors, oligonucleotides or radionucleides.
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Figure 4. Carriers for direct targeting of therapeutic agents via TfR to malignant cells
The various carriers can be targeted to the TfR using antibodies or their fragments, the
natural ligand, or specific peptides. These carries can deliver a broad spectrum of therapeutic
agents, including chemotherapeutic drugs, toxic proteins, or nucleic acids into targeted cells.

Daniels et al. Page 51

Biochim Biophys Acta. Author manuscript; available in PMC 2013 March 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5. Schematic drawing of Polycefin molecule, a customized drug prepared to treat
malignant tissue
Polymalic acid-trileucine copolymer is the platform carrying the other covalently bound
functional groups and trileucine that mediates pH-dependent delivery through endodomal
membrane into recipient cell cytoplasm. Functional (optional) groups: multiple same or
different antisense oligos or siRNA (arrows, cleavage from the platform by action of
glutathione in the cytoplasm), multiple same or different chemotherapeutic drugs (linked
through glutathione or pH-responsive spacers for cleavage from the platform), same or
different mAb or other proteins/peptides for specific tumor and/or recipient cell targeting,
same or different tracking fluorescent dyes, protecting PEG (dispensible depending on the
composition of the cargo).
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