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Abstract Current cancer management strategies fail to

adequately treat malignancies with multivariable dose-

restricting factors such as systemic toxicity and multi-drug

resistance limiting therapeutic benefit, quality of life and

complete long-term remission rates. The targeted delivery

of a therapeutic compound aims to enhance its circulation

and cellular uptake, decrease systemic toxicity and

improve therapeutic benefit with disease specificity. The

transferrin peptide, its receptor and their biological sig-

nificance, has been widely characterised and vastly relevant

when applied to targeting strategies. Utilising knowledge

about the physiological function of the transferrin–trans-

ferrin receptor complex and the efficiency of its receptor-

mediated endocytosis provides rationale to continue the

development of transferrin-targeted anticancer modalities.

Furthermore, multiple studies report an upregulation in

expression of the transferrin receptor on metastatic and

drug resistant tumours, highlighting its selectivity to can-

cer. Due to the increased expression of the transferrin

receptor in brain glioma, the successful delivery of anti-

cancer compounds to the tumour site and the ability to

cross the blood brain barrier has shown to be an important

discovery. Its significance in the development of cancer-

specific therapies is shown to be important by direct con-

jugation and immunotoxin studies which use transferrin

and anti-transferrin receptor antibodies as the targeting

moiety. Such conjugates have demonstrated enhanced

cellular uptake via transferrin-mediated mechanisms and

increased selective cytotoxicity in a number of cancer cell

lines and tumour xenograft animal models. In addition,

incubation of chemotherapy-insensitive cancer cells with

transferrin-targeted conjugates in vitro has resulted in a

reversal of their drug resistance. Transferrin immunotoxins

have also shown similar promise, with a diphtheria toxin

mutant covalently bound to transferrin (Tf-CRM107) cur-

rently involved in human clinical trials for the treatment of

glioblastoma. Despite this, the inability to translate pre-

liminary research into a clinical setting has compelled

research into novel targeting strategies including the use of

nanoparticulate theory in the design of drug delivery sys-

tems. The main objective of this review is to evaluate the

importance of the transferrin–transferrin receptor complex

as a target for cancer therapy through extensive knowledge

of both the physiological and pathological interactions

between the complex and different cell types. In addition,

this review serves as a summary to date of direct conju-

gation and immunotoxin studies, with an emphasis on

transferrin as an important targeting moiety in the directed

delivery of anticancer therapeutic compounds.
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Introduction

Transferrin Protein and its Receptor

A 78 kDa-monomeric glycoprotein, transferrin is an

important chelator with a primary function of serum iron

transportation (Huebers and Finch 1987). It has the

capacity to reversibly bind two atoms of ferric iron (Fe3?)

with high affinity (1022 M-1 at pH 7.4) (Aisen et al. 1978).

The free transferrin peptide (apotransferrin) exhibits a

conformational change following iron binding (diferric

transferrin or holotransferrin) which has been demonstrated

to be significant in its selective recognition by the trans-

ferrin receptor (Richardson and Ponka 1997). Richardson

and co-workers have found that differic transferrin has a

higher affinity (an approximate 10- to 100-fold increase)

for the receptor compared to that of apotransferrin in

physiological conditions. Transferrin is the main protein in

the regulation and distribution of circulating iron, with iron

required for various biological processes including DNA

synthesis, cellular metabolism and proliferation (Brandsma

et al. 2011). Additionally, its importance in the mainte-

nance of systemic and cellular iron homeostasis is high-

lighted by its ability to be internalised upon binding to a

cell surface transferrin receptor (Singh 1999).

The transferrin receptors have been identified in

monoclonal antibody studies, and extensively characterised

using numerous biochemical techniques (Schneider et al.

1982, 1984; Huebers and Finch 1987). The first transferrin

receptor (denoted, TfR1 in most literature) is involved in

iron uptake and cell growth regulation (Neckers and Trepel

1986). Its primary structure, elucidated through nucleotide

sequencing of complimentary DNA clones, consists of two

identical glycosylated subunits with an approximate mass

of 95 kDa each linked by two disulphide bonds to form a

dimer (McClelland et al. 1984). Each polypeptide subunit

(of a length of 760 amino acids) is made up of a short N-

terminal cytoplasmic domain, a hydrophobic transmem-

brane domain and a large, globular extracellular C-terminal

domain that contains the binding site for transferrin (Zerial

et al. 1986; Daniels et al. 2006a). Since each subunit may

bind a transferrin peptide, the receptor has the capacity to

internalise up to four ferric ions during one cycle of

transferrin-mediated endocytosis. A second transferrin

receptor denoted TfR2 has been of recent discovery (Cal-

zolari et al. 2010). It is a homologue of TfR1 displaying

45–66 % similarity (range dependent on literature) in the

extracellular domain, with differentiation between the

receptors found predominately in tissue distribution

(Trinder and Baker 2003; Kawabata et al. 2000). While

TfR2 is expressed mainly within the tissues responsible for

iron metabolism regulation such as the liver and small

intestine, TfR1 is ubiquitously expressed on most active

proliferating cell types (Deaglio et al. 2002; Gatter et al.

1983; Jefferies et al. 1984). Interestingly, TfR2 has been

shown to have a significantly lower affinity for transferrin

(25-fold decrease) in comparison to TfR1, with its

expression not correlated to iron levels in cells (Kawabata

et al. 2000).

Intracellular Uptake Pathway of Transferrin

The main mechanism involved in the cellular uptake of

iron mediated by transferrin is clathrin-mediated endocy-

tosis. The fate of the transferrin–transferrin receptor com-

plex following endocytosis has been subject to extensive

investigation (El Hage Chahine et al. 2012; Luck and

Mason 2012; Mayle et al. 2012; Steere et al. 2012). These

studies have resulted in the elucidation of two distinct

pathways, the first involving the recycling of the complex

back to the cell surface, and the second leading to its

lysosomal degradation (Mayle et al. 2012) (Fig. 1).

Following the binding of iron-loaded transferrin to its

corresponding receptor, the ligand-receptor complex acti-

vates a cascade, believed to be important in the mediation

of its specific internalisation via clathrin-mediated endo-

cytosis (Yashunsky et al. 2009). Initiation of endocytosis

begins with vesicle budding and formation of clathrin-

coated pits on the cell surface (Mayle et al. 2012). Dyn-

amin, an important component of this process is required to

complete endocytosis, mediating vesicle separation from

the cell membrane and migration to the cytoplasm (Conner

and Schmid 2003). Within the cytoplasm, the clathrin coat

is rapidly removed by adenosine triphosphate (ATP)-

dependent uncoating enzymes for reuse by the cell (Cie-

chanover et al. 1983; Dautry Varsat et al. 1983).

Subsequently, transferrin indiscriminately enters into

two populations of early endosomes that differ only in

maturation kinetics. Studies by Lakadamyali et al. 2006,

established the presence of these two distinct popula-

tions—dynamic and static. Identification of static and

dynamic endosomes using real-time live-cell fluorescent

imaging and Rab GTPase markers suggest that these en-

dosomes exhibit either slow or fast maturation kinetics,

respectively. Rab5, a Rab GTPase specifically associated

with early endosomes, was fluorescently labelled in order

to visualise the trafficking of numerous ligands including

transferrin. Results indicate that a small fraction of early

endosomes (Rab5-positive; dynamic endosomes) mature

rapidly into late endosomes (observed through the acqui-

sition of late endosome-specific marker, Rab7) within

*30 s of formation. Conversely, the majority of the early

endosome population (or static population) fails to acquire

Rab7 within 100 s of formation. The sorting process for

directing the transferrin-bound receptor to either of these

populations is believed to originate at the cell surface, and
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be indiscriminate, with no preference for static or dynamic

endosomes. Despite this, transferrin naturally becomes

enriched in the static early endosome population due to the

greater number of such endosomes as compared to their

dynamic counterparts. The mechanism by which ligand

sorting occurs at the cell surface, and within the intracel-

lular compartments, remains largely unclear. Dissociation

of ferric ions from transferrin occurs within the interior of

the endosomal compartment, which is maintained at a pH

of *5–5.5 by V-type ATPases that pump protons into the

lumen from the cytoplasm (El Hage Chahine et al. 2012).

These ions are then transferred to the cytoplasm by a

process involving reduction to the ferrous state. At the low

pH of the endosome, the transferrin receptor retains a high

affinity for the iron-free transferrin.

Within the early endosome, the transferrin complex is

further sorted to its corresponding degradation or recycling

pathways. Approximately 85–95 % of the complex follows

the recycling monensin-resistant pathway (Stein and

Sussman 1986; Jin and Snider 1993),which involves the

recycling of the internalised transferrin–transferrin receptor

back to the cell surface through either a fast route (direct

transportation back to the plasma membrane), or slow route

(trafficked to the recycling endosome before returning to

the surface). The alternative degradation monensin-sensi-

tive pathway, involving the transport of *5–15 % of the

complex, is not yet completely understood (Jin and Snider

1993).

The recycling pathway from early endosomes has been

found to be mediated by various GTPases and their

Fig. 1 Transferrin receptor-mediated endocytosis. Following the

binding of iron-loaded transferrin to its cell-surface receptor,

initiation of endocytosis begins with the formation of clathrin-coated

pits, and the migration of the complex into the cytoplasm.

Subsequently, transferrin indiscriminately enters into two populations

of early endosomes that only differ in maturation kinetics: dynamic

and static early endosomes. It is within the early endosomes where the

dissociation of ferric ions from transferrin occurs due to a high pH

within the interior of the endosomal compartment. Furthermore, the

transferrin complex is sorted to its corresponding degradation or

recycling pathways in the early endosome. Approximately, 85–95 %

of the complex follows the recycling pathway, which involves the

recycling of the transferrin–transferrin receptor back to the cell

surface via either a fast route (direct transportation from the early

endosome) or slow route (trafficked to the recycling endosome before

transportation to surface). The degradation pathway which accounts

for the route taken by approximately 5–15 % of the transferrin

receptors has been shown to be a physiological process. Lysosomal

degradation occurs through two mechanisms with the first involving

the maturation of the early endosome into a late endosome, and the

second relating to the recycling endosome. All transferrin receptors

eventually follow the degradation pathway for receptor turnover
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regulators, which in turn determines the route in which the

transferrin receptor complex is recycled back to the cell

surface. Specifically, Rab4 is important in the regulation of

the transferrin receptor cycle by mediating the trafficking

pathway (McCaffrey et al. 2001). Overexpression of Rab4

was shown to cause an increase in the delivery of the

transferrin receptor complex to the recycling endosome

(slow recycling pathway). The fast recycling pathway from

the early endosome, which involves the bypassing of the

endocytic recycling compartment and the direct transport

of the complex to the cell surface, has been shown to be

mediated by Rab8 and Rab35. Conversely, Rab11 has been

found to be responsible for directing transferrin through the

slow recycling pathway, delivering the complex to the

endocytic recycling compartment from early endosomes.

Following transport (either by the fast or slow recycling

pathway) to the neutral environment of the cell surface (pH

7.4), the receptor affinity for unbound transferrin is sig-

nificantly decreased (*50-fold) (Dautry Varsat et al.

1983). Dissociation of iron-free transferrin from the

receptor occurs rapidly, with the unbound receptor subse-

quently available to repeat another cycle of endocytosis

(Klausner et al. 1983a, b). Clathrin-mediated endocytosis

and the recycling pathway of the transferrin–transferrin

receptor complex is a rapid and efficient process, with

reports estimating the mean transit time to be in the order

of 10–20 min (Bleil and Bretscher 1982; Hopkins and

Trowbridge 1983).

The small proportion of transferrin receptors that are

segregated from the recycling pathway and directed to the

lysosomal pathway is likely due to its relatively long half-

life (19 ± 6 h) (Rutledge et al. 1991). This pathway is

thought to be physiological however, with all receptors

eventually transported via this pathway for receptor turn-

over (Mayle et al. 2012). To demonstrate, treatment of

mouse embryonic fibroblast cells with cycloheximide, an

inhibitor of protein synthesis causes a significant decrease

in receptor signalling (Matsui and Fukuda 2011; Matsui

et al. 2011). Conversely, treatment of these cells with an

inhibitor of lysosomal degradation (bafilomycin A1) results

in a significant increase in transferrin signalling. It is pro-

posed that the degradation of the transferrin receptor, not

yet fully elucidated, consists of two distinct pathways that

the cell may use dependent on its condition. The first is

thought to be induced by an increase in the cellular uptake

of iron under selective conditions (mainly, pathological)

and based around the maturation of the early endosome

into a late endosome. It is from here that the receptor is

transported to the lysosome for degradation in an attempt to

reduce the amount of iron within the cell. The second,

thought to occur in physiological conditions has been

shown to be regulated by the GTPase, Rab12. Overex-

pression of a constitutively active mutant of Rab12 in

mouse embryonic fibroblast cells causes a reduction in the

amount of transferrin receptor protein. In contrast, cells

with a complete knockdown of functional Rab12 causes an

increase in the amount of protein. It has been also found

that Rab12 is colocalised in transferrin-positive recycling

endosomes and partially in lysosomes, but is absent within

early and late endosomes. Collectively, these results indi-

cate that Rab12 regulates the degradation of the transferrin

receptor in a distinct pathway to that of conventional

mechanisms, based on the trafficking of the receptor

complex from the recycling endosome to the lysosome.

Cancer Specificity of the Transferrin Receptor

and Transferrin-Mediated Endocytosis

Transferrin Receptor Expression Under Physiological

Conditions

The transferrin receptor is ubiquitously expressed on a

variety of normal tissue reflecting the cellular metabolic

requirements for iron (Gatter et al. 1983). Gatter and co-

workers observed low expression levels on nonproliferat-

ing cells, including vascular endothelial cells of the brain

capillaries, hepatocytes, Kupffer cells of the liver, and cells

of the endocrine pancreas, seminiferous tubules of the

testes, cells of the pituitary gland, luminal membranes of

the breast and tubules of the kidney. Correlation between

receptor expression and the requirement for increased

cellular proliferation has also been demonstrated with the

transferrin receptor expressed at greater levels on cells with

a high proliferation rate including those of the basal layer

of the skin, the endothelium of brain capillaries and the

crypts of the intestinal villi (Gatter et al. 1983; Jefferies

et al. 1984; Trowbridge and Omary 1981; Sutherland et al.

1981). Activated peripheral blood mononuclear cells also

express high levels of the receptor (Woith et al. 1993).

Additionally, although results found no transferrin recep-

tors on normal circulating lymphocytes, stimulation of

these cells to proliferate by mitogenic plant lectins led to

the expression of transferrin receptors in order to accom-

modate for the increased iron requirements (Hammarstrom

et al. 1982). During foetal development where proliferation

is essential, transferrin receptors are highly expressed on

cells that require large amounts of iron, including those of

the placental trophoblasts which are responsible for the

delivery of iron to the foetus, and maturing erythroid cells

which require iron for heme synthesis (Galbraith et al.

1980; Sieff et al. 1982). Interestingly, normal mature ery-

throid cells have been found to not express transferrin

receptor (Calzolari et al. 2004).

The expression of transferrin receptors has been shown

to be regulated by the availability of iron. Studies in cell
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culture reveal that a negative correlation between iron

availability and receptor expression exists (Mattia et al.

1984; Bridges and Cudkowicz 1984; Ward et al. 1984). In

detail, in the presence of a permeable iron chelator, des-

ferrioxamine, transferrin receptor expression is increased

2- to 5-fold (Mattia et al. 1984; Bridges and Cudkowicz

1984). Conversely, in the presence of exogenous iron, such

as hemin or ferric ammonium citrate, a significant decrease

in the number of transferrin receptors ensues (Ward et al.

1984; Rouault et al. 1985). It has been suggested that this

regulation may be achieved by the ability of increased iron

within the cellular stores to downregulate the expression of

transferrin receptors by destabilisation of the receptor

mRNA (Ward et al. 1984; Rouault et al. 1985).

The Upregulation of Transferrin Receptor in Cancer

Multiple studies have shown an upregulation in expression of

the transferrin receptor on metastatic and drug resistant

tumours when compared to their normal counterparts,

including those of the pancreas, colon, lung and bladder

(Ryschich et al. 2004; Calzolari et al. 2007; Prutki et al. 2006;

Kondo et al. 1990; Seymour et al. 1987). For example, Singh

et al. 2011 evaluated the expression of the transferrin receptor

in a spectrum of normal to malignant breast tissue samples to

observe the association between overexpression and malignant

transformation. It was shown that normal and benign lesions

had significantly lower expression compared with premalig-

nant lesions and invasive carcinoma. Interestingly, the highest

expression of the receptor was found in the more aggressive

phentoypes of breast cancer, including high-grade ductal car-

cinoma in situ and low oestrogen receptor positive-tumours). It

is hypothesised that transferrin overexpression in cancer may

be attributed to the increased iron requirement, with iron an

important cofactor of the ribonucleotide reductase enzyme

involved in the synthesis of DNA in rapidly dividing cells

(Daniels et al. 2006a). In addition, the transferrin receptor

displays a high turnover on tumour cells due to their increased

iron consumption (Hopkins and Trowbridge 1983).

Correlation between increased transferrin receptor

expression and the level of malignancy has also been deter-

mined in a range of cancer cases, including those patients with

bladder transitional cell carcinoma, breast cancer, glioma,

lung adenocarcinoma, chronic lymphocytic leukaemia and

non-Hodgkin’s lymphoma (Habeshaw et al. 1983; Kondo

et al. 1990; Singh et al. 2011; Seymour et al. 1987; Prior et al.

1990; Das Gupta and Shah 1990). Specifically, high expres-

sion of transferrin receptor in a number of tumours demon-

strate a higher rate of recurrence than those with low receptor

expression (Seymour et al. 1987), observe a higher degree of

histopathologic differentiation (Kondo et al. 1990), and/or

results in a poorer prognosis (Wrba et al. 1986). Increased

transferrin receptor expression has also been detected on

peripheral blood mononuclear cells from patients with lym-

phoma, myeloma or leukaemia in comparison to those taken

from healthy subjects (Yeh et al. 1984). Significance of the

transferrin receptor and its associated pathways in targeting

strategies.

As cancer therapy becomes progressively more specific

with the discovery of biological targets that are either uniquely

expressed or exhibit an upregulated expression pattern on

tumour cells, current research strategies aim to exploit the

differences between malignant and normal cells. To date, the

transferrin receptor has been the most extensively studied

cellular target in anticancer research. Its significance may be

explained by its physiological nature and role in cancer.

Described previously, the expression of the transferrin

receptor is significantly upregulated in cancer, increasing

several hundred-fold in various tumour cell lines and malig-

nant tissue (Hamilton et al. 1979; Galbraith et al. 1980;

Trowbridge and Omary 1981; Faulk et al. 1980; Schulman

et al. 1981; Panaccio et al. 1987). Although the receptor has an

established physiological function within the tissue, its aber-

rant stimulation and overexpression in cancer allows for its

use as a recognition structure for the active targeting of tumour

cells (Daniels et al. 2006a). Furthermore, transferrin-mediated

endocytosis and the subsequent recycling pathway are highly

efficient, with the entire cycle complete in 10 min on average

(Dautry Varsat et al. 1983; Klausner et al. 1983a). Interest-

ingly, it has been observed that this cycle may only take

4–5 min to complete in the K562 cancer cell line (Klausner

et al. 1983a). This rapid recycling leads to high turnover rates,

with reports suggesting that due to the number of receptors

expressed on cells (over 150,000 on K562 cells) in conjunc-

tion with rapid endocytosis, approximately 2x104 transferrin

molecules may be internalised per minute per cell (Ciecha-

nover et al. 1983). It is thus hypothesised that targeting the

transferrin receptor through its endocytic mechanisms for the

delivery of anticancer compounds will enable efficient and

selective uptake, enhanced therapeutic cellular concentrations

and ultimately, increased drug efficacy in malignant cells.

Its function in iron transportation and importance in cel-

lular growth and proliferation also allows for the capacity to

directly inhibit the action of the receptor through the antago-

nistic properties of monoclonal antibodies (Taetle et al. 1986).

A number of studies have shown the capacity of anti-trans-

ferrin receptor antibodies to limit cell growth in cultured,

normal and malignant cells (Mendelsohn et al. 1983; Taetle

et al. 1983; Trowbridge and Lopez 1982). The use of anti-

transferrin antibodies in targeted drug delivery strategies,

mainly for the delivery of therapeutics across the blood brain

barrier, has also been reported (Friden et al. 1991; Ulbrich

et al. 2009; Paris-Robidas et al. 2011). For example, OX26 is a

mouse monoclonal antibody against rat TfR1 which has been

explored as a targeting moiety for the delivery of therapeutics

into the brain (Friden et al. 1991). Friden and co-workers,
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observed the potential of OX26 conjugation to the hydrophilic

anticancer drug methotrexate by a hydrozone bond (six mol-

ecules of methotrexate were attached per antibody). Follow-

ing intravenous administration to rats, the conjugate was

shown to cross the blood brain barrier via transferrin receptor-

mediated transcytosis, and had the capacity to deliver the drug

to the brain parenchyma. By targeting the receptor with its

antibody as the delivery method for anticancer therapies, the

capacity to selectively treat malignancies and decrease cel-

lular growth due to their own inhibitory effects, is a significant

concept which requires further investigation.

Due to the high expression of transferrin receptors on

the luminal membrane of brain endothelial cells, the

delivery of therapeutics into the brain via transferrin-

mediated transcytosis has been widely investigated (Dufes

et al. 2013). It has been shown that transferrin is the major

peptide involved in the transportation of iron from the

blood into the brain (Burdo et al. 2003). The mechanisms

involved in the subsequent release of iron from the trans-

ferrin-transferrin receptor complex and its subsequent

delivery to brain cells remains to be elucidated, although it

has been shown that there is an increase in transferrin

receptor expression on malignant brain tissue (Recht et al.

1990). Multiple studies have shown the capacity of trans-

ferrin and anti-transferrin receptor antibodies to cross the

blood brain barrier (Descamps et al. 1996; Ulbrich et al.

2009; Friden et al. 1991). The inability of many free drugs

to cross the blood brain barrier is a major limitation in the

treatment of many brain disorders, including glioma (Dufes

et al. 2013). Coupled with the knowledge that the trans-

ferrin complex may cross the blood brain barrier, numerous

delivery strategies including direct linkage of therapeutic

compound to transferrin/anti-transferrin receptor antibody,

and/or encapsulation in transferrin-modified carriers have

been designed to overcome such an inadequacy.

The development of multi-drug resistance (MDR) fol-

lowing chronic administration of chemotherapy is a common

phenomenon in cancer. There are two mechanisms of resis-

tance: (1) the impaired delivery of anticancer drug to tumour

cells, and (2) the genetic and epigenetic alterations in malig-

nant cells that affect their drug sensitivity (Gottesman et al.

2002). The active targeting of cancer with transferrin has been

shown to have the capacity to overcome these two resistance

mechanisms. Impaired drug delivery may result from poor

biodistribution, increased metabolism and elimination, which

results in low drug concentrations in the blood and therefore, a

reduced amount at the tumour site (Jain 2001). Through the

efficiency of transferrin-mediated endocytosis, enhanced

delivery of compounds into tumour cells has been demon-

strated in multiple studies (Chang et al. 2012; Yoon et al.

2009; Nam et al. 2013; Wu et al. 2007; Chiu et al. 2006; Liu

et al. 2013). For example, transferrin-targeted PLGA nano-

particles have been observed to internalise into F98 glioma

cells via both transferrin-mediated caveolae- and clathrin-

dependent endocytosis (Chang et al. 2012). Most interesting

was the finding that transferrin conjugation significantly

increased nanoparticle stability and accumulation within brain

tissue in vivo as compared to their nontargeted (BSA conju-

gated) counterparts. In another study, Liu et al. 2013 engi-

neered a transferrin-modified PEG-PLA nanoparticle for the

encapsulation of doxorubicin. Results indicated a 2.07-fold

increase in intracellular drug concentrations when C6 glioma

cells were incubated with the targeted nanoparticles compared

to a nontargeted formulation. In addition, biodistribution and

inhibition of tumour growth was demonstrated to be signifi-

cantly higher following administration of transferrin-modified

nanoparticles as compared to free doxorubicin and the non-

targeted carrier in vivo. An innate insensitivity to chemo-

therapeutic compounds in tumour cells through genetic

mutations and epigenetic alterations is a major limitation in

current cancer management strategies. The capacity to evade

immune response and cell signalling, through the conjugation

or encapsulation of drug for effective delivery within tumour

cells is of high importance. By exploiting knowledge of the

transferrin receptor cycle, active targeting with transferrin has

shown to be highly effective in reversing MDR (Chiu et al.

2006; Wu et al. 2007). A transferrin-conjugated liposomal

formulation encapsulating doxorubicin and verapamil has

been studied to determine its capacity to sensitise doxorubi-

cin-resistant K562 cells to treatment (Wu et al. 2007). Incu-

bation with the targeted liposomes demonstrated its high

specificity to K562 cells as compared to free drugs and non-

targeted formulation. The most important finding, however,

was the capability of the transferrin-modified liposomal sys-

tem to overcome drug resistance due to an increase of time in

circulation, and internalisation via the transferrin receptor.

Transferrin-Conjugated and -Targeted Approaches

for Cancer Therapy: Current Insight

Direct Conjugation of Transferrin and its Associated

Receptor Antibodies to Anticancer Drugs

and the Development of Immunotoxins

Targeting allows for enhanced drug circulation time and

cellular uptake, decreased systemic toxicity, and improved

cellular targeting in order to effectively deliver therapeutic

compounds to disease site (Kim et al. 2013). Although

challenging, conjugation with a variety of ligands, such as

peptides, lipids, polymers and other small molecules

through covalent or noncovalent binding may impart these

desired properties (Mout et al. 2012). The two main

mechanisms used for the formulation of targeted thera-

peutic strategies are based on either passive or active

processes. While passive targeting relies on the size and
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physical properties of the delivery system to target the

tumour microenvironment, active targeting requires cova-

lent linking with targeting moieties that bind to a specific

antigen and/or receptor on the tumour cell surface. Given

the significant role of the transferrin receptor cycle in cell

growth and the overexpression of the receptor on tumour

cells, the ability to successfully deliver chemotherapeutic

compounds via transferrin-mediated endocytosis would

theoretically lead to malignant cell death (Mendelsohn and

Baselga 2000; Krenning et al. 1993; Kersten et al. 2000;

Ferrara et al. 2005; Hicklin and Ellis 2005).

The direct conjugation of transferrin to chemotherapeutic

compounds has been widely investigated for their selective

and enhanced delivery into malignant cells (Table 1). Per-

haps the greatest example, and the most extensively studied

is the doxorubicin–transferrin conjugate (Faulk et al. 1990;

Berczi et al. 1993; Faulk et al. 1991; Munns et al. 1998; Singh

et al. 1998). Doxorubicin, an anthracyclin antibiotic is used

in the treatment of a variety of cancers including, breast,

ovarian, sarcomas, lymphomas and acute leukaemias (Speth

et al. 1988). Despite the capacity to treat such a range of

malignancies, the administration of doxorubicin is dose-

limiting with the drug found to accumulate in the heart

causing cardiotoxicity (Carvalho et al. 2013). Thus, the

ability to target its delivery to the tumour site becomes

increasingly important in order to enhance its therapeutic

index. The covalent linkage of transferrin to doxorubicin

yields a conjugate that exhibits cytotoxic effects in multiple

cancer cell lines including K562 (human myelogenous leu-

kaemia), HL-60 (human promyelocytic), MCF-7 (breast

cancer), HeLa (human cervical cancer) and Hep2 (human

liver carcinoma) cell lines (Faulk et al. 1991; Berczi et al.

1993; Lemieux and Page 1994; Singh et al. 1998; Sun et al.

1992). Dependent on the cell line, the doxorubicin–trans-

ferrin conjugate has been observed to enhance cytotoxicity

by 3- to 10-fold compared to free doxorubicin (Daniels et al.

2006b). Kratz and co-workers have also indicated that con-

jugation of transferrin to doxorubicin also displays cytotoxic

effects in MDA-MB-468 (breast cancer), LXFL-529 (lung

carcinoma) and U937 (leukaemia) cell lines (Kratz et al.

1998). Most interesting, however, was the finding that

doxorubicin–transferrin conjugates were significantly less

cytotoxic than free doxorubicin in human umbilical vein

endothelial cells (HUVEC). Selectivity to tumour cells (to

those overexpressing the transferrin receptor) has thus been

demonstrated, with the inability of the conjugate to accu-

mulate within normal cells also demonstrated in normal

human fibroblasts (SBL3F cell line) (Lubgan et al. 2009).

Multiple studies have indicated the capacity to over-

come drug resistance with the administration of doxoru-

bicin using a direct transferrin conjugation for enhanced

cellular uptake (Berczi et al. 1993; Lemieux and Page

1994; Singh et al. 1998; Wang et al. 2000; Lubgan et al.

2009; Szwed et al. 2013). Specifically, drug resistance has

been demonstrated to be overcome in various cancer cell

lines in vitro, including HL-60, K562 and MCF-7 cells

(Berczi et al. 1993; Lemieux and Page 1994). Modification

of the transferrin–doxorubicin conjugate through its satu-

ration with antineoplastic drug gallium nitrate has also

shown important properties for the reversal of drug resis-

tance (Wang et al. 2000). Administration of the transferrin–

gallium–doxorubicin conjugate to doxorubicin-sensitive

MCF-7 cells displayed similar inhibitory effects to free

drug. Resistance was shown to be overcome in the MDR

MCF-7 cell line, with a decrease in the IC50 (concentration

required to inhibit 50 % of cell growth) by approximately

100-fold and a decrease in the expression of multidrug

resistance protein. This reversal of resistance may be due to

the ability of the conjugate to enter cells through trans-

ferrin-mediated mechanisms, with the cell unable to rec-

ognise doxorubicin in its conjugated state. Wang and co-

workers showed that free doxorubicin accumulated in the

cytoplasm of drug-resistant cells for its eventual efflux.

Conjugation with transferrin and gallium allowed for the

accumulation of drug into the nucleus of resistant cells,

eliciting therapeutic effects such as cell growth inhibition,

and ultimately cell death.

The systemic administration of doxorubicin–transferrin

conjugates into in vivo models of cancer has also produced

promising results (Kratz et al. 2000; Singh et al. 1998). The

conjugate was tested against nude mice bearing mesothe-

lioma tumours in their peritoneal cavity, with results

indicating its therapeutic benefit (Singh et al. 1998). Sur-

vival was prolonged in mice given the conjugate compared

to those mice injected with the free drug. Additionally, an

acid-sensitive transferrin and albumin doxorubicin conju-

gate was evaluated in a xenograft mamma carcinoma

model MDA-MB-435 in comparison to free doxorubicin

(Kratz et al. 2000). The conjugate showed significantly

reduced systemic toxicity (reduced lethality and body

weight loss) with similar or slightly improved antitumour

activity compared to free drug. At a dose of 12 mg/kg,

mortality in the free doxorubicin-treatment group was

*80 %, with no mortality observed within the conjugate-

treated group. At a concentration of 3 9 12 mg/kg, the

conjugate was shown to significantly improve antitumour

activity compared to free doxorubicin (given at its optimal

dose of 2 9 8 mg/kg). This finding showed that the con-

jugate may be administered at a larger dose than free

doxorubicin, through its transferrin-targeting capacity and

avoidance of normal cell toxicity.

Delivery of other therapeutic compounds via transferrin-

mediated endocytosis using their direct conjugation with

transferrin has been attempted in order to enhance their

cellular uptake and increase their therapeutic benefit

(Hoshino et al. 1995; Karagiannis et al. 2006b; Jiang et al.
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Table 1 Examples of transferrin-anticancer therapeutic compound conjugates

Conjugated

compound

Linkage chemistry Model Information Reference

Doxorubicin

(Adrimycin)

DOX crosslinked to Tf

with glutaraldehyde

K562 human myelogenous

leukemia cell line

Inhibition of cell growth & increased

cytotoxicity compared to free DOX

Faulk et al.

(1991)

DOX crosslinked to Tf

with glutaraldehyde

DOX-resistant HL-60 human

promyelocytic & K562 cell

lines

Preferentially binds to tumour cells.

Increased growth inhibition in both cell lines

compared to free DOX.

Berczi et al.

(1993)

DOX crosslinked to Tf

with glutaraldehyde

DOX-resistant MCF-7 human

breast cancer cell line

Increased DOX activity & growth inhibition

compared to free DOX (overcome resistance)

Lemieux

and Page

(1994)

Thiolated Tf conjugated

with four maleimide

DOX derivatives

MDA-MB-468 breast cancer,

LXFL 529 lung carcinoma

cell line & U937 leukemia

cell lines

Exhibit inhibitory efficacy in cancer cell lines

comparable to free drug; significantly less

active in HUVECs (control); localise in

cytoplasm compared to free DOX (in

nucleus)

Kratz et al.

(1998)

DOX covalently linked to

Tf by formation of a

Schiff base

Multiple DOX-sensitive &

-resistant cancer cell lines

Nude mice bearing

mesothelioma tumours.

More potent against resistant human tumour

cell lines

Prolonged survival of advanced tumour bearing

mice as compared to free DOX in vivo

Singh et al.

(1998)

DOX conjugated to Tf

incorporated a

phenylacetyl hydrazone

bond

Twelve human tumour

xenograft models

MDA-MB-435 mamma

carcinoma model

Significantly reduced systemic toxicity with

similar or slightly improved antitumour

activity compared to free DOX; may be

administered at higher doses than free DOX

Kratz et al.

(2000)

DOX crosslinked to Tf

with glutaraldehyde

saturated with gallium

nitrate (Ga-Tf)

Multidrug resistant MCF-7/

ADR breast cancer and DOX-

sensitive MCF-7 cell lines

Exhibited approximately the same inhibitory

effect as free DOX on MCF-7 cells &

reversed resistance in MCF-7/ADR cells;

accumulated in nucleus of resistant cells

compared to free DOX in cytoplasm;

decreased expression of multidrug resistance

protein.

Wang et al.

(2000)

DOX crosslinked to Tf

with glutaraldehyde

DOX-resistant HL-60 cell line Increased delivery to tumour cells than free

DOX, increasing levels of DNA double-

stranded breaks and apoptosis; no

accumulation of conjugate in normal cells

(indicating selectivity).

Lubgan

et al.

(2009)

DOX crosslinked to Tf

with glutaraldehyde

DOX-resistant K562 cell line Intracellular retention in malignant cells than

normal lymphocytes, with rate of efflux

slower in tumour cells than free DOX

Szwed et al.

(2013)

Daunorubicin – H69 human small cell lung

carcinoma cell line

Tenfold increase in cytotoxicity than free drug Bejaoui

et al.

(1991)

Cisplatin Covalently linked A431 human epidermoid

carcinoma cell line

Mice-B16 melanoma

Antiproliferative activity observed

Prolonged circulation compared to free drug

with inhibition of cell growth

Hoshino

et al.

(1995)

Covalently linked with

gallium (Ga-Tf)

Mcf-7 and HeLa human

cervical cancer cell lines

Phase I human clinical trials

(advanced breast cancer

patients)

Enhanced inhibtition (10 times higher) than

free drug in both cell lines

36 % response rate (4 of 11 patients)

87 % partial response rate (7 out of 8 patients)

additionally treated with iron chelators

Head et al.

(1997)

Tirapazamine Linked through glutaric

anhydride to TPZ

(TPZ-G-Tf)

SW1116 human colorectal

adenocarcinoma cell line

Kunming mice- S180 sarcoma

model

Combination with cisplatin induced

significantly enhanced cytotoxic effects

compared to free TPZ/cisplatin.

Tumour accumulation 2.3 fold higher than free

TPZ in vivo; 53 % tumour inhibition rate in

combination with cisplatin; limited systemic

toxicity.

Wu et al.

(2012)
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2007; Kim et al. 2012). Cisplatin, a platinum-based

alkylating agent, which inhibits DNA synthesis and is used

in the clinical treatment of metastatic testicular and ovarian

cancer, as well as advanced bladder carcinoma (Daniels

et al. 2006b). The chemical conjugation of cisplatin to

transferrin has been shown to enhance its anticancer

activity in A431 (human epidermoid cancer), MCF-7 and

HeLa cell lines (Head et al. 1997; Hoshino et al. 1995). An

in vivo study using mice inoculated with B16 melanoma

cells demonstrated prolonged circulation, and enhanced

cell growth inhibition in comparison to free drug (Hoshino

et al. 1995). The cisplatin–transferrin conjugate is currently

undergoing human clinical trials (MPTC-63) (Head et al.

1997). A phase I clinical trial resulted in a 36 % (4 out of

11 patients) response rate in breast cancer patients with

advanced disease, including one complete response to

MPTC-63 and minor adverse effects observed. This same

clinical trial also showed that 87.5 % (7 out of 8 patients)

of patients had a partial response to MPTC-63 in combi-

nation with the iron chelator deferoxamine mesylate. Most

recently, a case study using a cisplatin-transferrin complex

(targeted chemotherapy) in combination with vaccine

immunotherapy in a female with stage IV breast cancer

showed that treatment resulted in complete remission of

malignant ascites (Elliott and Head 2006).

The specific delivery using transferrin as the targeting

moiety, of a iodinated DNA minor groove-binding bi-

benzimidazole, previously shown to sensitise cells to UVA

irradiation (Martin et al. 1990; Karagiannis et al. 2006a),

demonstrates the ability to exploit transferrin-mediated

mechanisms (Karagiannis et al. 2006b). Acid-labile

hydrazone-linked conjugate proved to be the most efficient

in mediating UVA-induced phototoxicity in the K562 cell

line. These results imply binding of the conjugate to cell-

surface receptors, internalisation and degradation of the

conjugate-receptor complex, with release and translocation

of the ligand to nuclear DNA. Coincubation with excess

native transferrin led to inhibition of ligand-mediated

phototoxicity, indicating that cellular uptake of the conju-

gate is mediated by the transferrin receptor with specificity.

In addition, successful conjugation of cytokines

including tumour necrosis factor-a (TNF-a) and TNF-

related apoptosis-inducing ligand (TRAIL) to transferrin

have allowed for their selective delivery to the site of the

tumour (Jiang et al. 2007; Kim et al. 2012). Jiang et al.

2007 showed that conjugation of TNF-a to PEGylated,

thiolated transferrin possessed a similar affinity to the

transferrin receptor to that of native transferrin. It remained

in circulation significantly longer than free TNF-a, with

higher intratumoral TNF-a levels following administration

to the S180 sarcoma mouse model. In addition, tumour

growth was significantly inhibited. Similarly, the PEGy-

lated transferrin-TRAIL conjugate demonstrated enhanced

biodistribution patterns and increased antitumour effects in

mice bearing B16F10 murine melanomas or HCT116 colon

cancer (Kim et al. 2012). Tumour accumulation of conju-

gate was increased 5.2-fold than free TRAIL, with the

suppression of tumour growth 3.6-fold higher.

The development of immunotoxins, a chimeric protein

consisting of a targeting moiety covalently linked to a

toxin, has aimed to eliminate cancer cells with specificity

(Madhumathi and Verma 2012). A number of toxic com-

pounds have been used in such research, with the induction

of cell death caused by either their interference with

components involved in cellular processes, their capacity to

modify the cell membrane, or through the induction of

apoptotic protein expression (Shapira and Benhar 2010).

Conjugation with transferrin or an anti-transferrin receptor

antibody has allowed for tumour-specific targeting. There

are two main groups of toxins used in immunotoxin

development strategies: plant and bacterial toxins (Cho-

udhary et al. 2011).

Plant toxins, including ricin and saporin, are known as

ribosome inactivating proteins and have been shown to

inactivate ribosomal activity by cleaving the N-glycosidic

bond of the adenine residue in 28S ribosomal RNA (rRNA)

Table 1 continued

Conjugated

compound

Linkage chemistry Model Information Reference

Photosensitiser Thiolated Tf crosslinked

with UVASens (amide-,

disulfide- or hydrazone-

bonds)

K562 cell line Acid-labile hydrazone-linked conjugate the

most efficient in mediated UVA-induced

phototoxicity; cell death mediated by TfR

following competition binding experiment.

Karagiannis

et al.

(2006b)

Tumour

necrosis

factor-a

PEGylation of TNF-a,

conjugated to thiolated Tf

K562 & KB cell lines

Kunming mice-S180 sarcoma

model

Similar affinity to TfR than native Tf

Exhibited significantly longer circulation time

& highest intratumoural TNF-a levels;

significantly enhanced inhibition of tumour

growth than free TNF-a in vivo

Jiang et al.

(2007)

DOX doxorubicin/adrimycin, Tf transferrin, Ga gallium, TPZ tirapazamine, TNF-a tumour necrosis factor-a, TfR transferrin receptor
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causing protein synthesis inhibition (Choudhary et al.

2011). Conjugation of plant toxins with transferrin or anti-

transferrin receptor antibody allows for the cellular uptake

of the toxin via transferrin receptor-mediated pathways

(Raso and Basala 1984; Martell et al. 1993; Bergamaschi

et al. 1988; Ippoliti et al. 1995) (Table 2). Martell and co-

workers demonstrated a positive correlation between

transferrin receptor expression and sensitivity to an anti-

transferrin receptor antibody-ricin immunotoxin (Martell

et al. 1993). Successful uptake was also shown with the

ricin immunotoxin observed to accumulate within the

cytoplasm, and a transferrin–saporin conjugate delivered to

the endosome (Martell et al. 1993; Ippoliti et al. 1995).

Increased protein synthesis inhibition and enhanced cyto-

toxicity has also been reported in numerous studies with

both ricin and saporin transferrin-targeted immunotoxins in

multiple cancer cell lines (Trowbridge and Domingo 1981;

Raso and Basala 1984; Martell et al. 1993; Daniels et al.

2007). For example, ricin was conjugated to human

transferrin via a disulphide bond and subsequently tested in

a human leukaemia (CEM) cell line (Raso and Basala

1984). The immunotoxin displayed enhanced cytotoxicity,

with a 10,000-fold increase when compared to free ricin.

Furthermore, following coincubation with native transfer-

rin, this cytotoxic activity was lost indicating selectivity

and transferrin-mediated cellular uptake. Incubation of

saporin-sensitive and -resistant malignant lymphoblast

cells with a chimeric human anti-transferrin receptor anti-

body–saporin conjugate resulted in enhanced cytotoxic

effects in sensitive cells, and a reversal of resistance in

saporin-insensitive cells in comparison to free toxin

(Daniels et al. 2007). In vivo studies of ricin immunotoxin

formulations have shown promise, with inhibition of cell

growth in murine models of both human melanoma (M21)

and glioblastoma (U251) (Trowbridge and Domingo 1981;

Laske et al. 1994). A phase I human clinical trial of a ricin

immunotoxin (conjugated to the monoclonal antibody,

454A12) in patients with leptomeningeal spread of sys-

temic neoplasia found that following administration four

out of the eight patients responded to treatment, with a

50 % or greater reduction of tumour cell counts in their

lumbar cerebrospinal fluid (Laske et al. 1997b).

Pseudomonas exotoxin and diphtheria toxin are the most

commonly used bacterial toxins in anticancer therapeutic

research though their capacity to inhibit protein synthesis

by inactivating elongation factor-2 (EF-2) through ADP

ribosylation (Madhumathi and Verma 2012). The selective

targeting of transferrin-expressing cancer cells through the

direct conjugation of bacterial toxins with transferrin and

its associated receptor antibodies compared to free toxin,

has been demonstrated in various cancer cell lines includ-

ing human ovarian cancer (A1847), breast cancer (MCF-7)

and cervical carcinoma (HeLa) (Pirker et al. 1985, 1988;

Trowbridge and Domingo 1981). Interestingly, metastatic

and aggressive malignant tumour cells are extremely sen-

sitive to bacterial immunotoxins due to an increase in

transferrin receptor expression (Shinohara et al. 2000;

Martell et al. 1993). O’Keefe and Draper 1985 report the

potential of a diphtheria toxin–transferrin conjugate when

administered to thymidine kinase-deficient mouse L cells.

A reduction in protein synthesis by 50 % was observed

24 h post administration, with selectivity indicated through

an inhibition of cytotoxic activity following transferrin or

anti-transferrin receptor antibody treatment. Furthermore,

enhanced cytotoxicity and increased survival of a murine

xenograft model of human mesothelioma (H-MESO-1)

following treatment with a transferrin–diphtheria toxin

mutant (CRM107) conjugate was shown in conjunction

with doxorubicin administration (Griffin et al. 1992).

The most important immunotoxin to date is the chemical

conjugate transferrin-CRM107 (Tf-CRM107) which has

entered clinical trials following initial success in pre-

liminary studies. CRM107 is a mutant form of diphtheria

toxin that contains two amino acid mutations in the B chain

which results in its inability to bind to the cell surface

(Johnson et al. 1989). Phase I clinical trials with Tf-

CRM107 involving its delivery by intratumoral infusion to

patients with malignant brain tumours were conducted with

promising results (Laske et al. 1997a, b). Nine out of fifteen

(60 %) patients who could be evaluated responded to

treatment with at least a 50 % reduction in tumour volume

measured by magnetic resonance imaging (MRI). Two

patients displayed a complete response, with one having no

tumour for 23 months post treatment. Administration of the

drug (\1.0 lg/mL) did not cause any local toxicity in

patients while anti-tumour activity was present. At high

doses, however, Tf-CRM107 was shown to cause local

toxicity in all patients treated. Following these promising

results, phase II clinical trials were conducted for the

treatment of refractory and recurrent glioblastoma multi-

forme or anaplastic astrocytoma (Weaver and Laske 2003).

Following two infusions, five patients completely respon-

ded to treatment, seven partially responded and nine dis-

played stabilised disease in a cohort of 34 evaluable

patients. Symptomatic progressive cerebral oedema resul-

ted in eight out of the 44 patients enrolled, and seizures

were observed in three patients who responded to anti-

convulsant therapy. Phase III clinical trials were initiated,

however, one was withdrawn prior to recruitment of

patients due to probability analysis determining that it was

unlikely that Tf-CRM107 would meet FDA criteria for

efficacy (NCT00083447; clinicaltrials.gov). Another phase

III study comparing Tf-CRM107 with standard treatment

of glioblastoma was completed in 2008, however, results

have not been released (NCT00088400; clinicaltrials.gov).

A phase I trial involving Tf-CRM107 in children with
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Table 2 Examples of transferrin and anti-transferrin receptor antibody immunotoxins

Conjugated

compound

Targeting moiety Model Information Reference

Ricin Anti-human TfR antibody (IgG1) CCRF-CEM human

T-leukemia, HeLa & M21

human melanoma cell

lines Mouse model—M21

innoculation

Induction of cell death in cell lines

with specificity in vitro

Inhibition of human melanoma cell

growth in nude mice in vivo

Trowbridge and

Domingo (1981)

Human Tf linked via disulfide bond CEM human leukemia cell

line

Exhibited cellular uptake and

accumulation in cytoplasm

(inhibition of cellular protein

synthesis), enhanced cytotoxicity

– 10,000-fold higher than free

ricin, inhibited cytotoxicity

following coincubation with

native Tf

Raso and Basala

(1984)

Anti-human TfR antibody (IgG1) Human meduloblastoma,

glioblastoma,

neuroblastoma

Enhanced cytotoxicity (more than

1000-fold) than free ricin, TfR

expression correlated with

sensitivity to immunotoxin

Martell et al. (1993)

Monoclonal antibody 454A12

(IgG1)

Nude mice inoculated with

U251 human

glioblastoma cells

Treatment with immunotoxin

caused a 30 % decrease in

tumour volume by day 14

compared to free ricin

Laske et al. (1994)

Monoclonal antibody 454A12

(IgG1)

Phase I clinical trial—

patients with

leptomeningeal spread of

systemic neoplasia

No acute or chronic drug toxicity

in patients who received less

than or equal to 38 lg, in four

out of eight patients, a greater

than 50 % reduction of tumour

cell counts

Laske et al. (1997a)

Gelonin Monoclonal antibody 5E9 (IgG1) Various human leukemia

and cervical cancer cell

lines, murine xenograft

model of Burkitt’s

lymphoma Namalwa

Extreme toxicity in vitro

(90–99.9 %).

Enhanced circulation time,

successful delivery to tumour

cells in vivo, prolonged survival,

delayed or prevented growth of

subcutaneous nodules of

Namalwa

Scott et al. (1987)

Saporin Human Tf K562 cell line Successfully internalised via TfR

binding, inhibitory activity on

cell proliferation

Bergamaschi et al.

(1988)

Human Tf HepG2 human hepatoma

cell line

Observed cytotoxicity, uptake

mediated by Tf endocytosis &

delivered to endosome

Ippoliti et al. (1995)

Chimeric human TfR antibody

genetically fused to avidin (IgG3)

IM-9 EBV-transfromed

lymphoblastoid & U266

myeloid/plasmacytoma

lymphoblast cell lines

Enhanced cytotoxic effect of

sensitive cells and overcomes

resistance in saporin-resistant

malignant cells compared to free

toxin

Daniels et al. (2007)

Human Tf GL-15 and U87 human

glioblastoma multiform

cell lines

Apoptosis or cell cycle arrest

observed, decreased cell

viability, increased TNF-a
expression.

Cimini et al. (2012)

Pseudomonas

exotoxin

Monoclonal antibody HB21 (IgG1) A1847 human ovarian

cancer and MCF-7 breast

carcinoma cell lines,

primary cells from

ovarian metastasis

Inhibited protein synthesis, with a

significant difference after 12 h,

higher levels of cellular binding

& internalisation with

immunotoxin compared to free

toxin, verapamil increased rate of

protein synthesis inhibition.

Pirker et al. (1985),

(1988)
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progressive or recurrent glioblastoma multiforme or ana-

plastic astrocytoma was also initiated, however, the status

in unknown due to unverified information (NCT00052624;

clinicaltrials.gov).

Despite such promise, limitations have been observed in

direct conjugation and immunotoxin studies. A limitation

of using naturally occurring peptides, including transferrin

is its innate sensitivity to pH and enzymatic degradation,

which has prompted studies investigating the design of

more stable analogues, and synthesis of evasive nanopar-

ticulate delivery systems to prolong their circulating half-

life in order to optimise formulations for clinically-relevant

applications. Furthermore, the inability to conjugate a

significant amount of therapeutic compound to the trans-

ferrin peptide itself also serves as a significant limitation

(Karagiannis et al. 2006b). Enhanced delivery, and ulti-

mately drug efficacy, is therefore hindered by the inability

to deliver high concentrations of drug into the target cell in

one cycle of transferrin-mediated endocytosis. Due to these

limitations, a novel way in which to deliver therapeutic

compounds to the disease site was required. Through the

ability to modify the surface of nanoparticulate systems

with targeted moieties including transferrin, and the

capacity to encapsulate high concentrations of therapeutic

compound within such a carrier, nano-based drug delivery

has shown the most promise to date.

Table 2 continued

Conjugated

compound

Targeting moiety Model Information Reference

Monoclonal antibody HB-21 (IgG1) Nude mice bearing A431

epidermoid tumours

Rapid detection in blood

circulation and regression of

tumours in vivo

Batra et al. (1989)

Single-chain antigen-binding

portion (scFv)of monoclonal

antibody HB21 (IgG1)

Various human cancer cell

lines including breast,

ovarian, adult T cell

leukemia, colon and

prostate. Nude mice

inoculated KM12L4

colon carcinoma cells

Cytotoxic to cells expressing

human TfR; 100-fold more

active in some cell lines

compared to native Tf

conjugated immunotoxin,

systemic administration of

immunotoxin eliminated

KM12L4 liver metastasis and

delayed tumour growth,

metastatic cells more sensitive to

immunotoxin (increased TfR

expression).

Batra et al. (1991);

Shinohara et al.

(2000)

Diphtheria

toxin

Anti-human TfR antibody (IgG1) CCRF-CEM HeLa & M21

cell lines

Induction of cell death in cell lines

with specificity in vitro

Trowbridge and

Domingo (1981)

Human Tf Thymidine kinase-deficient

mouse L cells (LMTK-)

Reduction in protein synthesis by

50 % in 24 h, cytotoxic activity

completely inhibited with Tf or

anti-TfR antibody (indicating

selectivity), low pH required for

activity.

O’Keefe and Draper

(1985)

Human Tf

(CRM-107)

H-MESO-1 human

mesothelioma cell line/

murine xenograft

Cytotoxicity increased with

addition of monensin,

coincubation with DOX

enhanced survival in vivo.

Griffin et al. (1992)

Anti-human TfR antibody (IgG1) Human meduloblastoma,

glioblastoma,

neuroblastoma

Rapid inhibition of protein

synthesis by 6 h, aggressive &

malignant tumours extremely

sensitive to TfR-targeted

immunotoxins

Martell et al. (1993)

Human Tf (CRM-107) Phase I & II clinical trials—

patients with malignant

brain tumours (refractory

to conventional therapy)

Phase I—nine out of fifteen (60 %)

patients responded with at least

50 % tumour regression

Phase II – five complete response,

seven partial response, nine

stabilised disease in 34 patients

Laske et al. (1997b;

Weaver and Laske

(2003)

Tf transferrin, TfR transferrin receptor
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Transferrin-Targeted Nano-Based Systems

for the Delivery of Therapeutic Compounds to Tumour

Cells

The rapidly evolving and expanding discipline of nano-

technology is a science of engineering material and

systems on a molecular scale. Due to their unique size-

dependent physical and chemical properties (Whitesides

2003), and the exploitable nature of each property,

development of functional nanoparticles may be designed

for a range of applications. In cancer biology, nanopar-

ticulate theory is expected to be useful for various

therapeutic and diagnostic strategies, with nanoparticles

in the size range of 1–200 nm demonstrating important

and often unique interactions with biological systems

(Jiang et al. 2008). Limitations in current cancer treat-

ment strategies including systemic toxicity and MDR,

coupled with varied results in studies involving direct

conjugation studies and bare nanoparticles, provide a

basis for the development of surface-modified, disease-

targeted nanocarriers.

Surface functionalisation with the transferrin peptide

itself or anti-transferrin receptor antibody has proved to be

promising in the development of functionally active and

targeted nanoparticulate systems. The ability to covalently

conjugate transferrin-targeting moieties to the surface of

nanoparticles with relative ease has enabled its potential

use in cancer-specific drug delivery and diagnostic appli-

cations due to the overexpression of its receptor on

numerous malignant tissues (Dufes et al. 2013; Brigger

et al. 2002). In vitro and in vivo studies have demonstrated

the significance of the transferrin or associated receptor

antibody modification in targeted-nanoparticle formula-

tions, as high drug encapsulation in conjunction with

enhanced cellular uptake (via transferrin-mediated endo-

cytosis) improves selective cytotoxicity (Sahoo et al. 2004;

Koppu et al. 2010; Liu et al. 2013; Huang et al. 2013;

Ulbrich et al. 2009). Specifically, nanoparticle formulations

such as one consisting of poly (lactic-co-glycolic acid)

(PLGA) loaded with paclitaxel were conjugated to trans-

ferrin using an epoxy compound emphasise the potential

advantages in developing targeted drug delivery strategies

(Sahoo et al. 2004). Sahoo and co-workers evaluated the

activity of their nanoparticulate system in human prostate

cancer PC3 cells in vitro which resulted in a 70 % inhi-

bition of proliferation in comparison to both free paclitaxel

(35 % inhibition) and its nontargeted counterpart (25 %

inhibition). Administration of the paclitaxel-loaded tar-

geted nanoparticles (at a concentration of 24 mg/kg) to

nude mice following their inoculation with PC3 cells

demonstrated the full capability of the formulation, with

complete tumour regression and increased survival.

Continuing these studies, the same formulation was tested

in human breast cancer cell lines MCF-7 and MCF-7/ADR

drug resistant cells showed significant anti-proliferative

activity in vitro compared to unconjugated nanoparticles

and free drug (Sahoo and Labhasetwar 2005). Positive

correlations between this activity and increased cellular

uptake compared to its nontargeted counterpart display the

importance of actively targeted malignant cells using the

transferrin-transferrin receptor mechanism.

To date, four transferrin-conjugated nano-based drug

delivery systems for the encapsulation of anticancer ther-

apeutic compounds have progressed into human clinical

trials (van der Meel et al. 2013). All are currently in early

stage (Phase I and/or II) trials for the treatment of solid

malignancies. Despite this apparent lack of development,

the difficulty in designing clinically relevant nanomedi-

cines with optimal properties, coupled with the novelty of

the research field highlights the complexity of targeting

cancer with specificity.

Conclusion

Through the extensive knowledge gained by studies

involved in understanding the interactions between the

transferrin peptide, its receptor and subsequent cellular

fate, the ability to design clinically relevant targeting

strategies using the complex has proven to be difficult. The

increased expression of the transferrin receptor on a num-

ber of malignant tissue including that of the brain, theo-

retically allows for the tumour-specific and -directed

delivery of therapeutic compounds following direct con-

jugation or encapsulation within a carrier. Direct conju-

gation and immunotoxin studies, using both the transferrin

peptide and anti-transferrin receptor antibodies as the tar-

geting moiety, display the potential of using such a path-

way for enhanced and selective drug delivery. Due to the

highly efficient endocytic and recycling mechanisms

observed during cellular uptake of native transferrin, an

increase in cellular uptake has been demonstrated both

in vitro and in vivo. Furthermore, enhanced and selective

cytotoxicity in both anticancer drug-sensitive and -resistant

tumour cell lines highlights the capacity to overcome

limitations of current cancer management strategies. Col-

lectively, extensive knowledge in cancer biology (and the

role of transferrin) and promising results obtained in direct

conjugation, immunotoxin and nanoparticulate studies

provide rationale to continue the development of transfer-

rin-targeted therapies.
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