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Abstract
As the mainstay in the treatment of various cancers for several decades, chemotherapy is
successful but still faces challenges including non-selectivity and high toxicity. Improving the
selectivity is therefore a critical step to improve the therapeutic efficacy of chemotherapy. Prodrug
is one of the most promising approaches to increase the selectivity and efficacy of a chemotherapy
drug. The classical prodrug approach is to improve the pharmaceutical properties (solubility,
stability, permeability, irritation, distribution, etc.) via a simple chemical modification. This
review will focus on various targeted prodrug designs that have been developed to increase the
selectivity of chemotherapy drugs. Various tumor-targeting ligands, transporter-associated ligands,
and polymers can be incorporated in a prodrug to enhance the tumor uptake. Prodrugs can also be
activated by enzymes that are specifically expressed at a higher level in tumors, leading to a
selective anti-tumor effect. This can be achieved by conjugating the enzyme to a tumor-specific
antibody, or delivering a vector expressing the enzyme into tumor cells.
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I. Introduction
Chemotherapy is successful but still faces challenges due to lack of selectivity and
associated toxicity. Chemotherapy drugs act through anti-proliferative mechanism or by
arresting cell cycle at a specific phase, rather than producing a toxic effect to particular types
of cancer cells. [1] Therefore, these drugs, due to the poor selectivity, affect all rapidly
proliferating and dividing cells such as red blood cells, hair follicles, gut epithelia, bone
marrow, and lymphatic system, making chemotherapy drugs unsuitable for a long-term
treatment. Furthermore, chemotherapy drugs are not efficient in treating slowly growing
solid tumors, whereas most human solid tumor cells do not proliferate rapidly.[2] As a
result, high-dose chemotherapy is generally required to effectively inhibit the tumor
proliferation, especially the resistant solid tumors. However, non-selectivity of the
chemotherapy drugs could result in lethal damage to the adjacent normal proliferating cells,
leading to discontinuation of the therapy before all malignant cells are killed. Hence,
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improving the selectivity is the critical step to improve the therapeutic efficacy of a
chemotherapy drug.

Among different strategies designed to improve the selectivity of chemotherapy drugs,
targeted prodrugs represent a promising approach for highly selective chemotherapy.
Prodrugs are defined as chemically modified, biologically inert, small-molecule drugs that
are transformed in vivo to release the pharmacologically active drug.[3] Prodrug approach
provides a remarkable tool to improve the pharmaceutical properties of the active
pharmacologic agents via a simple chemical modification. Traditional prodrug design aims
to: i) improve solubility in water or lipid membrane, chemical stability, oral or local
absorption, and brain permeability; ii) reduce unacceptable taste, irritation or pain, pre-
systemic metabolism, and toxicity.[4, 5] Current review will focus on unmet needs of
traditional pro-drug design to improve the selectivity and targeting features.

Prodrugs can be designed to target specific antigens, peptide transporters, or enzymes that
are over-expressed on tumor cells in comparison to other normal cells. This can be achieved
by conjugating a tumor-specific ligand or a polymer to the chemotherapy drug via a
cleavable linker [6]. The general design of a prodrug is depicted in Figure 1. A
chemotherapy prodrug may contain as many as four components: i) the parent drug or its
derivative that exhibits the pharmacologic effect; ii) a metabolically labile chemical linker
which links the functional group (hydroxyl, carboxylic, amine, carbonyl, and phosphate
groups, etc.) of the parent drug to the rest part of the prodrug designated as the “promoiety”;
iii) a polymer spacer, or an enzymatically cleavable spacer that can release the parent drug
in the presence of a tumor-specific enzyme; iv) a targeting moiety for specific delivery to
tumor cells.

II. Chemical linker in prodrug
To construct a prodrug, there must be a functional group on the parent drug that can be used
to form a chemical bond with the promoiety. Generally, the linker should be self-
immolatable or cleavable so that parent drug can be released spontaneously or under a
certain triggerable condition such as the presence of an enzyme or a change in pH. The
promoiety affiliated to the parent drug provides the ability to improve the drug-like
properties or overcome the barriers in delivering the drug to its target cells.[3] Commonly
used linkers in prodrug design are listed in Table 1.

Ester is the most common linkage in prodrug design. It is easy to synthesize and its function
groups such as hydroxyl and carboxyl acid group that are widely available in most parent
drugs as well as promoiety molecules. Moreover, esterases are ubiquitously distributed in
the body. Once administrated, the ester bond can be readily hydrolyzed by esterases in the
blood, liver and other organs, leading to the release of the parent drug [7]. Depending on
different structures of the prodrug or environment conditions, half-life of the ester bond
varies from several minutes to several hours [8, 9]. For example, both EBZ-2208 and IT-101
are composed of the similar parent drug and the same ester linkage. EBZ-2208 has a half-
life of only 12.3 minutes in human plasma[10], while the half-life of IT-101 is around 1.7
hours in human plasma[11, 12]. EBZ-2208 is a prodrug of the camptothecin derivative SN38
with a PEG of 40 kDa through a glycine spacer.[10] It is presumed that the linear structure
of PEG and its hydrophilic property make the ester bond of the EBZ-2208 easily accessible
to the activity site of esterase. On the contrary, IT-101 has a micelle-like structure that may
protect the ester bond from esterases. Different types of the ester bond also exhibit different
stabilities in the body. For instance, carbamate ester is more stable in comparison to
carboxyl ester, phosphate ester, and carbonate ester [3].
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Amide bond is another commonly used linkage in prodrug. It is the derivative of an amine
and a carboxyl groups. Amide has a relatively higher enzymatic stability than ester bond.
Most of the amide bonds are stable for several hours or even several days in the plasma in
the absence of specific enzymes. However, majority of the amide bonds in prodrugs are
designed to be cleavable by a specific enzyme to increase the target-ability or reduce the
toxicity. Peptide linkers such as GFLG and SSKYQ are probably the best examples of this
type of amide bond. The tetrapeptide linker GFLG is specifically cleaved by lysosomal
enzyme in tumors. SSKYQ is a substrate peptide of the prostate specific antigen (PSA), an
enzyme that is only active in prostate tumors. This type of linker shows a reliable stability in
the blood circulation and only release the drug in target cells. GFLG has been successfully
adopted in PK1, PK2, PNU166945, DX-8951 and other prodrugs that are under clinical
trials [13]. Several SSKYQ involved prodrugs such as L-377202 also enter Phase I/II
clinical trials [14].

In addition to ester and amide bonds, several other types of linkers including oximes/
imines[15], disulfide bond [16] or uncleavable thioether bond [17], have also been used in
prodrug. Generally, the linker between parent drug and promoiety should be stable enough
to remain intact in the blood circulation until it reaches the target cells. Optimization of the
linkage is highly suggested during the prodrug development to achieve the maximal stability
and efficacy. For instance, the hydrazone linker is an acid labile linker that is relatively
stable at neutral pH, but unstable at pH 5. Following internalization of the prodrug, the
hydrazone linker is cleaved in the acidic endosomes and lysosomes to release the active
drug.[18] Similarly, peptide linker is stable in the serum, but can be readily cleaved in
intracellular compartments by specific tumor-associated protease.[19] Disulphide linkers are
more tumor-specific as they are cleaved by intracellular thiol such as glutathione that is
over-expressed in tumor cells compared to normal cells [20]. However, it should be noteed
that although the cleavable linkages are preferable for most prodrugs to release parent drugs
in the body shortly after the administration, uncleavable linkers may provide a better
therapeutic efficacy if the targeting moiety itself has a pharmacological activity.[17]

III. Targeting-ligand conjugated prodrug
Tumor cells tend to overexpress specific antigens, receptors, or transporters that can be
targeted using various moieties including antibodies, antibody fragments, peptides,
aptamers, and small-molecule ligands. Selectivity of a chemotherapy drug for its intended
target can be achieved by conjugating a tumor-specific ligand to the cytotoxic drug.

(a) Antibody conjugated prodrug
Among the numerous targeting moieties, monoclonal antibody is the first type of ligand
used for targeted prodrug due to its high affinity. The antibody-drug conjugate (ADC) is
generally inactive without further transformation in the body and internalized through a
receptor mediated endocytosis, followed by release of the active drug in the cells [21]. It is
important to note that the ratio of drug to antibody should be optimized to achieve maximal
and specific efficacy [22]. Tumor specific antibodies provide the means to target therapeutic
agents to tumor cells without harming adjacent normal cells. However, several problems
including immunogenicity, selectivity, and permeability into solid tumors need to be
addressed before the successful clinical application. The immunogenicity associated with
murine mAb has been overcome by using humanized mAb, whereas the selectivity can be
improved by identifying new tumor antigens and related antibodies. Lack of efficient cell
permeability is the major hurdle for the antibody approach because therapeutic agents must
cross various biological barriers and the high interstitial pressure to reach their target cells
[23]. This can be sikved by using antibody fragments such as scFv and Fab that can
penetrate into tumor cells with higher efficiency compared to the intact antibody [24]. A
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wide variety of tumor-specific antigens have been identified. See the review article by
Teicher for a detailed discussion on the cell surface antigens that have been targeted
primarily by ADC. These tumor-specific antigens include CD19, CD22, TAG-72, MUC16,
PSMA, EGFR, αv integrin and various others that are over-expressed on a wide range of
tumor cells. Some of these antigens are more specific to a specific type of cancer than the
others.[25] For example, MUC16 is more profoundly expressed in ovarian (or other
reproductive organ) cancer cells rather than the tumors of other origins,[26] while PSMA is
preferably expressed in prostate cancer tissues [27]. On the contrary, certain antigens are
associated with a specific type of cells regardless of the tumor origin. For instance, TAG-72
is highly expressed in human adenocarcinomas including colorectal, pancreatic, gastric,
ovarian, endometrial, breast, and non-small cell lung cancers [25]. Numerous chemotherapy
agents including antifolates [22], vinca alkaloids [28], anthracyclines [18], taxane [29],
monomethyl auristatin E [18], calichemicin [30, 31], and mytansine derivative DM1 [32]
have been conjugated to tumor-targeting antibodies. Some of the antibody-drug conjugates
were listed in Table 2.

While there are around 20 antibody-drug conjugates in clinical trials [25], Gemtuzumab
(Mylotarg, Wyeth) is the only FDA approved antibody-drug conjugate for the treatment of
acute myeloid leukemia (AML). As depicted in Fig. 2A, Mylotarg consists of calicheamicin,
a cytotoxic drug, linked to the humanized anti-CD33 monoclonal antibody (clone P67.6) via
a hydrolysable bifunctional linker.[33] The CD33 antigen is expressed in more than 90% of
the AML patients, whereas normal human tissues and pluripotent hematopoietic stem cells
do not express the CD33 antigen. Therefore, Mylotarg specifically binds to the CD33
antigen on tumor cells with subsequent internalization of the prodrug.[34] Pharmacokinetic
study of different doses indicated that the CD33 antigen binding sites were saturated when
7.5 mg/m2 of Mylotarg was administrated. The pharmacokinetic parameters of adult patients
receiving 9 mg/m2 Mylotarg are Cmax: 5.86 ± 1.35 (mg/ml), t1/2: 72.4 ± 42.0 (h), AUC: 123
± 105(mg·h/ml), CL: 0.15 ± 0.13 (L/h/m2), and Vss: 0.30 ± 0.31 (L/kg). Similar
pharmacokinetic profile was observed in both children and adult patients [35]. Twenty-six
percent of the 277 patients in a phase II clinical trial demonstrated an overall response after
using Mylotarg.[33] This prodrug was approved in 2000 under the FDA’s accelerated
approval program, and a postmarketing study was begun in 2004. Unfortunately, Mylotarg
was withdrawn from the market in 2010 due to the ineffectiveness and severe side effects
found in the post-approval clinical trial.[36]

Nevertheless, there are several other antibody-conjugated prodrugs that are undergoing
clinical trials at different phases. Among them, Trastuzumab-amide-MCC-DM1
(Trastuzumab-DM1) and Inotuzumab ozogamicin (CMC-544) are approaching the final
stage of clinical trial.[37, 38]

Human epidermal growth factor receptor (HER2) is highly expressed in 20~25% of human
breast cancers. Overexpression of HER2 is associated with poor prognosis and aggressive
tumor phenotypes, making it an attractive therapeutic target. The humanized monoclonal
HER2 antibody, trastuzumab, was approved by FDA in 1998 for the treatment of metastatic
HER2 positive breast cancer.[17, 39] Although trastuzumab signifies the most remarkable
advancement in the application of monoclonal antibody for cancer therapy, a significant
proportion of the patients do not respond to trastuzumab.[17] Subsequently, adjuvant
chemotherapy drugs are often required for the trastuzumab therapy. Direct conjugation of a
chemotherapy drug to the trastuzumab is therefore becoming an attractive alternative to the
antibody monotherapy. Trastuzumab-DM1 (Fig. 2) is such a novel antibody-drug conjugate
that uses trastuzumab as the targeting moiety to specifically deliver DM1 (derivative of
maytansine 1), a highly potent antimitotic agent, to HER2 positive breast cancer cells. Lewis
Phillips and his colleagues evaluated the trastuzumab-DM1 with different linkers, and found
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that the nonreducible thioether linkage exhibited the highest activity in comparison to
cleavable disulfide linkages.[17] Phase I clinical trial revealed that Trastuzumab-DM1 had a
maximum tolerated dose (MTD) of 3.6 mg/kg. At MTD, the half-life(t1/2) was 3.5 days, and
the clearance was 12.9 ml/d/kg which is much slower than that at low doses (<1.2 mg/kg).
[40] In a recent phase II clinical trial, 32.7% of the 110 patients who received the
trastuzumab-DM1 demonstrated a significant improvement with acceptable side effects.[37]

CMC-544 is another promising antibody-conjugated drug composed of a humanized anti-
CD22 monoclonal antibody linked to N-acetyl gamma calicheamicin dimethylhydrazide
(CalichDMH), a DNA-damaging antibiotic agent, via an acid-hydrolysable linkage.
CMC-544 uses the same parent drug and linkage as Mylotarg, but with a different targeting
moiety CD22. CD22 is expressed on the surface of both mature and malignant B
lymphocytes, but not on other non-B lineages. Upon binding to CD22 on malignant B-cells,
CMC-544 is rapidly internalized to deliver CalichDMH into the cells.[38] In the preliminary
study, the maximum tolerated dose (MTD) of CMC-544 was reported to be 1.8 mg/m2, and
the half-life was about 24 hours at MTD. After repeated administrations (2~3 cycles), the
half-life was increased to 4 days and the clearance was decreased 8~14 fold compared to the
1st dose.[41] CMC-544 is currently being evaluated in a phase III study for the treatment of
B-lymphoid malignancies.

(b) Peptide-drug conjugate
Compared to antibody, peptide is a more appropriate targeting moiety due to its small
molecular weight, excellent cell permeability, flexibility in chemical conjugation, and ease
of production.[39] Peptide ligands can be designed against a tumor-specific antigen or a
peptide transporter that is over-expressed in cancer cells. Such peptide ligands can be
directly conjugated to chemotherapy drugs to achieve a targeted delivery to cancer cells.
Table 3 summarizes three commonly used peptide ligands.

Minko and her colleagues have reported a successful application of the LHRH (Lutenizing
Hormone Releasing Hormone) peptide conjugated prodrug for cancer therapy.[42, 43]
LHRH receptors are over-expressed in several cancer cells including breast, prostate,
ovarian and endometrial cancers. Although this receptor is also expressed in healthy
prostate, breast and ovarian tissues, the expression is much lower than that in cancer cells.
[43] The LHRH peptide was conjugated to camptothecin, a cytotoxic drug, via a PEG as the
spacer. The results demonstrated a substantially enhanced efficacy of the peptide-conjugated
prodrug along with minimized side effects on healthy organs. In addition, the LHRH peptide
conjugated-prodrug has a targeting potential for solid tumor tissue as well as a single tumor
cell. Hence, this prodrug can efficiently target the spreading or metastatic tumor cells with a
low toxicity to normal tissues.[42]

Similarly, Neamati and co-workers conjugated a cyclic peptide E[c(RGDyK)]2 (RGD) to
paclitaxel, an antimicrotubule agent commonly used in the treatment of metastatic breast
cancer. The RGD peptide specifically binds to αv integrin receptors that are over-expressed
in metastatic cancer cells and activated endothelia cells, but not in other normal tissues and
resting endothelial cells. In vivo studies showed a specific tumor uptake at 4 hours post
administration. [44]

Yoneda et al. have explored the use of glucose-regulated protein 78 (GRP78) as a tumor-
specific antigen for targeted delivery of paclitaxel and doxorubucin.[45] GRP78 is over-
expressed on many tumor cells, including colon, skin, prostate, and breast cancers. By
contrast, its expression on normal tissues is very low [46]. Pep42, a cyclic 13-mer
oligopeptide (CTVALPGGYVRVC) specifically binds to GRP78, followed by
internalization through the GRP78 receptor-mediated endocytosis and then trafficked to the
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lysosome that contains protease cathepsin B. Therefore, a cleavable linker, the Val-Cit
motif, was used to link the Pep42 to anti-cancer drugs. The Val-Cit linker is fairly stable in
the plasma, but can be cleaved by cathepsin B.[47] Cytotoxicity of the Pep42-prodrug was
estimated in osteosarcoma cells, SJSA-1, and both Pep42-paclitaxel and Pep42-doxorubicin
showed an enhanced toxicity in comparison to the free drug.[45]

(c) Aptamer-drug conjugate
Aptamer is a type of single-stranded RNA or DNA that binds to a specific target molecule
with high specificity and affinity (Kd in the nM to pM range) owing to its three dimensional
structure.[48] Aptamer represents another important targeting moiety because of its small
molecular weight, more synthetic accessibility, ease of production, lack of immunogenicity,
good stability, and flexibility in chemical conjugation.[49] Therefore, aptamers are
commonly used as non-protein based alternatives to antibodies for targeted delivery of
various molecules to cancer cells.[50] In addition to its high specificity and affinity, aptamer
can be chemically synthesized based on its sequence, making it an ideal candidate for the
therapeutic application where high quality control is needed.[51]

Aptamers are generated by a process called Systemic Evolution of Ligands by Exponential
Enrichment (SELEX) through screening of a complex nucleic acid library. Prostate specific
membrane antigen (PSMA) that is profoundly expressed in prostate cancer cells [52], and
neovasculature of non-prostate solid tumors including breast and lung cancers [53, 54] have
been targeted by conjugating the PSMA-specific aptamer (A10 RNA aptamer, Apt) to
nanoparticles containing cisplatin.[55, 56] The aptamer conjugated cisplatin polymeric
nanoparticles (Pt-NP-Apt) exhibited a higher toxicity in PSMA-positive prostate cancer cells
(LNCaP) with an IC50 value of 0.03 μM, compared to the unmodified nanoparticles (Pt-NP)
with an IC50 value of 0.13 μM. Moreover, the effectiveness of Pt-NP-Apt NP in LNCaP
cells was approximately 10-fold higher than that of free cisplatin [55].

Recently Huang et al. conjugated doxorubicin, the most utilized anticancer drug, to a DNA
aptamer sgc8c for the treatment of human T-cell acute lymphoblastic leukemia (T-cell
ALL).[57] The sgc8c aptamer recognizes the protein tyrosine kinase 7 (PTK7), a
transmembrane receptor highly expressed on T-cell ALL cells, such as CCRF-CEM (Human
T cell lymphoblast-like cell line).[58] TDO5 aptamer, which binds specifically to the human
Burkitt’s lymphoma cell line and Ramos cells, was used as a negative control to estimate the
specificity of the sgs8c-Dox conjugate. It was observed that cells treated with TDO5 showed
a much less cellular uptake in comparison to the evenly distributed red fluorescence in the
cells treated with sgc8c-dox, indicating a high affinity and specificity of the sgc8c-dox to the
CCRF-CEM cells.[57]

(d) Folic acid-drug conjugate
As a member of the vitamin B family, folic acid is one of the most commonly used targeting
moiety to specifically deliver various imaging agents, therapeutic agents, and nano-scaled
systems to tumor cells. Folic acid binds to its receptor, folate receptor (FR), with a very high
affinity (KD 0.1 ~ 1 nM). Folate receptor is over-expressed on the surface of many malignant
cells including breast, ovarian, lung, kidney, and endometrial cancers. The expression of
folate receptor on other normal tissues is low and only restricted to some epithelial cells. In
addition, folic acid has a low immunogenicity and relatively simple chemistry compared to
other targeting moieties such as antibody, peptide and aptamer.[20, 59–61]

A variety of chemotherapy drugs have been conjugated with folic acid to target folate
receptors on tumor cells. Upon binding to folate receptors, folic acid conjugated prodrugs
enter cells via receptor-mediated endocytosis. Philip and his co-workers have conjugated
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folic acid to campothecin, a poor water-soluble and highly toxic chemotherapy agent, via a
hydrophilic peptide containing a disulfide bond. Folic acid increases the specificity of the
prodrug, while the cleavable spacer increases the solubility of campothecin and provides an
efficient release of campothecin within tumor cells via the disulfide reduction. The folic acid
conjugated campothecin exhibited high affinity for a human cervical cancer cell line (KB
cells) that overexpresses folate receptors, leading to a significant inhibition of cell
proliferation (IC50 10 nM). Moreover, pretreatment of the KB cells with excess folic acids
abolished the activity of the prodrug, suggesting that the uptake of the prodrug is folate
receptor mediated.[59]

Recently doxorubicin has also been conjugated to folic acid to enhance the specificity to
tumor cells. Doxorubicin (Dox) is an anthracyclinic drug for a wide variety of different
cancers. However, short half-life, poor solubility and extremely high toxicity limit its
therapeutic efficacy. Therefore, in addition to the folic acid (FOL) modification, D-α-
tocopheryl polyethylene glycol succinate (TPGS) was also conjugated to doxorubicin to
increase the solubility and drug permeability across cell membrane. The TPGS-Dox-FOL
prodrug exhibited increased half-life, high anti-tumor efficacy (45-fold more effective than
the unmodified Dox), and less accumulation in the heart, which is the major organ affected
by doxorubicin’s side effects.[61]

IV. Membrane transporter-associated prodrug
Membrane transporters are integral membrane proteins that mediate the movement of sugar,
nucleosides, amino acids and peptides across cell membrane.[4] Traditionally, membrane
transporters have been used to improve the bioavailability of polar drugs via a prodrug
approach. Recently, the role of membrane transporters in targeted cancer therapy has been
exploited, and some of the examples are listed in Table 4.

Membrane transporters include glucose transporter, peptide transporter, and amino-acid
transporter. Among them, peptide transporter is the most attractive and widely used
transporter for the prodrug design. Peptide transporters are proton dependent in nature and
responsible for the uptake of di- and tripeptides. Peptide transporters of mammalian origin
are divided into two categories: (i) peptide transporters PEPT1 and PEPT2; and (ii) peptide/
histidine transporters PHT1 and PHT2.[62] PEPT1 and PEPT2 transport all possible di- and
tri-peptides in a sequence-independent but stereoselective manner.[62] PEPT1 transporter is
over-expressed in several cancer cells including the malignant ductal pancreatic cancer cell
lines AsPc-1[63] and Capan-2,[64] and human fibrosarcoma cell line HT-1080, [65] but not
in normal cells.

Nakanishi et al. have reported a specific accumulation of Bestatin, a peptide-mimetic
anticancer drug and a substrate of PEPT1, in PEPT1 expressing tumor cells HeLa-PEPT1.
Bestatin also induced a significant suppression of tumor growth in another cancer cell line
that naturally over-expresses PEPT1. All these results verified that the peptide-mimetic drug
is absorbed specifically through the peptide transporter PEPT1.[66] Amidon and his
colleagues conjugated a PEPT1 substrate to floxuridine, an anticancer drug for metastatic
colon cancer and hepatic metastases, via an ester bond. This prodrug exhibited a higher
uptake in PEPT1 over-expressing tumor cells. Accordingly, a selective growth inhibition
was observed in tumor cells over-expressing PEPT1, but not in PEPT1-negative tumor cells.
[64]

Gemcitabine (2′, 2′-difluoro-2′-deoxycytidine) is a nucleoside analog compound that is used
clinically as an efficient anti-neoplastic agent. It is effective in treating solid tumor and is
clinically available to treat breast, lung, ovarian, pancreatic and bladder cancers. Amino acid
ester conjugates of Gemcitabin were evaluated for binding with transporters using a
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radiolabeled substrate uptake assay. The result showed that these compounds serve as
substrate for either one or both of the peptide transporters PEPT1 and PEPT2.[67]

Another important membrane transporter that has been studied for targeted prodrug is the
sodium-dependent multivitamin transporter (SMVT). SMVT is expressed along the small
and large intestines and is responsible for the uptake of essential nutrients such as biotin,
lipoate, pantothenate [68], and peptides.[69] Minko’s group have shown that the PEG
conjugated anticancer drug Camptothecin (CPT) containing biotin increased the cytotoxicity
of CPT in human ovarian cancer cells via the SMVT mediated uptake.[70] The human
ovarian cancer cell line, A2780 (sensitive) and its multidrug resistant strain A2780/AD,
express high levels of SMVT that can be exploited to enhance the cytotoxicity of the
anticancer prodrug.[70] Similarly, the biotinylated polyimidoamine (PAMAM) dendrimer-
FITC conjugate, and biotinylated hydroxypropylmethacrylate (HPMA) polymer exhibited
much higher uptake into HeLa cell and ID8 murine cancer cells, respectively through
interaction between biotin and the SMVT.[71, 72]

V. Polymeric prodrug
(a) PEG-drug conjugate

Polyethylene glycol (PEG) is a water-soluble, amphiphilic polymer that has been approved
by FDA for oral, parenteral and topical administrations. It is extremely safe and can be
eliminated from the kidney (<50 kDa) or liver (>50 kDa) [73]. PEGylation is primarily used
to improve the physicochemical properties of macromolecules including antibodies,
enzymes and growth factors. Recent advances demonstrated that PEG can also be
conjugated to small molecule drugs to increase the targetability. Based on the molecular
weight of PEG, pegylation of small molecule drugs can be divided into two platforms, the
high-molecular-weight PEG prodrug and the low-molecular-weight PEG prodrug.

The high-molecular-weight PEG conjugated prodrug always involves PEG with a range of
molecular weight from 30 kDa to 60 kDa or even higher. In this strategy, PEG is simply
used to increase the size of the prodrug, leading to an increased circulation half-life and
modified biodistribution profile. The increased exposure of prodrug to tumor cells is
primarily caused by the enhanced permeation and retention (EPR) effect, a passive tumor
targeting mechanism. The large PEG conjugated prodrug probably is the most successful
platform for PEGylated small molecule drugs. Several PEGylated prodrugs are currently
undergoing clinical trials. NKTR-102, for instance, is a PEGylated irinotecan for the
treatment of colorectal cancer and other cancers. Irinotecan is a potent anticancer agent that
is metabolized to its active metabolite SN-38 in the body. A large PEG is conjugated to
irinotecan via a cleavable linker that will release irinotecan gradually in vivo. In two mouse
xenograft models, concentration of the active metabolite SN-38 in tumors was compared
between NKTR-102 and free irinotecan. NKTR-102 increases the half-life of SN-38 90-fold
(from 4h to 15 days) in colorectal cancer and 10 fold in lung cancer. The exposures of
SN-38 in colorectal and lung tumor tissues were increased by 390 fold and 58 fold,
respectively, after pegylation [74]. Preclinical study also demonstrated that NKTR-102 has a
superior anti-tumor effect in a colorectal cancer model [75]. In the phase I clinical trial, the
pharmacokinetics and anti-tumor activity of NKTR-102 were evaluated in patients who have
failed the prior standard treatment [76]. NKTR-102 showed a prolonged half-life in the
plasma for 50 days, compared to 47 hours of the free irinotecan formulation. Thirty-eight
percent of the patients showed a significant or partial response. Moreover, the response was
observed in various tumor origins including breast, ovarian, and cervical cancers. In addition
to NKTR-102, high-molecular-weight PEG have also been conjugated to other drugs such as
docetaxel (NKTR-105), SN-38 (EZN-2208), and camptothecin (Pegamotecan) [10]. Clinical
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data of these prodrugs confirm the value of this platform in extending the half-life and
improving the targetability of the parent drug.

The architecture of PEG is an important factor in determining the drug loading capacity. The
architecture of PEG can be liner, branched or even dendritic. Branched structure not only
increases the steric hindrance and extends the half-life of the prodrug, but also provides
more conjugation sites for parent drug. Take 40 kDa PEG as an example, drug loading of the
linear methoxy PEG is only ~1.25 wt%, while the linear diol PEG of 40 kDa increases the
value to ~1.7 wt% (e.g. Pegamotecan)[77]. If the 4-arm PEG is used, drug loading can reach
a value of 4.3~5.0 wt% (e.g. EZN-2208) [78].

The low-molecular-weight PEG prodrug contains PEG with a molecular weight less than
5000 Da. This platform is primarily designed to increase the water solubility and oral
bioavailability, as well as modify the biodistribution of small molecule drugs by decreasing
the penetration of a specific barriers such as Blood-Brain Barrier (BBB). One typical
example of this type prodrug is NKTR-118, a PEG-naloxol conjugates. Naloxol is a
derivative of the opioid antagonist drug naloxone. NKTR-118 was developed to treat opioid
bowel dysfunction, and opioid induced constipation which is caused by opioid overdose.
Phase I clinical trial results demonstrated a 10-fold increase in the oral bioavailability of
NKTR-118 compared to that of naloxone. In addition, NKTR-108 demonstrates a significant
lower BBB penetration than naloxone, which will help to maintain the pain relief effect of
opioid [79, 80].

(b) Other polymer-drug conjugate
Although PEG has been successfully exploited as a polymer for prodrug, it has a limited
number of functional groups for drug conjugation, which substantially reduces its drug
loading capacity. Instead, some other polymers including N-(2-
hydroxypropyl)methacrylamide (HPMA), polyglutamic acid (PGA) have more functional
groups that can increase the drug loading to as high as 37 wt% [81].

FCE28068 (PK1) is a HPMA-doxorubicin prodrug containing the Gly-Phe-Leu-Gly (GFLG)
peptide linker (8 wt%). FCE28068 exhibited substantially reduced anthracycline-associated
side effects even when the doxorubicin equivalent dose reaches 1680 mg/m2. There was also
no observed cardiotoxicity, which is the most common toxicity associated with doxorubicin.
Pharmacokinetic study showed that FCE28068 had a distribution half-life of 1.8 h and an
elimination half-life of 93h [82]. Although the antitumor activity was observed in patients
with colorectal cancer, non-small-cell lung cancer (NSCLC) or breast cancer during a phase
I clinical trial, only the patients with NSCLC or breast cancers showed a partial response in
the phase II clinical trial [83].

PGA is another promising polymer backbone for polymer-drug conjugate. Unlike PEG and
HPMA, PGA polymer chain is biodegradable. Therefore, longer PGA polymer chain (>60
kDa) can be used in prodrug even though its molecular weight is beyond of the renal
elimination limits. Moreover, PGA conjugated prodrug always has a very high drug loading
capacity. PGA conjugated to paclitaxel (CT-2103, Xyotax) has a drug loading of 37 wt
%[81], while the loading capacity of another PGA-camptothecin (CT-2106) also reaches
33~35 wt% [84]. Both of these PGA prodrugs have entered into Phase I/II trials [81, 85, 86].

(c) Polymeric prodrug nanoparticles
Polymeric prodrug can self-assemble to form a nano-scaled structure such as polymeric
micelle that is formed by a bi-block copolymer consisting of a hydrophilic component and a
hydrophobic core formed by the drug/polymer conjugate. For example, hydrophobic drug
can be conjugated to the aspartic acid segment of a block copolymer to form the
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hydrophobic core of the micelle, while the hydrophilic part will surround the hydrophobic
core as a hydrophilic shell. Most of these polymeric micelles use PEG as the hydrophilic
shell, while the hydrophoblic core varies depending on the design. Size of the micelle
generally ranges from 20 nm to 100 nm that is sufficient to increase the accumulation of
drugs in tumor tissues by the EPR effect. Polymeric micelle is proven to be stable enough to
circulate in the blood for a long time, while the isolated polymer chain is expected to be
eliminated by renal filtration. There are several polymeric prodrug micelles under clinical
evaluation including paclitaxel-incorporating micelle (NK105), cisplatin-incorporating
micelle (NC-6004) and SN-38-incorporating micelle (NK012) that have been extensively
reviewed by Matsumur.[87]

Another type of polymeric prodrug micelle is formed by a linear, cyclodextrin-containing
polymer. For example, IT-101 contains a single polymer chain of ~70k Da and self-
assembles into micelles in the range of 30~40 nm. Instead of hydrophobic interaction, the
micellar core is formed by the interaction between cyclodextrin and camptothecin.
Therefore, addition of organic solvent such as DMSO does not disassemble the micelle
structure. However, the micelle collapses after the addition of soluble adamantine (AD)
presumably by displacing camptothecin from the inclusion complex.[12] In the phase I
clinical trial, the half-life of IT-101 was improved to around 40 hours. Twelve patients were
treated with i.v. infusion every other week in the dose range of 6~18 mg/m2/wk. Three of
them, with pancreatic cancer, renal cancer and NSCLC, completed a 6-cycle treatment and
showed a progressive-free survival time of 18, 14, and 11 months, respectively [88]. Phase
II clinical trial in ovarian cancer was already initiated in 2008.

Prodrug can also be encapsulated in nanoparticles, micelles and lipid complexes. For
instance, it is difficult to formulate paclitaxel into lipid-based nanoparticles due to its limited
lipid solubility. Subsequently, cholesterol was conjugated to paclitaxel to form the prodrug
Tax-chol with an increased lipophilicity. Tax-chol was successfully encapsulated into lipid
nanoparticles composed of distearoyl phosphatidylcholine (DSPC)/triolein/Chol oleate/
PEGChol/f-PEG-Chol (40:40:18:2.0:0.5, mole/mole) with a diameter of 130 nm.
Encapsulation efficiency was greater than 90%, and the lipid complex exhibited an excellent
colloidal stability. Moreover, conjugation of the nanoparticles with folic acid dramatically
increased the cellular uptake and cytotoxicity in folate receptor positive cells [89].

(d) Pharmacokinetics of polymeric prodrug
Polymeric prodrug generally exhibits an improved pharmacokinetical profile than small
molecule drug. Polymeric prodrug either has a large molecular weight itself (10~100 kDa),
or assembles into nano-scaled structure. Therefore, polymeric prodrug demonstrates a longer
half-life as well as the passive targeting ability by the EPR effect. For example, the
pegylated prodrug NKTR-102 showed a half-life of 15 days in colorectal cancer, leading to
prolonged tumor exposure of the parent drug SN-38.[90] On the other hand, the clearance of
polymeric prodrug is an important issue during the prodrug design. As a large molecule, the
polymeric prodrug is hard to be cleared from the tissue if it is not biodegradable. Therefore,
most of the PEG molecules used in prodrug approach have a molecular weight less than 60
kDa, which is the limit for renal filtration.

VI. Enzyme cleavable prodrug
Enzyme cleavable prodrug is one of the most advanced strategies to design a targeted
prodrug. This approach further increases the targetability of a prodrug by releasing the
parent drug in tumor cells. Generally, the enzyme should be specifically located in tumors so
that only the prodrug in the target tumor cells can be cleaved to release the active agent,
leading to minimal side effects. However, only a limited number of enzymes have been
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proven to successfully activate prodrugs till now. Most of the enzymes are either widely
distributed or weak in the catalytic ability to cleave prodrugs in a short time.

Prostate specific antigen (PSA) and prostate membrane specific antigen (PSMA) might be
the two most popular enzymes that have been widely exploited for prodrug. PSA is a serine
protease that specifically cleaves seminal fluid protein semenogelin I and II [91]. Over-
expression of PSA is an established prognostic marker for prostate cancer. Moreover, the
enzymatic activity of PSA only exists in prostate cancer cells, but not in the systemic
circulation because of the presence of PSA inhibitors (α1-antichymotrypsin and α2-
macroglobulin) in the blood. Prodrugs that are specifically cleaved by PSA result in
accumulation in tumor tissues rather than other normal cells. Several peptide sequences have
been identified as PSA substrates, and the most widely used sequences are HSSKLQ and
SSKYQ. PSA recognizes these sequences and cleave the peptide at the carboxyl group of
tyrosine. Kumar et. al., reported that SSKYQ is a much more efficient substrate that has a
10-fold higher Kcat/Km value than that of HSSKLQ [92]. Several drugs including 5-
fluorodeoxyuridine (5FudR)[93], paclitaxel [94], cyclopamine[92], doxorubicin[95] and
thapsigargin[96] have been conjugated to these peptides. Another type of the PSA substrate
peptide consists of non-native amino acids. This substitution is believed to stabilize the
conjugates and avoid undesired proteolytic hydrolysis by chymotrypsin-like proteases in the
plasma. Simple substitution at one or two amino acids can maintain the cleavage efficiency
without compromising its specificity.[97]

Glutaryl-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Doxorubicin (L-377202) is an enzyme cleavable
prodrug [14]. N-terminal of the peptide was capped with a Glutaryl group that inhibits the
proteolytic hydrolysis caused by exopeptidase, and improves the solubility. Incorporating
the non-native amino acids (Hyp and Chg) into the sequence minimized the undesirable
hypotensive effect which was caused by the release of histamine [97]. This hybrid sequence
also increased the conjugation stability and PSA specificity. In the preclinical study,
L-377202 showed a comparable activity to doxorubicin in PSA-positive prostate tumor
cells, but not in normal epithelial cells or PSA-negative prostate tumor cells. Moreover,
L-377202 demonstrated a 15-fold more potent anti-tumor effect than doxorubicin in a nude
mouse model. The improved therapeutic index was correlated with the selective localization
of the prodrug in the PSA-positive prostate tumor cells. Compared to conventional
doxorubicin, L-377202 exhibited 5~10 fold higher concentration of drug in tumor tissues,
while a 10-fold less accumulation in the heart.[14]

PSMA is a type II membrane glycoprotein (100 kd) with an extensive extracellular domain
of 706 amino acids, a transmembrane region of 24 amino acids, and a short intracellular
domain of 18 amino acids.[98] It is a well known tumor antigen and the expression of
PSMA in prostate cancer cells, especially the most advanced androgen-resistant prostate
cancer cells, are about a thousand-fold greater than the expression in normal tissues.[98] The
over-expression of PSMA is actually a predictive indicator for recurrence in primary
prostate cancer.[99] Taken together, PSMA is an ideal target for the development of a
targeted prostate cancer prodrug [100]. Moreover, as an exopeptidase, PSMA catalyzes the
hydrolysis of N-Acetylaspartylglutamate (NAAG) to Glutamate and N-Acetylaspartate,
making it a good candidate for the enzyme-cleavable prodrug design. However, only one
PSMA substrate peptide has been identified, which limits its application in prodrug [101].

VII. Enzyme activated prodrug
Some anti-cancer drugs might be effective and curative only if given at a much higher dose
than currently used in the clinic. Prodrugs activated by enzymes that are specifically
expressed in tumors can efficiently deliver chemotherapy drugs at least 50-fold the
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maximum recommended dose and subsequently kill the tumor cells [1]. In this approach the
site-specific drug delivery is achieved by activation of the prodrug by enzymes that are
either unique to the target tumor cells, or present at a much higher concentration in tumor
cells compared to other tissues.[6] However, human tumors that express a significantly high
level of activating enzymes are rare [102].

Two strategies have been developed to overcome this limitation. The first one is known as
the antibody-directed enzyme prodrug therapy (ADEPT). The activating enzyme, conjugated
to a tumor-specific antibody, is delivered into tumor cells, followed by administration of the
prodrug that is inert until it is activated by the enzyme. The second strategy is to deliver the
gene encoding the activating enzyme into tumor cells, followed by the prodrug
administration. This approach is known as gene-directed enzyme prodrug therapy (GDEPT)
or virus-directed enzyme prodrug therapy (VDEPT). Both ADEPT and GDEPT specifically
activate the prodrug in tumor cells, thus avoids the systemic toxicity associated with most
chemotherapy drugs.

a) Antibody-directed enzyme prodrug therapy (ADEPT)
In this approach, the activating enzyme, not the drug, is specifically delivered into tumor
cells using a tumor-specific antibody. The enzyme is linked to an antibody either chemically
or using the recombinant DNA technology to produce a fusion protein consisting of the
enzyme and antibody. Targeted delivery of the enzyme-antibody conjugates to tumor cells
creates a micro-environment in which the enzyme converts the prodrug to an active agent.
The major advantage of this approach is that a single molecule of enzyme can generate
hundreds of active molecules per second from the prodrug. Secondly, not all cells in the
tumor tissue are required to take up the enzyme-antibody conjugates because the drug
molecules released by the enzyme would diffuse to adjacent cells that do not take up the
enzyme [1]. Different combinations of enzymes, antibodies, and prodrugs have been
successfully adopted to target a variety of human cancers that are otherwise quite resistant to
the conventional chemotherapy.[103]

Disadvantages of this approach include: i) immunogenicity of the enzyme-antibody; ii)
possible activation of prodrugs by the unbound enzyme-antibody circulating in the blood;
and iii) the conjugation heterogeneity.[104, 105] The immunogenicity associated with
murine antibodies and bacterial enzymes can be solved by replacing them with humanized
antibodies.[106] For example, the murine anti-TAG-72 mAb (CC49) used in a phase I
clinical trial for ovarian cancer induced human anti-mouse-antibody response [107].
However, another pilot clinical trial demonstrated that the humanized anti-TAG-72 antibody
did not induce any immunogenic response, and the antibody is suitable for tumor targeting
in human patients with high specificity and affinity [108]. Moreover, the same group
demonstrated that this anti-TAG-72 humanized antibody (HuCC49ΔCH2) conjugated β-
galactosidase selectively activated the geldanamycin prodrug (17-AG-C2_Gal). The released
active drug 17-AG-C2 entered the cancer cells, bound to Hsp90 and induced AKT
degradation up to 70%, leading to an enhanced anticancer activity by more than 25 folds
compared to the prodrug [109]. Table 5 summarizes various antigenes and antibodies that
have been used in ADEPT.

b) Gene-directed enzyme prodrug therapy (GDEPT)
GDEPT, also known as VDEPT or gene prodrug activation therapy (GPAT), is an effective
prodrug approach to target tumors by delivering a gene encoding an activating enzyme into
tumor cells, followed by a systemic administration of an inactive prodrug which is converted
to its active parent drug by the expressed enzyme in the tumor cells. GDEPT is similar to
ADEPT in that both use a non-endogenous enzyme to activate a prodrug. The difference lies

Mahato et al. Page 12

Adv Drug Deliv Rev. Author manuscript; available in PMC 2012 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the location where the prodrug is activated. The prodrug is activated extracellularly in
ADEPT, but intracellularly in GDEPT [1, 6]. Therefore, the enzyme/prodrug combination
that is suitable for ADEPT may not be suitable for GEDPT.

Bacterial or viral enzymes are preferred for the GDEPT approach due to following reasons:
i) intracellular expression of the enzyme only induces a negligible immune reaction; ii) most
of these enzymes have no corresponding activities in humans; iii) bacterial proteins tend to
have fewer requirements for the post-translational modification, whereas a more complex
eukaryotic protein may not fold properly in different species.[1, 111]

Cytotoxic effects of the active drugs on non-transduced neighboring cells is called the
bystander effect. This occurs when the active drugs leave the transduced cell and kill the
neighboring cells that do not express the activating enzyme. There are several explanations
for the mechanism: i) the active drug remains entrapped in the vesicles of dead tumor cells,
which are then phagocytosed by nontransduced cells [112]; ii) the active parent drug can
diffuse through the gap junction between adjacent cells [113]; and iii) the active parent drug
is small and soluble (for example, 5-fluorouracil) enough to diffuse across cell membrane to
affect adjacent cells.[114]

A phase I clinical trial for the treatment of breast cancer demonstrated that GDEPT could be
safely applied in human patients without local or systemic complications. The gene
expression vector contains the proximal erbB-2 promoter to specifically express the cytosine
deaminase enzyme in erbB-2 positive tumor cells, followed by systemic infusion of the
prodrug 5-Fluorcytosine that is converted into its toxic metabolite 5-fluorouracil. [115] Also,
they verified that expression of this enzyme was highly selective in the tumor cells. Tumor
regression was observed in patients who received this GEDPT. Furthermore, they did not
observe any side effects or complications associated with this treatment, such as insertional
mutagenesis, anti-DNA antibody formation, local infection or tumor nodule ulceration.[115]

Similar results were also observed by another group. Ring et al. constructed a chimeric
promoter consisting of the erbB-2 promoter and the MUC1 enhancer, resulting in an
increased sensitivity of MUC1-positive tumor cells to ganciclovir. This promoter/enhancer
was used to drive the expression of the suicide gene thymidine kinase. In pancreatic and
breast cancer cells that were transfected with the retrovirus containing this expression
cassette, only the MUC1 positive cells were killed by the prodrug ganciclovir. [116, 117]

Using GDEPT one can also increase tumor selectivity by incorporating a tumor-specific
regulatory element in the gene expression vector.[118, 119] For example, GDEPT virus
vector has been successful used to target prostate cancer cells by using the PSA-specific
promoter or the PSMA-specific promoter/enhancer [120]. Another enzyme that has been
used to target certain cancers is cytochrome p450, also known as CYP. The anticancer drugs
such as IFA [121], AQ4N [122] and anthracycline MMDX [123] have been used with the
vector encoding the p450 enzyme. These prodrugs are metabolized by the p450 enzyme to
the active agents. Intratumoral expression of the p450 enzyme dramatically increased the
antitumor activity of MMXD in a SCID mouse xenograft model [123]. Table 6 summarizes
the enzyme activated prodrugs undergoing clinical trials.

VIII. CONCLUSION
Prodrug provides a powerful and versatile tool to improve the pharmaceutical properties of a
drug via various chemical modifications or conjugations with a promoiety. Despite the
remarkable progress achieved in the classic prodrug design, the targetd prodrug is still in its
infancy, and more efforts are needed to establish its role in cancer therapy. The first-ever
FDA-approved antibody-drug conjugate (Mylotarg) was withdrawn from the market in 2010
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due to its ineffectiveness and severe side effects found in the post-approval clinical trial.
Nevertheless, numerous targeted prodrugs are undergoing clinical trials after the proof-of-
concept has been convinced in preclinical studies. Immunogenicity, cell permeability, and
cell specificity are the three major obstacles in the development of an efficient targeted
prodrug.

Immunogenicity can be addressed by using humanized antibody or other alternative ligands
such as peptides and aptamers. Similarly, using antibody fragments or small ligands could
improve the permeability of a prodrug. The central hypothesis of a targeted prodrug is the
specific expression of an antigen on tumor cells that can be recognized by natural or
artificial ligands. Consequently, the most critical aspect of developing an efficient targeted
prodrug is the selection of a tumor-specific antigen and its ligands that can be conjugated to
the parent drug or activating enzyme. Unfortunately, there are only a limited number of
tumor-specific antigens that have been identified and many of them are endogenously
expressed in other normal tissues, leading to a nonspecific toxicity of the prodrug. Hence, it
is essential for scientists to validate the specificity of the antigen in animal studies rather
than in vitro studies. Moreover, identifying targeting ligands with is another challenge. Due
to the various limitations of intact antibodies, antibody fragments or small artificial ligands
such as peptides and aptamers are preferred for the targeted prodrug approach. However,
screening of peptide or aptamer ligands with a high affinity is time consuming and very
difficult. In the future, focusing on identification of tumor-specific ligands with high
affinity, high specificity, high stability, low immunogenicity, and high permeability will be
important for the success of a targeted prodrug.
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Figure 1.
General design of a prodrug.
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Figure 2.
Structure of the prodrugs Mylotart, Trastuzumab-DM1, and CMC-544.
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Figure 3.
Schematic diagram of the ADEPT. The antibody conjugated enzyme specifically binds to
antigens on tumor cells. Next, prodrug is administered and then activated by the conjugated
enzyme to the active parent drug which induces cytotoxic effects on tumor cells.
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Figure 4.
Schematic diagram of the GDEPT. A gene expression vector that encodes an activating
enzyme is delivered into tumor cells. The activating enzyme is then expressed intracellularly
to activate a prodrug into its active parent drug. The active drug can migrate to adjacent
nontransfected tumor cells, which is called the bystander effect.
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Table 1

Common linkers used in prodrug conjugation

Linker Chemical structure

Ester

Carboxyl ester

Carbamate ester

Carbonate ester

Phosphate ester

Amide
Peptide bond

Other linkers

Oxime and imine

Disulfide bond

Thioether bond
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Table 2

Antibody-conjugated prodrug

Prodrug Antigen Antibody Tumor target Phase status

Mylotarg (Gemtuzumab-ozogamicin) CD33 Gemtuzumab (anti-CD33) Acute myeloid leukemia (AML) II/III/IV*

Trastuzumab-DM1 (T- DM1) HER-2 Anti-HER2 mAb HER-2 positive Breast cancer II/III*

IMGN901 (huN901-DM1) CD33 Gemtuzumab (anti-CD33 mAb) Acute myeloid leukemia (AML) II & III

MLN2704 PSMA Humanized anti- PSMA mAb PSMA positive Breast cancer I & II

huC242-DM1 CD56 Anti-CD56 Ab CD56 positive small cell
carcinoma

II

huC242-DM4 PSMA Anti-PSMA mAb PSMA positive prostate cancer I & II*

cAC10-vcMMAE CanAg Anti-CanAg mAb (huC242) CanAg positive solid tumors I

cAC10-vcMMAE CanAg Anti-CanAg mAb Chimeric mAb Gastric Cancer I & II

cAC10-vcMMAE CD30 cAC10 Hodgkin disease Xenograft model

*
Information was gathered from 1(http://www.immunogen.com); 2(http://clinicaltrials.gov); 3(http://www.immunogen.com).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2012 July 18.

http://www.immunogen.com
http://clinicaltrials.gov
http://www.immunogen.com


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mahato et al. Page 27

Table 3

Peptide-drug conjugate

Peptide Sequence Linker Drug Conjugate Reference

LHRH analog Gln-His-Trp-Ser-Tyr-D-Lys-Leu-Ar-Pro-NH-Et. (Lys-6-des-Gly-10-Pro-9-ethylamide) PEG Camptothecin [42, 43]

Dimeric
Cyclic RGD
peptide

E[c(RGDyK)]2 Paclitaxel [44]

Pep42 CTVALPGGYVRVC Val-Cit Paclitaxel, Doxorubicin [45]
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Table 4

Membrane Transporters-conjugated prodrug

Organ Disease Condition Membrane Transporter Prodrug Reference

HeLa-PEPT1 tumor cells PEPT1 Bestatin [66]

Colon Liver Colon cancer metastatis
Hepatic metastasis

PEPT1 Floxuridine [64]

Breast, Lung, Ovary, Pancreas, Bladder Solid tumor PEPT1 and PEPT2 Gemcitabin [67]

Ovary Ovarian cancer cell SMVT Biotinylated Camptotheci [70]

ID8 murine cell line SMVT Biotinylated HPMA [72]

HeLa Cell line SMVT Biotinylated PAMAM [71]
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Table 5

Antigenes and antibodies used in ADEPT prodrugs

Prodrug Antigen Antibody Tumor Target Phase status

MFECP1 + ZD2767P Murine anti-CEA scFv CEA positive tumors I/II

A5CP + ZD2767P Murine anti-CEA F(ab)2 Advanced CRC I [110]

Vinca-cephalosporin Carcinogenic
embryogenic
antigen (CEA)

CEM2314 Colon carcinoma Cell line [104]

Phenylenediamine mustard-cephalosporin L6 Lung adenocarcinoma Cell line and animal
model [104]

Doxorubicin phosphate L6 Lung adenocarcinoma Cell line [104]

Phenolmustard phosphate L6 Lung adenocarcinoma Cell line [104]

Etoposide phosphate CEA BW431 Colon carcinoma Cell line [104]

Mitomycin C phosphate L6 Lung adenocarcinoma Cell line [104]
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Table 6

Enzyme activated prodrugs in clinical trials

Enzyme Prodrug Cytotoxic drug Application Phase status

Cytosine deaminase Gancyclovir, 5-FC Ganciclovir, triphosphate, 5-FU GDEPT I [1, 115, 124,
125]

Thymidine Kinase Ganciclovir GDEPT, I, II [126–128]

Cytochrome-P450 Cyclophosphamide, Ifosfamide, Phosphamide mustard, Acrolein GDEPT I, II [129, 130]

Nitroreductase 5-(Aziridine-1-yl)-2,4-dinitrobenzamide (CB1954)
4-Nitrobenzyloxycarbonyl derivative

5-(Aziridine-1-yl)-4-hydroxylamino-2-nitrobenzamide GDEPT I [131–133]

Carboxypeptidase G2 (CPG2/CMDA) Benzoic acid mustard glutamate, e.g. CMDA
ZD2767P

Benzoic acid mustards CJS11 ADEPT, GDEPT I, II [134, 135]

B-Lactamase Vinca-cephalosporin
Phenylenediamine mustard-cephalosporin
Nitrogen-mustard-cephalosporin

4-Desacetylvinblastine-3-carboxhydrazide,
Phenylenediamine mustard, Nitrogen mustards

ADEPT

Alkaline phosphatase Phenolmustard phosphate, Doxorubicin
phosphate, Mitomycin phosphate, Etoposide
phosphate

Phenolmustard, Doxorubicin, Mitomycin alcohol,
Etoposide

ADEPT
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