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Abstract: In the search of novel enzyme-based prodrug approaches to improve
pharmacological properties of therapeutic drugs such as solubility and bioavailability,
dipeptidyl-peptidase IV (DPP IV, also termed as CD26) enzyme activity provides a
previously unexplored successful prodrug strategy. This review covers key aspects of the
enzyme useful for the design of the CD26-directed prodrugs. The proof-of-concept of this
prodrug technology is provided for amine-containing agents by directly linking
appropriate di- (or oligo)peptide moieties to a free amino group of a non-peptidic drug
through an amide bond which is specifically hydrolized by DPPIV/CD26. Special
emphasis will be also made in discussing the design and synthesis of more elaborated
tripartite prodrug systems, for further extension of the strategy to hydroxy-containing
drugs. The application of this technology to improve water solubility and oral

bioavailability of prominent examples of antiviral nucleosides will be highlighted.
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INTRODUCTION

Most of the different approaches to design novel drug leads mainly focus on a potent
and/or specific drug interaction with an often validated target protein. However, such lead
compounds may not have favorable drug-like properties with regard of physicochemical,
pharmacokinetic and/or pharmacodynamic properties. Therefore, such candidate drug
leads may encounter significant problems during the later steps in clinical drug
development.

The term prodrug, designated by Adrien Albert [2] in 1958, mainly refers to
biologically inactive derivatives of a drug molecule that require a (in vivo) chemical or
enzymatic transformation to release the active parent drug in the body [3, 4]. Simple
prodrugs usually contain a covalent bond between a transport moiety or promoiety and

the drug molecule (Fig. 1).

barrier

A promOiety i

T chemical or enzymatic transformation

promoiety Drug promoiety Drug

0

Fig. (1). An illustration of the prodrug concept to overcome
or diminish various barriers to drug delivery.

In the process of drug discovery and development, prodrugs represent a useful tool
widely used to improve the physicochemical, biopharmaceutical and/or pharmacokinetic
properties of pharmacologically active compounds and thus, to enhance the development
and utility of a potential drug [5-10]. Thus, prodrugs are designed to mask or avoid an
unwanted characteristic of a drug. For example, prodrugs can overcome several obstacles
in the formulation and delivery of a drug such as low chemical stability, insufficient
aqueous solubility, poor oral absorption, inadequate blood-brain barrier permeability,
marked presystemic metabolism and unacceptable toxicity (Fig. (1)) [11-18]. Prodrugs
can also be designed to achieve targeted delivery (e.g. brain, liver or tumor targeting)

rather than oral bioavailability [19-21]. Their importance is supported by the increasing



number of approved new drug entities that function, in fact, as prodrugs. Thus, it is now
estimated that approximately 10% of drugs approved worldwide may be categorized as
prodrugs and many new prodrug derivatives are currently being investigated [4, 10, 13-
15].

According to the type of drug that has to be released, several prodrug approaches have
already been reported. Among them, the classical prodrug approach, which involves
enzyme-sensitive covalent bond between the parent drug and a promoiety, represents a
well established technology to overcome the problems of poor solubility/bioavailability
and toxicity [3, 4, 10, 16-18]. Ideally, the promoiety should be non-toxic, easy to
synthesize, stable under the conditions of prodrug administration and should undergo
easy biodegradation to non-toxic metabolites.

Amino acids have been widely used as promoieties to improve poor aqueous solubility
and poor oral bioavailability issues of drugs [22, 23]. The introduction of amino acids to a
parent drug often enhances the water solubility by various orders of magnitude due to the
ionized ammonium cation or carboxylate anion present in the polar/ionizable functional
groups of the side-chains. Thus, there are several reported examples of amino acid ester
prodrugs that have been explored as water-soluble derivatives for oral administration [24-
27]. Amino acid prodrugs have also led to an increase in permeability, and consequently
to an increase in oral bioavailability, by targeting intestinal peptide transporters [28].
Classical examples of amino acid nucleoside prodrugs are the antiherpetic nucleoside
analogue prodrugs valacyclovir (Valtrex®) and valganciclovir (Valcyte®) [29, 30].
These valyl esters are endowed with a 3-5 fold increase in oral bioavailability. This could
be explained by their strong specific interaction with the human peptide transporter
hPEPT-1 [31-33] and ATB"* transporters [34, 35] that seem to recognize (part of) the
valine configuration, resulting in the interiorization of the prodrugs in the intestinal cells.
Then, cellular esterases are responsable to release the amino acid part (valine) from the
prodrug, allowing free parent drug to appear in the blood stream [36]. Other amino acid
residues were also used as promoieties, however, the valine appears to have the best
combination of carbon chain length and branching at the beta carbon of the amino acid
for intestinal absorption. Moreover, the nature of the amino acid promoiety also strongly
affects the chemical stability of prodrugs. Steric factors can explain why the addition of a
L-valine residue bearing a ramified side chain resulted in a fair, reasonable good chemical

stability over the physiological pH range whereas other amino acids are subjected to



faster undesirable chemical hydrolysis [22, 37]. To enhance the chemical stability of the
labile ester bond, the amino acid ester prodrugs are generally isolated in their salt forms.

More recently, amino acid prodrugs were also utilized succesfully for sustained release
(e.g. D-amphetamine) [38], intravenous administration (e.g. metronidazole [39, 40] and
rapamycin [41]) and improve metabolic stability (e.g. gemcitabine prodrugs [42]).

The previous strategies to enhance solubility and oral bioavailability indicate,
however, mostly amino acid prodrugs (only one amino acid is attached) of small organic
molecules whereby the amino acid is usually coupled to the parental drug through ester
bonds, which allows easy conversion back to the free parent drug by esterases. However,
there are many ester prodrugs that possess low chemical stability at physiological pH and
it is difficult to predict their rates of bioconversion and, thus, their pharmacological or
toxicological effects. On the other hand, attachment of drugs to amino acids or peptides
through amide bonds is a strategy much less used due to the high metabolic stability of
the amide bond. Unless there is a specific enzyme, the rates of hydrolysis of the prodrugs
are generally low and the release does often not take place in vivo at sufficient rate [3, 4].

With the aim of exploring innovative enzyme-based prodrug approaches, in the last
years a new prodrug technology was reported which can be used to improve the
solubility, the bioavailability of therapeutic drugs, or both. The new technology involves
the preparation of conjugates of therapeutic drugs with a peptide moiety, so that the
conjugate is specifically recognized by the ubiquitous dipeptidyl-peptidase IV (DPP IV)
enzyme (Fig. (2)) [43]. This approach can improve the solubility and/or bioavailability of
drugs in a potentially more favorable manner since, instead of a single amino acid
residue, di- (or oligo)peptide moieties are coupled to a drug molecule (resulting in higher
structural diversity and chemical stability). Furthermore, the drug is attached to the di- or
oligopeptide via a more chemically stable amide linkage (instead of a more labile ester
linkage) which is specifically recognized by the endogenous DPP IV enzyme. The fact
that this enzyme is abundantly present in plasma in its soluble form, and in various types
of cells, will ensure that eventually the parent drug will be released from the prodrug. It is
not expected that the prodrug possesses additional side-effects following conversion to

the original drug because a natural, non-toxic peptide moiety would be released.
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Fig. (2). H-[(Xaa-Pro),]-[drug] prodrugs cleavable by DPP IV/CD26.

This review covers key aspects of the enzyme for the design of the prodrugs, the origin
of the prodrug approach and the proof-of-concept of the novel prodrug approach in
amine-containing compounds. With the goal of illustrating the scope of the technology,
this manuscript also provides the extension of the prodrug approach to hydroxy-
containing drug derivatives, and highlights the application of the strategy to improve both
water solubility and oral bioavailability of prominent examples of antiviral nucleosides of
highly lipophilic nature. Furthermore, practical considerations and challenges associated
with the development of DPP IV-based prodrugs will also be discussed. We believe that
scientists working in the field of drug discovery and development may find this review as

a source of inspiration for drug optimization.
DIPEPTIDYL-PEPTIDASE IV/CD26 ENZYME

The lymphocyte surface glycoprotein CD26, originally described as a T-cell
activation/differentiation marker [44], represents a member of an unique type of
membrane-associated peptidases. It features a set of several functional characteristics and
it is identical to dipeptidyl-peptidase IV (DPP IV, EC 3.4.14.5) [45-49]. DPP IV/CD26 is
classified within the prolyl oligopeptidase family, a group of atypical serine proteinases
capable of hydrolyzing a prolyl peptide bond. The 766-amino acid-long enzyme has a
short cytoplasmic tail of six amino acids, and it is anchored into the cellular lipid bilayer
membrane by a single hydrophobic segment. The membrane anchor to a C-terminal
catalytic peptidase domain, a cystein-rich region, and a large extracellular glycosylated
area [50]. In mammals this enzyme is widely expressed. It is not only expressed on a
variety of subsets of leukocytes (e.g. T cells, B cells, macrophages) but also it is also
strongly expressed on epithelial, endothelial and fibroblast cells [45-49]. DPP 1V/CD26
also exists as a soluble form present in seminal fluid, plasma and cerebrospinal fluid. This

soluble form lacks the intracellular tail and the transmembrane regions [45, 48].



This enzyme possesses a dipeptidyl peptidase catalytic activity. It specifically hydrolyzes
the amide bond after the penultimate N-terminal amino acid residue (according to Berger
and Schechter 1970, P1 residue) of natural peptides [50]. DPPIV/CD26 specifically
cleaves X-Pro, or to a lesser degree X-Ala dipeptides from the N-termini of proteins and
natural peptides. A well-defined and narrow hydrophobic S1 pocket of the enzyme,
bordered by residues Y631, V656, W659, Y662, Y666 and V711, determines this
specificity [50]. The side-chain of the N-terminal residue (P2 residue) of the peptide
substrate points to a large cavity S2 in the enzyme that gives rise to low specificity for
this position. Nevertheless, it is known that this enzyme preferentially recognizes
hydrophobic N-terminal residues (e.g. Val) followed by basic (e.g. Arg, Lys), neutral or
polar neutral (e.g. Gly, Ser, Gln) and finally showed the least favorable substrate
properties in the presence of acidic (e.g. Asp, Glu) residues. A free N-terminus is
necessary in order to split-off the dipeptide unit from oligopeptides or polypeptides.
Polypeptides containing the third N-terminal amino acid position a proline,
hydroxyproline or N-methyl glycine residue are not recognized as substrates by the
enzyme [51, 52].

Various cytokines, hematopoietic growth factors, neuropeptides and hormones (with the
X-Pro or X-Ala motif at their N-terminal end) are examples of effective substrates for the
enzyme [45, 48]. Interestingly, the presence of a proline at the N-terminus is useful as
structural protection against non-specific proteolytic degradation [53]. The DPP IV/CD26
enzyme also efficiently recognizes substrates peptides of different length, from very
small natural peptides (e.g. the pentapeptide enterostatin) [54] to larger peptides (e.g.
RANTES chemokines SDF-la and IP-10) of 68- to 77-amino acids [55-57]. The
recognition of these peptides by the enzyme results in modulation of their activity,
activation, or initiation of degradation depending on the nature of the peptide [48].

It has been described that the tripeptide glycylprolylglycinamide (GPG-NH,) inhibits
HIV replication in non-toxic concentrations in cell culture [59, 60]. Since there was a
proline residue in the penultimate amino acid at the amino terminus, it was examined
whether GPG-NH, could act as a substrate for DPP IV/CD26. It was demonstrated that
GPG-NH2 was not active against HIV itself but, instead, acts as a prodrug that need
obligatorily hydrolyzed by the enzyme DPP IV/CD26 to glycinamide (G-NH,) for
exerting anti-HIV activity in cell culture. It was the first demonstration that a synthetic

small molecule GPG-NH, (antivirally inactive) could be converted to an active antiviral



drug through the specific action of the DPP IV/CD26 enzyme for the liberation of the
active G-NH, from the molecule [61].

These results prompted us to investigate whether the presence of DPP IV/CD26
activity in serum/plasma, and on several types of cells, could be used for the design of an
entirely novel enzyme-based prodrug technology for improving the solubility and the
bioavailability of therapeutic agents or both. Such properties may open entirely new
perspectives to implement DPP IV/CD26 activity as a tool for the design of a novel
prodrug technology. First interest was given on amine-containing drugs that contain a
free amino group that could be directly attached to the carboxyl group of appropriate di-
(or oligo)peptide promoieties through an amide bond which may then be specifically

hydrolyzed by the DPP IV/CD26 enzyme.

APPLICATION OF THE PRODRUG APPROACH TO AMINE-CONTAINING
DRUGS

Human immunodeficiency virus (HIV), the etiological agent of AIDS, mainly infects
lymphocytes or macrophages. These types of cells abundantly express DPP IV/CD26
enzyme in their membrane. Thus, anti-HIV compounds were initially investigated, for the
validation of this prodrug technology. In particular, attention focused on TSAO
derivatives, a unique family of potent and highly specific inhibitors of human
immunodeficiency virus type 1 (HIV-1) replication discovered in 1992 [62, 63] in our
laboratories in collaboration with the Rega Institute for Medical Research. The prototype
compound is [1-[2°,5°-bis-O-(tert-butyldimethylsilyl)-B-D-ribofuranosyl]thymine]-3’-
spiro-5”-(4”-amino-1",2”-oxathiole-2”,2”-dioxide) designated as TSAO-T (1) (Fig. (3))
[63-65]. Given that the reactivity of the 4”-amino group of the spirosultone ring moiety is
very low [66] (among the more than 900 TSAO derivatives synthesized over the years
[65]), the N-3 aminopropyl TSAO-T derivative (NAP-TSAO-T, 2) (Fig. (3)) [67] was
selected as a model amine compound because its primary amine would easily enable the
formation of an amide bond with the appropriate peptide promoiety. Moreover, it is
known that this TSAO derivative shows similar antiviral activity compared to the

prototype TSAO-T [67].
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Fig. (3). Structures of TSAO derivatives 1 and 2 and H-[Xaa-Yaa]-[NAP-TSAO-T]
conjugates of general formula L.

To investigate whether DPP IV/CD26 would recognize and hydrolyze dipeptide
sequences linked to a non-peptide molecule, several dipeptidyl amide prodrugs of TSAO
molecules of general formula I (Fig. (3)) deprotected at the N-terminus of the peptide
were designed as examples of bipartite prodrugs [68]. The Val-Pro dipeptide sequence,
easily recognized by the enzyme in natural peptides, was first selected as promoiety on
model prodrug 3 (Fig. (3)). The synthesis of the target model conjugate was
straightforward by coupling of NAP-TSAO-T 2 with Z-Val-Pro-OH dipeptide under
standard coupling conditions (BOP and TEA) followed by deprotection of the N-terminal
amino group through catalytic hydrogenation [68]. Stability data of the model prodrug in
the presence of purified DPP IV/CD26 revealed that the enzyme recognized the prodrug
as an efficient substrate, releasing the parent compound. It was demonstrated that the N-
terminus of the dipeptide moiety of the prodrug should be deprotected to act as a
substrate of the enzyme since the corresponding Z-protected derivative was completely
inactive in this assay. Human serum (HS) and bovine serum (BS) also efficiently
hydrolyzed prodrug 3 to release the parent drug. Interestingly, when these stability
studies were carried out in the presence of two inhibitors of DPP IV/CD26 (Diprotin A
and IlePyr) [69-71] the conversion of prodrug to the parent compound was completely
blocked. These data pointed to DPP IV/CD26 as the major enzyme responsible in HS and
BS for removing the dipeptide promoiety from the prodrug. These findings showed, for
the first time, that dipeptides linked to a non-peptide molecule (model prodrug 3) could
be efficiently recognized, and hydrolyzed, by the specific action of DPP IV/CD26
enzyme [68].
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In order to scan the substrate activity requirements for the DPP IV/CD26 enzyme a
first set of TSAO prodrugs was prepared. In this series the proline of the model prodrug 3
was maintained and the valine was changed by a wide range of natural amino acids (Xaa)
such as hydrophobic (Ala, Phe, Tyr), basic (Lys), neutral (Gly, Asn) or acidic amino acid
residues (Asp, Glu) (compounds 4-11, Table 1) [68]. Also, in the second series of
prodrugs the valine remained and the proline was replaced by various natural (Ala, Gly,
Leu and Phe) and unnatural amino acids such as D-Pro or modified prolines whose
substrate specificity is unknown in naturally occurring peptides (compounds 12-19, Table
1). Enzymatic stability studies showed that the reported substrate specificity of DPP
IV/CD26 to hydrolyze natural peptides [72] proved also valid when a synthetic
compound such as TSAO was attached to a dipeptide. Hydrophobic, aliphatic and basic
residues at the amino terminal position (AlaPro and LysPro derivatives 4 and 7) were
among the most efficient substrates, whereas negatively charged residues such as Asp
(AspPro derivative 11) ranked between the least efficient substrates of DPP IV/CD26.
When the proline was replaced by either a natural or an unnatural residue, none of the
compounds, except the expected ValAla prodrug 12 and the Val-hydroxyproline prodrug
18, showed significant substrate activity against DPP IV/CD26. Similar results were
obtained in HS and BS media.

The cLogP values from the various dipeptidyl prodrugs of NAP-TSAO-T revealed that
the lipophilicity could also be substantially modulated according to the nature of the N-
terminal amino acid (Table 1). Therefore, the half-life and the lipophilicity of the
dipeptidyl prodrugs could be significantly varied (cLogP between 3.88 and -0.69) by
mostly changing the nature of the N-terminal residue of the dipeptide XaaYaa, in

function of the particular needs [68].

Table 1. Conversion of H-[XaaYaa]-[NAP-TSAO-T] conjugates to parent compound 2 in
the presence of purified DPP IV/CD26 (1.5 mUnits) after 1, 4 or 24 h of incubation and

cLogP values.

Comp. H-Xaa-Yaa Percent of conversion (%) to parent cLogP*
compound 2
1h 4 h 24 h

2 - - - - 2.70

3 (model) | Val-Pro 37 62 61 3.39

4 Ala-Pro - 81 88 247

5 Phe-Pro - 37 58 3.88
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6 Tyr-Pro 43 66 79 321
7 Lys-Pro - 85 99 2.17
8 Gly-Pro 5 20 58 2.16
9 Asn-Pro - 27 73 1.31
10 Glu-Pro - 48 92 -0.69
11 Asp-Pro - 7.9 30 -0.27
12 Val-Ala 0 6.5 35 2.73
13 Val-Gly 0 0 0 242
14 Val-Leu 0 0 0 4.19
15 Val-Phe 0 0 0 4.15
16 Val-DPro 0 2.2 4.2 3.39
17 Val-Hyp(Bzl) | - 0 0 5.11
18 Val-Hyp 4.1 18 43 2.51
19 Val-DHP 0 0 0 2.44

*The cLogP was calculated using the algorihtm available at the ChemDraw 8.0 program.

In a subsequent report [73], a series of tetrapeptide amide prodrugs of NAP-TSAO
(Fig. (4)) were synthesized and their ability to act as efficient substrates for both purified
enzyme DPP IV/CD26 as well as human and bovine sera was assayed, with the aim of
studying the influence of the length and nature of the peptide promoiety in the half-life

and the physicochemical properties of the prodrugs.
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Fig. (4). Structure of tetrapeptidyl TSAO conjugates 20-23,
novel two-step activation prodrugs of NAP-TSAO-T in the
presence of DPP IV/CD26.
It was shown that tetrapeptide analogues of NAP-TSAO efficiently released the parent
compound by DPP IV/CD26 in two successive reaction steps. The conversion efficiency
relied on the nature of the amino acids, being the ValProValPro derivative 20 the more

efficient substrate of the enzyme to release the parent compound (more than 80%

12




conversion to the parent compound after 4 h incubation in the presence of DPP
IV/CD26). In the enzymatic conversion reaction, it was not possible to detect dipeptidyl
ValPro intermediate from the tetrapeptide prodrug. In contrast, with the LysProAspPro
prodrug derivative 23 the intermediate dipeptide analogue was formed in abundance
within 15 min of the reaction after which it was produced a slow hydrolysis to parent
derivative (Fig. (5)) [73]. These findings fully agree with the different substrate
preferences known for this enzyme (amino-terminal LysPro and ValPro being very
efficiently cleaved from the natural peptides and the amino-terminal AspPro being among

the worst substrates to be hydrolyzed).

Purified CD26 (1.5 mUnits)
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Fig. (5). Conversion of LysProAspPro prodrug derivative 23 to NAP-TSAO-T by purified DPP IV/CD26.

These studies suggest that linking appropriate tetrapeptide moieties allow greater
possibilities of structural diversity than dipeptides to modulate the parent compound
liberation. In addition, the most hydrophilic LysProAspPro prodrug derivative 23
enhanced 17-fold the water solubility (0.88 mg/mL) compared to the hydrophobic parent
derivative 2 (0.05 mg/mL) [73]. These findings demonstrated that the DPP IV/CD26-
based prodrug approach may be useful for improving the water-solubility of lipophilic

drugs.

Extension of the prodrug approach to a variety of amine-containing drugs

Hitherto, the proof-of-concept studies of the DPP IV/CD26 prodrug strategy on TSAO
derivatives were carried out by linking di- or tetrapeptide sequences to a primary amino
group that was present on an aliphatic chain. Further studies were then conducted on the
applicability of the novel peptide-prodrug approach to several amine-containing drugs of

different nature (Fig. (6)) [74]. The fluorescent 6-aminoquinoline (6-AQ) [75] which
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carries a primary amino group on an aromatic ring and anthracycline antibiotics such as
doxorubicin (Dox) [76, 77], containing a primary amino functional group on a sugar
moiety were first selected as examples of an amine-containing aromatic compound or an
amino sugar derivative, respectively. In addition, amine-containing drugs with primary
amino groups bound to heterocyclic ring systems were also studied. In this context, it was
interesting to probe the scope of the approach on nucleoside analogues as they play a key
role in antiviral and anticancer therapy. In particular, the lipophilic anti-HIV TSAO
cytosine derivative (TSAO-m’C) [78], the polar anticancer cytarabine (ara-C) [79] and
the antiviral vidarabine (ara-A) [80-82] drugs were selected as examples of pyrimidine
and purine nucleosides containing a primary amino group on the heterocyclic base moiety
(Fig. (6)). The target dipeptide conjugates were prepared by coupling the amine drug with
the conveniently protected dipeptides followed by N-deprotection. Different coupling
conditions and protecting groups were used depending on solubility and reactivity issues

of the parent amino-containing compounds [74].
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Fig. (6). Structure of target dipeptidyl prodrugs of amine-containing drugs of general formula III. Unstability of dipeptidyl
prodrugs of pyrimidine and purine nucleosides due to spontaneous diketopiperazine formation.
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Stability studies demonstrated that the XaaPro dipeptide conjugates (including the
Val-Pro model sequence) of 6-AQ and Dox were chemically stable in PBS and efficiently
released the parent drug following conversion by purified DPPIV/CD26 as well as by
soluble DPPIV/CD26 present in BS and HS [74]. In contrast, when the amino group is
located in a pyrimidine or purine heterocyclic (i.e. TSAO-m’C, cytarabine or vidarabine),
the corresponding N-deprotected dipeptide conjugates proved chemically unstable. A
spontaneous release of the parent nucleosides and the known diketopiperazine (DKP),
due to intramolecular cyclization, was observed during the final N-deprotection step
regardless of the deprotection conditions used and of the nature of the dipeptide
promoiety (e.g. Val-Pro and Val-Ala) (Fig. (6)) [74]. A significantly lower
electrophilicity of the N-4 amide in the cytidine or adenine amide prodrugs may explain
why the cytidine and adenine drugs are better leaving groups than the above stable
examples of amine-containing drugs in which the amine was present on an aliphatic,
aromatic or sugar ring system (NAP-TSAO-T, 6-AQ and Dox). Interestingly, the H-
ValXaaValPro tetrapeptide amide prodrugs of cytidine and adenine nucleoside (Fig. (7))
were far more chemically stable. These prodrugs efficiently released the original drugs by
DPPIV/CD26 enzyme in two consecutive steps: first a DPP IV/CD26-catalysed
conversion of the tetrapeptide drug to its dipeptide drug derivative, followed by

spontaneous release of DKP and parental drug.

H-Val-Xaa-Val-Pro Drug

v
Xaa = Pro, Ala

= TSAO-m’C, cytarabine (ara-C), vidarabine (ara-A)

Fig. (7). Structure of chemically stable tetrapeptidyl prodrugs of pyrimidine and
purine nucleosides of general formula IV.

In addition, it was also demonstrated that di- or tetrapeptide amide prodrugs of NAP-
TSAO-T, 6-AQ and vidarabine exhibited (between 5- and more than 60-fold) increased
water-solubility compared with the parent compounds irrespective of their lipophilic or
polar nature [74].

Thus, these studies showed that a wide range of synthetic drugs/compounds bearing a

free amino group on an aromatic, carbohydrate or heterocyclic pyrimidine or purine rings

15



can be derivatized with appropriate di- and/or tetrapeptide promoieties, to turn into
efficient substrates of DPPIV/CD26 and successfully released the parent drugs in one or
two sequential steps. When considering the possibility of applying the DPP IV/CD26-
based prodrug approach to amine-containing drugs, it is important to notice that di- or
tetrapeptides should be used as promoieties depending on the drug’s leaving group
ability, in order to achieve chemically stable prodrugs [74]. Both the nature and the
length of the peptide promoiety permits modulating both the half-life and the lipophilicity
of an amine-containing drug as a function of the particular requirements. The prodrug
approach proved useful to enhance the aqueous solubility for both lipophilic and polar

parent drug molecules.

APPLICATION OF THE PRODRUG APPROACH TO HYDROXY-
CONTAINING DRUGS (TRIPARTITE PRODRUGS)

It would be of utmost importance if the DPP IV/CD26 prodrug strategy could also be
extended to hydroxy-containing drugs. As mentioned above, in amine-containing drugs,
the amino group of the drug is directly linked to the peptide promoiety through an amide
bond specifically recognized and hydrolyzed by DPP IV/CD26 enzyme. In hydroxy-
containing drugs the peptide sequence cannot be attached directly to the hydroxyl group
through an ester bond because the enzyme cleaved only amide bonds. Thus, more
elaborated tripartite conjugates [Xaa-Pro]-[connector]-[drug] had to be designed in this
case (Fig. (8)) [83]. In these novel prodrug systems, the presence of a heterobifunctional
connector is required to link the hydroxyl group of the drug to the dipeptide promoiety
(cleavable by DPP IV/CD26). For the initial studies, the dipeptide ValPro sequence was
chosen because it was efficiently hydrolyzed by the enzyme in natural peptides [72] and
in previous studies with [peptide]-[drug] conjugates [68, 73, 74]. As heterobifunctional
connector, an amino acid was initially chosen to attach the hydroxyl group of the drug to
the dipeptide (via a metabolically labile ester linkage). In particular, L-valine was
selected since it has been succesfully used as a promoiety for improving the intestinal
absorption mediated by the h-PEPT1 transporter (e.g. valacyclovir and valganciclovir)
[29, 30]. Thus, the release of the parent drug from the designed tripartite conjugates
occurs through a hydrolysis sequence of two steps: a first enzymatic cleavage by DPP
IV/CD26, followed by enzymatic or chemical hydrolysis of the ester bond (Fig. (8)) [83].

The prodrug strategy was applied to several hydroxy-containing drugs bearing different
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types of hydroxyl groups. Thus, the anti-HIV purine nucleoside didanosine (ddI) [84] and
acetaminophen (paracetamol) were selected as examples of drugs containing primary
hydroxyl groups or hydroxy-containing aromatic compounds. The [-adrenergic receptor
blocker propranolol [85] and the anticancer drug camptothecin [86] were screened as
examples of drugs carrying secondary or tertiary hydroxyl groups, respectively (Fig. (8)).
The synthesis of these conjugates was carried out by sequential couplings with
adequately protected R-Val-OH and R-Val-Pro-OH followed by deprotection of the
amino group. The selection of the strategy of protection and coupling agents depend on
the nature of the drug and the reactivity of the different hydroxyl groups in each case
[83]. Interestingly, the [ValPro]-[Val]-[drug] prodrugs showed much higher chemical
stability in PBS than the valyl intermediates that were often spontaneously converted to
the parent drugs. The nature of the hydroxy-containing prodrugs plays a major role in the
hydrolysis rate by DPPIV/CD26 and serum. Thus, prodrugs of didanosine (primary
hydroxyl group) or acetaminophen (aromatic hydroxyl group) were hydrolyzed more
quickly by the enzyme (t,, 4 h and 15 min, respectively) than the corresponding
camptothecin prodrug (containing a tertiary hydroxyl group). Importantly, some prodrugs
(i.e. the campthotecin derivative) showed remarkable increases in water solubility (from
60- to 205-fold at pH = 7.4 or pH = 5.0, respectively) in comparison to the lipophilic and
poorly soluble parent drugs [83].
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chemical or enzymatic

transformation
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H—Val-ProJ—‘tl— NH —— connector 'E—u—“,—O —rt
4 . Ly

----------- OH
amino acids (Val)

DPP IV/CD26

didanosine propranolol

NHCOCH;

acetaminophen camptothecin

Fig. (8). Design of target tripartite prodrugs based on DPP IV/CD26 enzyme for hydroxy-containing drugs.

These findings showed that the DPP IV/CD26 prodrug technology can be successfully

applied to a range of drugs containing hydroxy groups of different nature. Fairly
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chemically stable tripeptide derivatives can be prepared that successfully released the
parent drugs [83]. The chemical stability, the susceptibility to hydrolysis by the DPP
IV/CD26 enzyme and the final conversion rates to the parent drugs highly depended on
the nature of each particular hydroxy-containing drug.

It should also be noted that the chemical stability of the ester bond of the
corresponding tripeptide derivatives is much higher than the corresponding amino acid
(i.e. valyl) ester prodrugs. Thus, when considering designing a prodrug of hydroxy-
containing drugs, the DPP IV/CD26 prodrug technology may be a good choice when the
corresponding amino acid (valyl) ester prodrugs proved to be chemically unstable and

thus, it would be a useful alternative to the amino acid ester strategy.

Peptidyl amide- versus peptidyl ester prodrugs of acyclovir

The prodrug approach was also applied to drugs bearing both an amino and a hydroxyl
group in the same molecule in order to compare the results of the corresponding peptidyl
amide vs. ester prodrugs.

The discovery of the acyclic nucleoside guanine analogue acyclovir (ACV) (Fig. (9))
as a selective and potent antiherpetic agent opened the door to a new stage in antiviral
chemotherapy [87]. However, ACV showed poor aqueous solubility and also low oral
bioavailability [88]. To overcome these problems, several acyclovir prodrugs were
previously reported [88-92]. The majority of these prodrugs were compounds acylated at
the primary hydroxyl group, such as the widely used L-valine ester prodrug valacyclovir
(VACV) (Fig. (9)) [93-95], due to its higher reactivity compared with the 2-amino group
of the nucleobase.

To further pursue the DPP IV/CD26 prodrug approach some novel prodrugs of
acyclovir (Fig. (9)) were prepared for the following reasons: ” both the amino and the
hydroxyl group may be derivatized in this compound and peptidyl amide versus ester
prodrugs could be compared, " it will allow to extend the prodrug approach further to
guanidine nucleoside drugs with great biological potential and interest and, ™ acylation of
the exocyclic amino group of the guanine base with amino acid or peptides had not been
described hitherto and the low solubility of this compound together with the intrinsically
low nucleophilicity of this type of amino group makes it a difficult synthetic challenge.

The ValPro dipeptide and the ValProValPro tetrapeptide (efficient substrates of the
DPPIV/CD26 enzyme) were selected as peptide promoieties for the target peptidyl amide
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prodrugs 21 and 22 (Fig. (9)) [96]. The Val-Pro dipeptide and the valine as connector
were chosen as tripeptide promoiety for the peptidyl ester prodrug 23 based on prior
findings [83]. For the preparation of the challenging peptidyl amide prodrugs of acyclovir
21 and 22 both solution-phase and solid-phase synthetic approaches employing a variety
of different coupling reagents and resins were examined. The use of acid fluorides as
coupling reagents in solution-phase methods and the selection of Ellman’s dihydropyran
resin in the solid-phase strategy were key issues for the successful synthesis of the target
molecules [96]. As in the case of cytidine and adenosine dipeptide prodrugs [74], the N-
deprotected dipeptide amide conjugate of ACV 21 was chemically unstable and could not
be isolated due to diketopiperazine formation during the N-deprotection step while the
corresponding tetrapeptide amide conjugate 22 was stable. Chemical stability studies also
revealed that in contrast to the valyl ester prodrug VACV, with almost 50% spontaneous
conversion to free ACV, both the tetrapeptide amide prodrug 22 and the tripeptide ester
prodrug 23 were completely stable in PBS after 24 h [96].

\*N> k>

H-(Val— Pro), —c HN

P HO\\/ J HOL J

21 (n=1) (chemically unstable)
acyclovir 2 (=2

(0]
I HNJ&
HCI. H—Val— \\/ \l H— Val —Pro—— Val —_ C (6] \l

connector
valacyclovir
(VACV)

Fig. (9). Structure of acyclovir, valacyclovir and target amide and ester prodrugs 21-23.

Peptidyl amide and ester prodrugs 22 and 23 were readily converted to ACV and
VACYV in the presence of both purified DPP IV/CD26 and bovine and human serum.
Interestingly, the tetrapeptide amide prodrug of ACV 22 showed a more rapid hydrolysis
to the parent drug in comparison to the tripeptide ester prodrug of ACV 23 (t,, <0.25 h
compared to 24 h, respectively). The DPP IV/CD26-catalysed hydrolysis reaction of both

prodrugs was effectively inhibited by Vildagliptin, a potent inhibitor of the enzyme.
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Compared to the sparingly soluble parent compound ACV, both amide and ester prodrugs
of ACV 22 and 23 increased significantly the aqueous solubility more than 17-fold and 9-
fold, respectively [96].

From these studies on ACV prodrugs, cleavable by DPP IV/CD26 using model
peptide promoieties, it was concluded that a more rapid hydrolysis to the parent drug can
be achieved by targeting peptidyl amide instead of peptidyl ester prodrugs when both
amino and hydroxyl functionalities are present on a particular therapeutic drug. Besides,
the mechanism of release of the parent drugs from peptidyl amide prodrugs solely
depends on DPP IV/CD26-mediated hydrolysis while for peptidyl ester prodrugs a
combination of DPP IV/CD26 hydrolysis and subsequent chemical and/or esterase-
directed cleavage of the ester bond is required. The chemical stability profile of both
amide and ester prodrugs cleavable by DPP IV/CD26 would be higher than that of the

corresponding amino acyl (valyl) ester prodrugs.

DPP IV/CD26-DIRECTED PRODRUGS OF THE ANTI-VARICELLA ZOSTER
VIRUS AGENT Cf1743 WITH MARKEDLY IMPROVED WATER SOLUBILITY
AND ORAL BIOAVAILABILITY

In the previous examples, the DPP IV/CD26-directed prodrug technology turned out to
be effective in improving water solubility of both lipophilic and polar compounds/drugs.
Given that a L-valine moiety is implicated in this prodrug strategy, it was important to
reveal whether the prodrug technology could also be wuseful to increase oral
bioavailability of therapeutic agents.

Bicyclic furanopyrimidine nucleoside analogues (BCNAs) constitute an interesting
class of antiviral compounds which are extremely potent against chickenpox-shingles
(VZV) infections [97]. The p-pentylphenyl BCNA analogue (Cf1743, Fig. (10)) is the
prototype compound of this family and represents the most selective anti-VZV agent
hitherto described with very low toxicity, if any [98, 99]. However, the poor water
solubility and limited oral bioavailability compromised the development of the clinical

potential of this highly lipophilic compound.
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Fig. (10). Chemical structure of the bicyclic pyrimidine nucleoside Cf1743
and its 5'-valyl ester derivative FV100.

Formulation studies with captisol greatly increased the water solubility but did not
improve the oral bioavailability [100]. Given the well-established efficacy of 5’-valyl
prodrugs of nucleosides, 5’-valyl ester prodrugs of Cf1743 were prepared. Stability
studies highlighted the need for the terminal amino group of the valyl prodrug to be in its
salt form rather than as its free amino form for the prodrug to be chemically stable. The
hydrochloride salt of the 5’-L-valyl ester, named as FV-100 (Fig. (10)), showed a
significant improvement of both water solubility and oral bioavailability together with a
promising chemical and metabolic stability profile [100]. FV-100 has now entered phase
II clinical trials for VZV singles.

The DPP IV/CD26 technology was next applied to this interesting antiviral nucleoside,

with the purpose of improving their physicochemical and pharmacokinetic properties.
Prodrugs of Cf1743 with amino acids as connectors

Cf1743 represents an example of hydroxy-containing nucleoside compounds. Based
on previous results, a broad variety of tripeptide prodrugs [XaaPro]-[Yaa]-[Cf1743] (Fig.
(11)) cleavable by DPP IV/CD26 enzyme were first designed and prepared [101].
Different sites of esterification of the hydroxyl groups of the nucleoside with peptide
promoieties were explored (i. e. 5’- or 3’-monoester and 3’, 5’-diester prodrugs). A
variety of natural amino acids (Yaa) as connectors and XaaPro dipeptide sequences were
also introduced (Fig. (11)). In all cases, the N-deprotected tripeptide prodrugs were

isolated in the free amino form.
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Fig. (11). Design of DPP IV/CD26-cleavable prodrugs of the bicyclic nucleoside Cf1743.

Chemical stability data in PBS indicated that all the tripeptide prodrugs containing a
Val as connector proved fully stable after 24 h. However, markedly lower chemical
stability of the ester linkage was detected when the Val residue was replaced by Leu, Phe
or Ala residues as connectors (Table 2). Enzymatic stability data revealed that the parent
Cf1743 compound was efficiently regenerated from the prodrugs in the presence of
purified DPP IV/CD26 or by its soluble homologue present in murine, bovine, and human
sera. A fine tuning of the half-life of the prodrugs is obtained through the modulation of
the nature of the N-terminal residue, in agreement with the earlier observations in other
(XaaPro), prodrugs [68, 74]. As expected, all novel prodrugs of Cf1743 exhibited a
remarkable enhancement of the aqueous solubility (ranging from 64- to 4294-fold
solubility increase) in comparison with the sparingly soluble parent compound (0.018
mg/mL) (Table 2). In general, prodrugs containing polar N-terminal residues such as Asn
(30), Lys (31) and Asp (32) turned out to be the compounds with higher water solubility.
Notably, the increase in solubility of the novel prodrugs was even higher than that of the

reported hydrochloride salt of the 5’-valyl derivative FV100 (ca. 540-fold) [100].
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Table 2. Aqueous solubility and chemical stability of prodrugs H-[Xaa-Pro]-[Yaa]-
[Cf1743] compared with the parent drug.

Compd. | Xaa | Yaa Site of ClogP* | Aqueous | Fold Chemical
(connector) | esterification solubility | increase | stability
(mg/mL)" | solubility | (%
¢ remaining
at 24 h)
Cf1743 248 0.018
24 Val | Val 5 2 1.2 68 >95%
25 Val | Val 3,5 1.77 77 4294 >95%
26 Val | Val 3 1.97 52 290 >95%
27° Leu | Val 5 2.12 14 766 69%
28° Phe | Val 5’ 2.53 1.1 64 52%
29° Ala | Val 5 1.63 6.1 337 74%
30 Val | Asn 5 1.06 39 2186 >95%
31 Val | Lys 5 0.41 55 3061 >95%
32 Val | Asp 5 1.3 15 838 >95%

a

Prediction of logP wvalues was obtained by wusing the ALOGPS 2.1 program
(www.vcclab.org/lab/alogps/)

® Thermodynamic water solubilities measured at 25° C after 24 h. The values are mean values
of two measurements; variations < 20%.

¢ Fold-enhancement in aqueous solubility in comparison with the parent compound Cf1743.

¢ Chemical stability in PBS buffer at pH=7.4 as determined by HPLC at 25° C after 24 h.

¢ Due to reduced chemical stability of these prodrugs, the water solubility was measured after 4
h instead of 24 h.

Interestingly, a significant increased oral bioavailability in comparison with the parent
compound was observed when in vivo experiments in mice were carried out with the 5’-
ValProVal prodrug derivative 24 (Fig. (12)). It should be noted that its bioavailability
was also higher than that of the 5’-Val intermediate prodrug [101].
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Fig. (12). Cf1743 plasma levels after oral gavage of 5’-Val-Pro-Val prodrug, 5’-Val

intermediate and parent drug to mice.
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Oral bioavailability of other selected tripeptide prodrugs was also remarkable
improved in comparable levels versus parent drug (Table 3) [101].In any case, no valyl
intermediates of Cf1743 or intact prodrug were detected in the plasma of the exposed

mice which demonstrated an efficient in vivo regeneration of the parent drug.

Table 3. Oral bioavailability of the Cf1743 tripeptide prodrugs versus parent compound
in mice.

Compound Fold-increase of Cf1743 levels in plasma®
24: 5’-[Val-Pro]-[Val]-Cf1743 13

25: 3°,5’-di[Val-Pro]-[Val]-Cf1743 12

26: 3’-[Val-Pro]-[Val]-Cf1743 7

27: 5’-[Val-Pro]-[Leu]-Cf1743 11

31: 5’-[Lys-Pro]-[Val]-Cf1743 15

1: Cf1743 (parent)

Seven time points post oral gavage (15, 30, 45, 60, 90, 120, 180 min) were considered for each
compound. The AUC was calculated as the sum of the Cf1743 levels at the 7 time-points.

Prodrugs of Cf1743 with self-cleavage connectors

Based on these promising results a novel type of prodrugs of Cf1743 containing self-
cleavage spacers systems instead of the previously used amino acids were explored [102].
In these prodrugs, final release of the drug would not be performed by esterase-catalyzed
hydrolysis of the amino acid ester intermediates. In particular, prodrugs 33 and 34
bearing ethylene- and propylenediamine spacers [103-105] linked to the 5-hydroxyl
group of the nucleoside through a carbamate bond were first designed. Focus was also
given on tetrapeptide ester prodrugs 35a-c incorporating a dipeptide cyclization connector
of a different nature (Fig. (13)) [92, 106-110]. These novel prodrugs were designed to
liberate the original parent drug following a two-step mechanism: a first step of
enzymatic hydrolysis (DPP IV/CD26) followed by a spontaneous cyclization-elimination

step to yield a cyclic urea derivative [103, 104] or a diketopiperazine [92, 105-109].
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Fig. (13). Design of DPP IV/CD26-activated prodrugs of the anti-VZV drug Cf1743 bearing
cyclization self-cleavage connectors.

Both carbamate and tetrapeptide ester prodrugs proved chemically stable in PBS.
Enzymatic stability studies, in the presence of purified DPP IV/CD26 and human serum,
demonstrated that carbamate prodrugs mainly released their alkyldiamino intermediates.
In contrast, the parent nucleoside was efficiently regenerated from the tetrapeptide ester
prodrugs after hydrolysis by DPP IV/CD26. The nature of the C-terminal amino acid
significantly modulates the rate of drug liberation. Thus, as expected, the ValProValPro
prodrug 35a carrying a proline residue at the C-terminal end (which is highly susceptible
to cyclization generating the DKP) [110-112], quickly released the parent drug and the
ValPro dipeptide intermediate was not observed. However, a slower drug release was
observed from the ValProValVal prodrug derivative 35b bearing a bulky C-terminal
valine residue, and the ValVal prodrug intermediate was detected during the conversion
process even after 24 h.

All novel prodrugs of Cf1743 markedly increased the water solubility (values ranged
from 434- to 1804-fold solubility enhancement) as compared with the sparingly soluble
parent nucleoside Cf1743 [102]. Moreover, administration of the ValProValVal prodrug
35 to Caco-2 monolayer cell cultures showed the appearance of substantial amounts of
the parent drug at the basolateral side of Caco-2 cell cultures. Also, the tetrapeptide
prodrug 35 also increased the oral bioavailability of Cf1743 by 15- to 20-fold in mice
(Fig. (14)) [102].Notably, the oral bioavailability of the tetrapeptide prodrug of Cf1743
35 was = 2-fold greater than the oral bioavailability described earlier for the tripeptide

prodrugs of Cf1743 [101].Consequently,both tripeptide and tetrapeptide ester prodrugs
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of Cf1743 may be considered as two new types of effective DPP IV/CD26-based
prodrugs with enhanced oral bioavailability and aqueous solubility.

This was an important study, which demonstrates the applicability and utility of the
novel DPP IV/CD26 prodrug concept in greatly improving the water solubility and oral
bioavailability of (hydrophobic) nucleoside drugs that may be further extended to other

poorly soluble and/or poorly oral bioavailable (hydrophobic) drugs.
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Fig. (14). Administration to mice of the 5’-Val-Pro-Val-Pro prodrug of Cf1743 and parent
drug by oral gavage.

CONCLUSIONS AND REMARKS

Prodrugs continue being an exciting field of research. The examples discloses in this
review illustrate the first investigations on a novel appealing prodrug concept. The
strategy involves the coupling of a therapeutic drug to di- or oligopeptides, so the N-
deprotected peptide conjugates are converted in an efficient manner to the parent
compounds specifically by the action of the DPP IV/CD26 enzyme, a ubiquitous enzyme
in mammalians.

The therapeutic agents/compounds that were used in the proof-of-concept of this novel
technology include a variety of amine- and hydroxy-containing compounds. For amine-
containing drugs, the free primary amino group may be attached directly to the carboxyl
group of the di- or tetrapeptide moiety through an amide bond that would be hydrolyzed
by DPP IV/CD26. Tetrapeptide amino acid sequences as promoieties can be very useful
when the corresponding dipeptide amide prodrugs proved to be chemically unstable (i.e.
in case of pyrimidine and purine nucleosides). For hydroxy-containing drugs, the

dipeptide and the therapeutic drug should be coupled via a connector that can be an
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amino acid (preferably a valine residue for chemical stability issues) or a self-cleavage
linker (preferably a dipeptide cyclization connector).

The benefits of this prodrug approach are the following: ” a successful conversion to
the parent drug/compound is ensured by the fact that the CD26 enzyme is ubiquitous and
abundantly present in plasma and on the membrane of several types of cells; " there is an
adequate structural protection against nonspecific proteolytic degradation due to the

i)

presence of a proline in the peptide promoiety; " a natural, non-toxic peptide promoiety
is released, after conversion of the prodrug to its parent compound; ™ chemically stable
amide or ester peptide prodrugs in their free amino form can now be obtained as
compared to the less stable amino acid ester prodrugs that need to be in their salt forms
for reasonable stability;  a fine-tuning of the half-life and solubility of the prodrug can
be achieved through the modulation of the length and the nature of the oligopeptide
promoiety in function of the particular needs; "’ remarkable increases in water solubility
of both, lipophilic and polar parent compounds, can be pursuit, a property that might be
of benefit in drug formulation issues and " significant enhancement of oral
bioavailability in mice was demonstrated with different tri- or tetrapeptide ester prodrugs
cleavable by DPP IV/CD26 for lipophilic antiviral nucleosides (i. e. Cf1743 nucleoside
analogue).

From this study, it can be concluded that the DPP IV/CD26 activity-based prodrug
concept is a promising new prodrug technology useful to improve the oral bioavailability
and water solubility of therapeutic drugs and thus, to fine-tune the eventual in vivo
activity of drugs. However, further work should be needed to fully explore the potential
and scope of this approach. We hope this review will stimulate medicinal chemists to
implement the DPP IV/CD26-based prodrug strategy to overcome the stability, and
solubility and/or bioavailability challenges on novel amino- or hydroxy-containing drugs

currently under investigation.
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ABBREVIATIONS

ACV = acyclovir

6-AQ = 6-aminoquinoline

ara-A = 9-B-D-arabinofuranosyladenine

ara-C = 1-pB-D-arabinofuranosylcytosine

BCNA = bicyclic nucleoside analogue

BOP = 1-benzotriazolyloxy-tris-dimethylamino-phosphonium
hexafluorophosphate

BS = bovine serum

CD26 = cluster of differentiation 26

ddI = 2’,3’-dideoxyinosine

DKP = diketopiperazine

Dox = doxorubicine

DPPIV = dipeptidyl-peptidase IV

hPEPT1 = human intestinal oligopeptide transporter 1

HIV = human immunodeficiency virus

HS = human serum

NAP = N-3 aminopropyl

PBS = phosphate buffered saline

TSAO =  (tert-butyldimethylsilyl-B-D-ribofuranosyl)-3’-spiro-4”-amino-17,2"-

oxathiole-2",2”-dioxide

VACV = valacyclovir

VZV = varicella zoster virus.
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