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1.1 Introduction

Dipeptidyl peptidase 4 (DP4), fibroblast activation protein (FAP), DPS, and
DP9 are the enzymatic members of the serine protease S9b DP4-like gene
family. One of the most important features of the DPs is their ability to pre-
ferentially cleave the N-terminal post-prolyl bond of regulatory peptides and
small protein substrates. DP4 proteolysis results in the inactivation, activation,
or alteration of its substrates function via changes in receptor selectivity; thus
DP4 plays an important role in regulating biological function. Together, DP4
and FAP have been implicated in a number of diseases including liver disease,
obesity, type II diabetes, arthritis, inflammatory bowel disease and cancer.
Recently, evidence has emerged to implicate both DP§ and DP9 in innate
immunity, and DP8/9 in vitro cleavage of well-known DP4 substrates, including
neuropeptide Y (NPY), glucagon-like peptide (GLP)-1, and a number of che-
mokines, has been demonstrated. Despite this, the true pathophysiological
roles of DP8/9 and their involvement within human biology and disease are still
to be elucidated. Identification of the in vivo substrate repertoire of each DP will
be an important step toward elucidating the biochemical pathways in which
each protease is involved. This will allow us to unravel further the roles that the
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2 Chapter 1

DPs play in human biology and disease, and evaluate further their suitability as
therapeutic targets.

In this chapter, we will provide an introduction to the significance of post-
proline cleavage, the DP4-like gene family enzymatic members, and the related
enzymes prolyl endopeptidase (PEP) and DP2. This will be followed by an in-
depth examination of the biochemical characteristics of DP4, FAP, DPS§, and
DP9, their natural substrates, and biological relevance following DP cleavage.
Lastly, the suitability of targeting the DP family for the development of ther-
apeutics for the treatment of human health and disease will be discussed.

1.2 Post-Proline-Cleaving Enzymes

A number of biologically active proteins and regulatory peptides such as
cytokines, chemokines, growth hormones, and neuropeptides are protected
from general proteolysis due to an evolutionary conserved N-terminal proline
residue.'™ Such protection results from the unique cyclic and imino structure of
proline imposing conformational restrictions on the polypeptide backbone.?
Even proteases exhibiting a very broad substrate specificity are unable to attack
peptide bonds where the prolyl residue is situated, and hence degradation of
such peptides requires the use of proline specific peptidases.'

Although a number of proline-cleaving enzymes have been identified, only a
limited number of these proteases are capable of cleaving the N-terminal post-
prolyl, X-Pro-, bond*? (Figure 1.1). The most notable of these enzymes are the
N-terminal-specific, dipeptidyl peptidases of the serine protease SC clan, S9b
sub-family such as DP4 (EC 3.4.15.5), the endopeptidase of the parent S9
family prolyl-endopeptidase (PEP; EC 3.4.21.26), and the S28 family member
DP2 (EC 3.4.14.2). Lysosomal prolylcarboxypeptidase (PCP) (EC 3.4.16.2)
also belongs to the S28 family, but in contrast to DP2, it functions as a C-
terminal-specific protease cleaving the Pro-Xaa bond at the C-termini of pro-
teins to release a single C-terminal amino acid. Carboxypeptidase P (EC
3.4.17.16) is a membrane-localized protease with similar cleavage specificity to
lysosomal PCP; however, it is a metallo-, as opposed to serine, protease.
Aminopeptidase P (EC 3.4.17.16), prolidase (EC 3.4.13.19) and prolinase are
additional proline-cleaving metalloproteases. Aminopeptidase P is an N-
terminal-specific protease, cleaving the pre-prolyl bond to release single amino
acids at the N-termini of proteins. Importantly, aminopeptidase P is involved in
cooperative activities with DP4 and related enzymes.' Prolidase and prolinase
cleave dipeptides with pre- and post-proline respectively to release two amino
acids.! The metalloprotease angiotensin-converting enzyme (ACE; EC 3.4.15.1)
is also capable of cleaving prolyl bonds, although it is not renowned for its
ability to do this. DP4, first discovered in 1966 by Hopsu-Havu and Glenner as
the dipeptidyl cleaving glyclproline napthylamidase,* was the first N-terminal
post-proline-cleaving enzyme identified and hence the most readily investi-
gated. Since its discovery, related enzymes have been identified including
fibroblast activation FAP,’ then DP8 and DP9.°
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Figure 1.1 Proline-bond cleaving proteases. ACE, angiotensin-converting enzyme;
DP, dipeptidyl peptidase; FAP, fibroblast activation protein; PCP, prolyl-
carboxypeptidase; PEP, prolyl-endopeptidase.

1.3 DP4-Like Gene Family and Related Enzymes

Members of the DP4-like gene family, S9b, make up a sub-family of the
prolyl-oligopeptidase (POP) S9 family within the serine protease clan SC.”*
In total the S9b family consists of six homologous members; the four pro-
teases, DP4, FAP, DP8 and DP9 and two inactive protease homologs, DP6
and DP10 (Figure 1.2). Sharing similar features, PEP from the parent S9
family is also capable of cleaving the N-terminal post-prolyl bond but with
endopeptidase specificity.”'® In contrast to DP4, PEP is limited in its ability
to cleave unblocked, free N-terminal dipeptides from substrates;'® however,
inhibitors designed specifically for DPs can still bind to, and block, the
enzymatic function of PEP.'"!2 FAP, in addition to its DP activity, also
functions as an endopeptidase.'®'* Structurally, the three crystallized S9b
family members DP4, FAP and DP6 contain an o/ hydrolase domain and
eight-bladed B-propeller domain (Figure 1.2)'*'°°!® distinguishing it from
that of parent PEP which contains a seven-bladed B-propeller domain."
Protease members of this family and PEP all contain the non-classical
arrangement of the serine protease catalytic triad (Ser, Asp, and His), located
within the C-terminal portion of the o/p hydrolase domain (Figure 1.2). The
inactive protease homologs DP6 and DP10 contain a mutation of the cata-
lytic serine residue to an aspartic acid®*® and glutamine residue®' respectively.
All enzyme members contain the catalytic serine protease motif around the
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Figure 1.2 Schematic of the DP4-like gene family and related prolyl endopeptidase.

Domains and residues of interest are not arranged to scale. Arrows indi-
cate the catalytic residues required for enzyme activity. Only the main
isoforms are represented. The majority of splice variants differ in regard to
the length of their N-terminal cytoplasmic domain. Being intracellular
proteases, DP§, DP9, and PEP do not contain a transmembrane domain.
The integrin-binding domain of DP9 is also displayed within the N-
terminal cytoplasmic domain. Figure adapted from Gorrell.®' Reproduced
with permission, from Gorrell (2005), Clinical Science, 108, 277-292.
© The Biochemical Society. DP, dipeptidyl peptidase; FAP, fibroblast
activation protein; PEP, prolyl-endopeptidase.

serine residue of GWSYG.” Another distinguishing characteristic of the S9b
sub-family that differentiates them from PEP is the pair of conserved gluta-
mate residues situated within the B-propeller domain found to be essential for
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catalytic activity of DP4?> and DP8>* (Figure 1.2). DP2, belonging to the
serine protease S28 family, is a non-structural homolog sharing a number
of similarities with the DP4-like gene family including the conserved non-
classical catalytic triad and similar substrate specificity with its ability to
cleave N-terminal dipeptides from peptide substrates with proline in the
penultimate position.”* As for PEP, a number of inhibitors designed for
targeting DP4 are also known to interact and inhibit DP2.'"**?° Hence, when
investigating the expression and roles of the S9b family, due consideration
must also be given to the potential involvement (or targeting in the case of
inhibition) of this related enzyme. The subcellular localization of each
enzyme is diverse and sometimes overlapping; they are found membrane-
bound (DP4, FAP, PEP), in lysosomes (DP2), in the cytoplasm (DPS§/9, PEP,
DP2), or in secretory vesicles (DP2), so it is likely that their substrate
degradomes will mostly differ.

Containing a trans-membrane domain within their N-termini and a number
of glycosylation sites, DP4, FAP, DP6, and DP10 are all type II-membrane
glycoproteins localized to the cell surface.?® Plasma-soluble forms of both
DP4%” and FAP*% have been identified with their presence in circulation
believed to result from shedding events at the plasma membrane. DP8, DP9,
and PEP lack a transmembrane domain and are cytosolic proteins.®3*3" A
number of membrane associated forms of PEP have been identified.’!*
Unique to DP9 is the presence of one of the best-known integrin-binding
motifs the RGD (arginine-glutamine-aspartic acid; Arg-Gly-Asp) motif,
within its N-termini*® (Figure 1.2). DP9 also contains two potential N-linked
glycosylation sites;*>** however, there is no evidence at present of DP9
glycosylation,?” so the significance of these features is yet to be revealed.
DP4, FAP, DP8/9, and PEP all have neutral pH optimums of pH 7-8.%! In
contrast, DP2 is a smaller, 492-amino-acid, lysosomal enzyme, active across a
broad pH range with an acidic pH optimum of 5.5.%> DP2 also localizes within
intracellular vesicles distinct from lysosomes in resting quiescent cells.*® It is
likely that these vesicles contain a secretory component due to the release of
fully functional DP2 in response to calcium stimulation.*® All S9b family
members and the S28 member DP2 form homodimers with dimerization being
essential for the catalytic activity of DP4,%”*® FAP'*3° and DP2.*’ In con-
trast, PEP is a monomeric enzyme with SDS-PAGE mobility of 70-80
kDa.”*' S9b proteins have a monomer mobility on SDS-PAGE gel of 90-110
kDa and dimer mobility ranging between 150 and 200 kDa.” Being much
smaller, DP2 migrates in its glycosylated form as a ~60 kDa monomer on
SDS-PAGE and forms a ~ 120 kDa homodimer.**: 4244

A brief discussion of the homology and gene structure of the DP4-like gene
family is provided below. Although both DP2 and PEP are of importance when
discussing therapeutic targeting of DP4, FAP, and DP§/9, they will not be
discussed here in detail; thus, the reader should refer to critical reviews on DP2
by Maes et al.** and on PEP by Garcia-Horsman ez al.**. The inactive protease
homologs DP6 and DP10 will be discussed in brief, as they are not a focus of
this review (recently reviewed in McNicholas et al.*®).
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1.3.1 Homology and Gene Structure

A high degree of homology exists within the DP4-like gene family with all
members sharing 25-60% amino acid sequence identity and 47-77% amino
acid sequence similarity.” Notably, FAP and DP4, located adjacent to each
other on the long arm of chromosome 2 (2q24.2 and 2q24.3 respectively), share
52% amino acid identity. The two non-enzyme members, DP6 and DP10,
located on chromosomes 7q36.2 and 2q14.1 respectively, share 53% amino acid
sequence identity, and the most recently identified enzyme members, DP8 and
DP9, located respectively on chromosomes 15q22.32 and 19q13.3, share 61%
amino acid sequence identity. The close proximity and high level of similarity
between the DP4 and FAP genes suggest that they have arisen from a recent
gene duplication event.” Likewise, it is possible that DP10, also located on the
long arm of chromosome 2, was derived from either DP4 or FAP, followed by
the divergence of DP6 on chromosome 7. Similarly, the high sequence identity
and shared cytosolic localization suggest that DP8 and DP9 have arisen from a
gene duplication event.” Although of varying gene length, the DP4 (82 kb),
FAP (73 kb), DP6 (935 kb), and DPI0 genes (1402 kb) all contain 26 exons,’
further supporting the likelihood of a common gene ancestor. In contrast, the
DPS (72 kb) gene contains 20 exons,’ and the DP9 gene contains 19 or 22 exons
dependent on whether the gene is expressed in its short (863-amino-acid) or
long (971 amino acid) forms.** Like DP9, short and long transcript variants
with variable length N-termini arising from alternate first exon use exist for
DP6* ¥, DP10,*° and DPS8.>°' Differing patterns of expression and tissue
specificity are often associated with these alternative transcripts, but a com-
prehensive study investigating their significance to human biology is yet to be
carried out.

1.4 Protease Members of the DP4-Like Gene Family
1.4.1 DP4 and FAP: Extracellular Proteins

DP4 is the best-characterized member of the DP enzyme family, followed to a
lesser extent by FAP, which was identified almost 20 years after DP4. Both
enzymes are implicated in a number of roles, including tissue remodeling/
wound healing, inflammatory bowel disease, arthritis, type II diabetes, obesity,
and cancer (reviewed in several previous studies®> >°). In cancer, both DP4 and
FAP play conflicting roles acting as either a tumour suppressor or tumour
promoter depending on the cancer type.’® DP4 plays a key role in glucose
homeostasis, regulating the activities of GLP-1 and glucose-dependent insuli-
notropic peptide (GIP) via its proteolytic activity, and has thus become a
clinically validated target in the management of type II diabetes (reviewed in
several previous studies®’ ’). FAP is also of clinical relevance, particularly
within a cancer and liver disease setting as discussed below. Here, the expres-
sion patterns and biological importance of DP4 and FAP will be introduced.
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Human DP4 is ubiquitously expressed in a wide variety of tissues and cell
types, exerting its functions on a broad range of physiological processes
within the human body. DP4 is expressed at high levels on the surface of
several endothelial, epithelial, and fibroblast cells of the lung, kidney, liver,
intestine, bile duct, and other organs, thus affecting the gastrointestinal/
digestive, cardiovascular, endocrine, neurological, and immunological sys-
tems.®®" In kidney, DP4 is one of the major microvillus membrane/brush-
border membrane proteins.®® Relatively high levels of soluble DP4 activity are
observed in human bodily fluids,** > and thus the activity of soluble, circu-
lating DP4 is likely to also contribute to effects observed in many of these
systems. Variations in the level of serum DP4 activity have been associated
with numerous diseases, and the effectiveness of measuring soluble DP4
activity levels as a biomarker for diagnosis, monitoring, and prognosis of
diseases such as cancer, arthritis, and psychiatric disorders has been investi-
gated.® "% In the immune system, expression of DP4, known as the surface
antigen CD26, is detectable at low levels on the surface of some resting T cells,
B cells, and natural killer (NK) cells.”?>””> DP4 functions as a co-stimulatory
molecule of T-cell activation, displaying increased expression on the cell
surface of activated T-cells.”? On the surface of B cells, DP4 expression is
upregulated following the immunogenic stimulation of B cells with pokeweed
mitogen’® or the Staphlococcus aureus-derived immunogen streptokinase.”’
Despite the widespread involvement of DP4 in animal biology, the absence of
DP4 expression does not result in any known adverse defects, as demon-
strated by the apparent healthy phenotype of knockout DP4 mice (DP4/)"®
and their favorable protection against diet-induced obesity and associated
insulin resistance.” Recently, studies investigating the long-term chronic loss
of DP4 expression in genetically induced DP4 deficient rats have identified
some age-dependent alterations in immune system composition and stress-
regulatory responses.®*' Of interest to human pathological conditions,
particularly cancer, is the apparent loss of DP4 expression during disease
progression. Loss or alteration of DP4 surface expression has been observed
in several malignant cells and carcinomas such as lung, breast and ovarian,
prostate,®** and colon adenocarcinoma® and during the progression of
melanocytes to melanoma.®>® It should be made clear, however, that loss of
DP4 expression is not a hallmark of all cancers with many studies examining
the expression and roles of DP4 in cancer producing conflicting results. In
fact, DP4 upregulation has been observed in differing cancer studies to con-
tribute to the metastatic cancer phenotype, thus acting as a tumor promoter
contributing to disease progression.

In contrast to DP4, FAP displays a more restricted and specific pattern of
expression in adult humans. Detection of translated human FAP in normal
adult tissue with the F19 monoclonal antibody is limited to the occasional
fibroblasts and a subset of pancreatic islet cells.®” Results of a master RNA
blot provide evidence for there being a more ubiquitous pattern of FAP
expression at the transcript level in tissues where protein has not been
detected.”® FAP protein is most widely expressed in reactive stromal
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fibroblasts of epithelial cancers including lung, colorectal, breast and ovarian
carcinomas, subsets of bone and soft-tissue sarcomas, granulating tissue at
sites of wound-healing, and foetal mesenchymal tissues.®”*® Additionally,
FAP localizes to the advancing portion (‘invadopodia’) of cultured malignant
LOX melanoma cells where it contributes to the invasive phenotype.®
Like the DP4 7/~ mice, FAP knockouts display a normal phenotype; thus
a critical role for FAP in foetal development is unlikely.”® FAP is expressed
by hepatic stellate cells at the tissue remodeling interface in human cirrhosis®!
where its expression is strongly and significantly correlated with the severity
of liver fibrosis.”? Further studies in human liver have co-localized FAP
with collagen fibers, fibronectin, and type I collagen.”® Heterologous over-
expression of FAP results in reduced adhesion and migration of human
embryonic kidney (HEK)-293T cells.”” In contrast, the same study found that
over-expression of FAP in the human hepatic stellate line, LX-2, resulted in
increased adhesion and migration of cells to extracellular matrix proteins and
invasion across transwells, independent of transforming/tumour growth
factor beta (TGF-B).”* In both HEK-293T and LX-2 cell lines, FAP over
expression resulted in enhanced staurosporine streptomyces-stimulated
apoptosis.” It may be possible that, because of its roles in tissue remodeling
and wound healing, FAP mRNA is kept at low levels in most cell/tissue types
to initiate a quick response in the event of external damage. FAP expression
can be upregulated by TGF-, 12-O-tetradecanoyl phorbol-13-acetate (TPA)
and retinoids (chemical compounds related to vitamin A).°* TGF-p is a
ubiquitously expressed cytokine shown to play central roles in numerous
processes including FAP relevant wound healing, tissue repair, fibrosis, and
cancer (reviewed in several previous studies’ *®). FAP is also expressed at the
remodeling interface of idiopathic pulmonary fibrosis (IPF),”® a progressive
and debilitating disease of the lung. TGF-p is likely to play a key role in the
mediation of IPF.'% Soluble FAP has been purified from bovine serum?’ and
has been identified as the antiplasmin-cleaving enzyme (APCE) in humans.'®!
FAP is responsible for cleavage and increased activity of the human plasmin
inhibitor, oy-antiplasmin (c,AP),?® thus further supporting the pro-fibrotic
role of FAP and its early involvement in wound healing.

Co-expression of FAP and DP4 results in heteromeric complex formation on
the cell surface of COS-1 cells.'”® DP4-FAP expression is found in reactive
fibroblasts of healing wounds'®> and has been localized to invadopodia of
migratory cells.'®® In vivo DP4 and FAP colocalize on capillary endothelial
cells, but not large blood vessels in invasive breast ductal carcinoma.'®* DP4—
FAP complex formation is important in the development of the tissue-invasive
phenotype in migratory cells during wound healing'® and plays an important
role in the migration and invasion of migratory fibroblasts and human endo-
thelial cells in collagenous matrices.'**'** This is likely to involve localized
DP4-FAP gelatin degradation. Blocking of the gelatin-binding domain of DP4
in the DP4-FAP complex blocks local gelatin degradation by endothelial and
migratory fibroblasts and alters migration and invasion of cells on collagenous
matrices.'**
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1.4.1.1 Non-Enzymatic Roles of DP4 and FAP

In addition to their enzymatic roles, both DP4 and FAP exhibit a number of
important functions independent of their enzyme activity, many of which
involve binding with other proteins and indirect regulation of other proteases
such as matrix metalloproteinase (MMPs) and plasmin. Of particular ther-
apeutic interest are the non-enzymatic functions of DP4 and FAP that con-
tribute to their involvement in cell adhesion and migration. Both DP4 and
FAP interact with components of the extracellular matrix (ECM). The
observed roles of DP4 in adhesion and migration of cancer cells may be
attributable to its binding with cell surface fibronectin.'®> Notably, DP4 also
functions as a binding partner and adhesion molecule for other proteins
including adenosine-deaminase (DP4 is also known as ADA-binding
protein),'*®'%7 the kidney Na*/H" exchanger isoform NHE3,'® and the
T-cell antigen CD45,'% a protein tyrosine phosphatase. DP4 has also been
identified as a cell surface receptor for plasminogen.''® DP4 binding with
ADA and CD45 initiates a signal transduction pathway via tyrosine phos-
phorylation contributing to the co-stimulatory effect of DP4 on T-cells.”*!'!!
Binding of the ADA-DP4 complex with plasminogen has been demonstrated
in 1-LN human prostate-cancer cell lines''? and is thought to contribute to
FAP and DP4-mediated fibrinolysis.®! Despite homology between the two
enzymes, no evidence exists for the binding of FAP with ADA.°" In renal
brush-border membranes where the multimedia complex between DP4 and
Na™/H" exchanger isoform NHE3 is formed, inhibition of DP4 activity
results in the downregulation of NHE3 activity via inhibition of a tyrosine
kinase signaling pathway, thus suggesting that DP4 plays an important role in
modulating Na*H" exchange mediated by NHE3."'*!!* The exact mechan-
ism by which DP4 inhibitors affect downstream tyrosine kinase signaling
pathways is unknown, but it may be possible that inhibitor-binding results in
a conformational change to DP4, altering downstream signaling pathways or
that inhibition of DP4 activity prevents DP4 substrate-mediated signaling.'"?
In the human 1-LN prostate-tumor cell line, it has been shown that the
association of plasminogen with DP4 and NHE3 is involved in regulating the
invasive phenotype.''> Direct binding of plasminogen type II (Pg 2) with DP4
on the surface of prostate cancer cells results in the induction of an intra-
cellular Ca®” signaling cascade that in turn results in the increased expression
of MMP9.''® DP4-plasminogen binding is thought to ‘lock’ plasminogen into
a favorable configuration for its cleavage and activation by the urokinase
plasminogen activator receptor (uPAR).''° It is this activation/interaction
with uPAR that results in release of intracellular calcium stores and induction
of MMP9 expression.''” Interestingly, FAP is thought to interact directly
with uPAR via complex formation.''” UPAR is an important cell surface
protease, converting plasminogen to plasmin, contributing to regulation of
ECM proteolysis."'® Numerous studies have investigated physiological roles
and therapeutic potential of uPAR in human diseases such as cancer
(reviewed in several previous studies''” '*"). Co localization of FAP and
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uPAR in the plasma membrane of LOX malignant melanoma cells and FAP—
uPAR complex formation has been demonstrated,'!” likely increasing
proteolytic progression of cells through the tumor microenvironment. Such
non-enzymatic roles of FAP are thought to contribute to its roles in pro-
fibrinolysis.” In 2005, Wang er al. found that an enzyme negative FAP
mutant over-expressed in the LX-2 human hepatic stellate cell (HSC) resulted
in enhanced cell adhesion, migration and staurosporine streptomyces-stimu-
lated apoptosis, providing further evidence for the importance of FAPs non-
enzymatic roles in the facilitation of tissue remodeling in chronic liver
injury.”? Similar to DP4, FAP expression has also been linked with changes in
MMP expression. Over expression of either FAP or DP4 in 293T cells resulted
in an increase in MMP-2 and CD44 expression accompanied by a reduction in
integrin-p1.°> MMPs are well known for their roles in cell adhesion and
migration via proteolytic degradation of the ECM, and the association of
DP4 and FAP with altered MMP activities most likely contributes to their
observed roles in cancer.

1.4.2 DPS8 and DP9: Intracellular Proteins

DPS8 was first identified and cloned by Abbott ez al. in 2000,° almost 40 years
after the initial discovery of DP4. Within the Abbott ef al. study, DP9 was first
identified in silico by BLAST alignment with DP8.° In 2002, Olsen and
Wagtmann reported the first cloning of the short 863-amino-acid form of
DP9 followed by repeated cloning of short DP9 by Qi ez al. in 2003%' and the
subsequent cloning of both short and long 892-amino-acid forms by Ajami
et al. in 2004.** Due to the high structural homology of both DP8/9 with DP4
and FAP, investigations into their biochemical functions have rapidly increased
since their discovery. At present, studies have led to the implication of both
DPS§/9 in immune functions, but clear physiological roles are yet to be defined
for either of the enzymes. DP8 and DP9 are closely related molecules sharing
61% amino acid identity, intracellular localization, and ubiquitous tissue
expression. Intuitively, it seems likely that DP8/9 play essential roles in human
biology, and an overlap or redundancy in function may exist between the two.
That said, it is also likely that each may have unique and independent functions
that are yet to be revealed. An inherent problem that arises when investigating
DP8 and DP9 is differentiating between the observed effects of these two
enzymes using current research tools. Until knockout animals are generated
and/or crystal structures resolved to enable the design of DP8 and DP9 selec-
tive inhibitors, this will continue to be an issue. If DP8 and DP9 are essential
intracellular enzymes with redundant functions, it will be highly beneficial for a
double DP8/9 knockout to be generated for an assessment of its viability.
Likewise, if redundant/compensatory mechanisms exist between DP8 and DP9,
then individual knockout animals should presumably result in viable offspring.
At present, only speculations can be made.
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Originally identified as monomeric enzymes, both DP8 and DP9 are now
readily known to form catalytically active dimers.'?> '** It has recently been
shown that DP8 monomers still retain activity.'>> Recombinant human DP8
and DP9 display optimal enzyme activity between pH 7.0 and 8.5 with low
levels of residual activity still observed at acidic pH 5.0.%"'>* Recently, a
natural form of DP9 was purified from bovine testes'*® and identified as being
the short form of DP9 by matrix-assisted laser desorption ionization time of
flight mass spectrometry (MALDI-TOF/TOF MS) analysis of the N-terminal
sequence.®® This natural form of bovine DP9 displays a similar pH profile to
the human DP9 expressed and purified from insect cells.'*® Enzymatic activities
of both recombinant DP8 and DP9 can be inhibited in the presence of
Zn** %126 DP9 activity is also reduced in the presence of Ni* and almost
completely inhibited by the presence of Cu?* and Hg ™. These results suggest a
physiological role for intracellular Zn** or other metal ions in the regulation of
cytosolic DP8/9 activity. Recently, in vitro evidence has emerged suggesting
that the activity of DP8/9 might also be regulated by intracellular redox
events.'>*!?” Evidence of redox-state regulation of related PEP enzyme activity
has been previously demonstrated.!?*!%

Both DP8 and DP9 are ubiquitously expressed at the mRNA level in all
human adult and foetal tissues as assayed by master RNA blot or Northern
blot hybridization.®** High levels of DP8 transcript can be found in the testis,
heart, liver, skeletal muscle, kidney, pancreas," and a number of endocrine-
related tissues.’? In testis, a smaller alternative transcript of DP8 with
high expression has been detected.®’! Displaying a similar pattern of
expression, the highest levels of DP9 transcript can be found in the heart,
liver, skeletal muscle, spleen, prostate, testis, ovary, small intestine, colon,
peripheral blood leukocytes, and also a number of other endocrine related
tissues.** In comparison with DP8, a much lower level of DP9 mRNA was
detected in the testis;>> thus, it was surprising that natural DP9 was purified
from bovine testis and not DP8.%° The presence of different mRNA tran-
scripts for DP8 and DP9 also suggests their importance in the male repro-
ductive system. Expression of DP8/9 in this system has thus been further
investigated.

Using individual DP specific inhibition profiles, Dubois et al. found that the
majority of detectable DP activity in bovine and rat testis could be attributed to
the activities of DP8/9, whereas in the epipididymis, DP4 was the predominant
contributor."*® Immunohistochemistry revealed specific, and distinct staining
of DP8 and DP9 in sperm cells from late stages of spermatogenesis; however,
little to no DP8/9 activity was detectable in preparations of bovine sperm,'*°
suggesting that DP8/9 play important roles in the late stages of development
but play no role in mature male gametocytes. In support of these findings, a
recent study by Yu et al. using microarray data analysis to determine the levels
of DP8 and DP9 mRNA during the different stages of murine sperm cell
development found a high abundance of DP9 in later stage spermatocytes.'*!
In addition, in situ hybridization of baboon testis found DP8/9 distributed
in spermatogonia and spermatides but only weak staining of DP9 in
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spermatocytes suggesting species-specific differences.'*! If DP8 and DP9 play
crucial roles in the development of sperm maturation, it can be speculated that
loss of both DP§/9 expression within the male reproductive system could lead
to sterility. Future studies analyzing human samples and using knockout ani-
mals will be useful to answer this question and to assess whether DP8 and/or
DP9 are potential targets for the development of therapeutics in the treatment
of infertility.

As above, individual DP specific inhibition profiles have also been used to
assess the level of DPS8/9 specific activity in human brain, rats and mice.
Stremenova et al. identified DP8/9 as the major enzymes contributing to
detectable DP activity in non-malignant human brain tissue.'*> DP8/9 have
also been identified as major enzymes contributing to DP activity in rat
brains, with comparisons made between crude brain extracts isolated from
wild-type and DP4 deficient rats.'*® Using DP selective inhibitors, Freker et
al. found that in brain, the level of DP8/9 activity was higher than that of DP4
and lower than the activity attributable to the related DP2."** In a similar
study using DP4 wild type and DP4 7" mice, DP8/9 were identified as strong
contenders for the observed DP activity in murine brain.'** In addition, this
Ansorge et al. study identified both DP8 and DP9 as the most probable
enzymes responsible for the remaining observed DP4-like activity in skin and
heart tissue of DP4 /"~ mice.'** DP8 and DP9 mRNA is detected at high levels
in both these tissues as previously discussed. Yu et al. performed a similar
study with their focus being on determining the in vivo expression and dis-
tribution of both DP8 and DP9 in human baboon and mouse tissues.'*! This
study found that both DPS§/9 significantly contribute to the levels of DP
activity observed in peripheral blood mononucleocytes (PBMCs), the thymus,
spleen, colon, lung, liver brain, muscle, testis, pancreas, adipose and adrenal
tissues.'?!

Both DPS8/9 have been implicated in regulating the immune response. Initial
reverse-transcriptase polymerase chain reaction (RT-PCR) suggested that full-
length DP8 expression was upregulated in activated T cells.® DP8/9 specific
activity has since been detected in human peripheral blood leukocytes (lym-
phocytes and monocytes), Jurkat, and U937 (a human monocytic cell line)
cells'*® DP8/9 activity levels were similar in all leukocyte cell types tested'*>
suggesting that DP8/9 have ubiquitous level of activity within the immune
system. Increasing evidence has been mounting for the involvement of DP9/9 in
regulating the immune response'**, thus making them potential targets for the
development of anti-inflammatory based therapeutics which will be discussed
later in this chapter.

1.4.2.1 Non-Enzymatic Roles of DPS8 and DP9:
Protein-Binding Partners

Potential roles for DP8 and DP9 in apoptosis, wound healing, and migration
have been investigated.'*®'3” Using 293T cells, transient transfections were
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performed to over express DP8- or DP9-green-fluorescent protein (GFP)-
fusion proteins.'*® By this means, DP9 was found to be associated with
impaired cell adhesion, migration, and monolayer wound healing.'*® DP8 was
also associated with impaired migration and wound healing but not cell
adhesion.'*® Both DP8 and DP9 were found to enhance staurosporine strep-
tomyces (STS)-induced apoptosis, while over-expression of DP9 reportedly
increased the rate of spontaneous apoptosis.'*® Interestingly, using enzyme
negative mutants of each protein, the involvement of DP8 and DP9 in these
processes was found to be independent of their enzymatic activity and of the
RGD motif of DP9."*® Over expression of DP9 was also found to decrease the
mRNA level of proteins known to be associated with cell adhesion; discoidin
domain receptor 1 (DDRI1), E-cadherin, and tissue inhibitor of matrix metal-
loproteinases 2 (TIMP-2)."*” Thus, it is possible that the observed phenotypes
arising from DPS8- or DP9-over expression may result from direct protein—
protein interactions of these molecules with as-yet unidentified ligands or via
indirect means which alter the expression and function of additional proteins
involved within cell adhesion and migration.

1.5 Protein Structure, Active Site Entry, and
Substrate Specificity

Substrate binding and specificity inherently relies on the conformational
structure of a protease. To date, numerous crystal structures of DP4, often in
complex with substrates or inhibitors, have been resolved along with structures
for FAP'? and DP6.'"® A number of groups, including our own, have success-
fully expressed and purified recombinant DP8 and DP9, but the crystal
structures of these enzymes are yet to be revealed. Structural information about
DP8 and DP9 is inferred by building homology models using DP4, FAP,
DP6, and PEP structures. In the absence of abundant knowledge regarding
in vivo biological substrates, the substrate specificity of the DPs has been pre-
dominantly derived from in vitro screening of synthetic combinatorial substrate
libraries with purified recombinant protein. Structural aspects relevant to cat-
alytic activity, substrate entry, and substrate specificity of DP4, FAP, DPS, and
DP9 are discussed below.

DP4 is catalytically active as a dimer with each monomer consisting of an /3
hydrolase domain and an eight-bladed B-propeller domain'®!'*® (Figure 1.3).
Crystal-structure resolution has revealed that between these two domains lies a
large cavity of >2 nm (~ 3-4.5) nm, and within this cavity liecs a smaller cavity,
forming the catalytic cleft containing the active triad, Ser630, Asp708, and His
740.'>'° Entry of substrates to the active site located in this large cavity is
hypothesized to occur via two different mechanisms/openings: (1) substrates
may enter/pass through a funnel located in the top opening of the B-propeller
domain or (2) substrates may enter the active site via the much larger, less
restricted, side opening of the B-propeller domain.'>'7'* In favor of the sec-
ond hypothesis, the entrance via the side opening appears to be the shortest and
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Figure 1.3 Dimeric structure of human DP4 demonstrating entry to the active
site. The catalytic triad residues are displayed as spheres; Red = Ser630;
Green = Asp708 and Blue = His740. The two Glu residues at 205 and
206 that interact with the substrate are displayed as yellow spheres. The
structural representation was generated using PyMOL with structural
coordinates (PDB code 1N1M) from Rasmussen er al.'”

most easily accessible route.'> " It is possible that entry and exit of substrates
occur via different routes.!” Structural resolution of DP4 in complex with
residues 1-10 of its substrate, NPY, provided evidence for preferred entry of
substrates via the large side-opening.!” Furthermore, docking experiments of
DP4 with aprotinin indicated that the aprotinin N terminus could enter the
active site only via the side-opening.'*® The large cavity is negatively charged
and would most likely attract the positively charged N-terminus of DP4 sub-
strates into the active site.'> DP4 and FAP structures reveal that the pair of
conserved glutamate residues that are required for enzymatic activity, (Glu®®,
Glu®®®) in DP4 and (Glu>®, Glu®*) in FAP, aid in catalysis due to their
negative charge recognizing the positively charged N-termini of substrate
peptides.'*'?? Resolution of the FAP crystal structure revealed a similar
proposed route of entry to the active site, via one of the two openings within the
B-propeller domain.'* One of the main requirements for DP4 catalysis to occur
is for a free, unblocked, protonated a-amino group to be present in the P1
position.'*!"1*? In this regard, FAP differs from DP4 due to its ability to
function also as an endopeptidase. Due to the restricted size of entry into the
active site, it is thought that only elongated peptides or unfolded or partly
unfolded protein fragments can reach the active site.'> Furthermore, only small
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protein and peptide substrates for DP4 have been identified; hence it is
speculated that substrates of all DPs will be limited to a maximum of 100-200
amino acids in length,"'* thus limiting the potential substrate repertoire.
However, FAP is known to cleave o, AP, which is 464 amino acids in length.28
This suggests that it is also possible for larger proteins with a free, non-
restricted N-termini to be in vivo substrates of DPs.

In comparison with DP4, the DP substrate specificity of FAP at the P2
position is much more restricted with FAP displaying a preference for iso-
leucine, proline, or arginine in the P2 position.'* Edosada et al. characterized
the P4-P2’ substrate specificity of FAP endopeptidase activity, revealing a
strong requirement for the presence of glycine or small amino acids in the
P2 position in order for the endopeptidase activity of FAP to occur.'
A reduction in specificity was observed at positions P3, P4, P1’, and P2’ with a
wider range of residues being accepted.'* Considering that this specificity of
FAP has been determined in vitro, it will be of interest in future to determine if
a broader specificity is observed within the in vivo complex biological setting
or against true endogenous substrates where other features interacting with
the structure/conformation of FAP may come into play. Homology models
reveal a high degree of similarity in structure of DP8 and DP9 compared with
DP4 and FAP, suggesting that substrate access would be similar with slight
variations in specificity.'**!** Differences in kinetics of purified recombinant
DP8 to those of DP4 indicate the likelihood of there being subtle differences
in substrate-binding pockets between these two enzymes.!*> A larger Sl
pocket size would potentially allow for larger residues to be accommodated in
the S1 position of DP8/9 compared to DP4. Elucidation of DP8/9 substrate
specificities has been determined in vitro using combinatorial peptide libraries.
In vitro analysis reveals a preference for DP8 and DP9 towards substrates
containing small, basic, or large hydrophobic residues in the P2 posi-
tion.'?>12%1%5 L ee ef al. confirmed DPS8’s strong preference for Pro in the Pl
position and detected activity against substrates with alternate alanine,
methionine, or threonine in the P1 position'?*. DP4 is well known to cleave
substrates with Ala, Ser, and Gly in the P1 position such as GLP-1. In vitro,
DPS8 and DP9 cleavage of GLP-1 has been demonstrated.'** Acidic residues in
the P2 position were the least favorable for both DP8 and DP9 cleavage.!?*!1%
In regards to these findings, consideration must be given to the fact that while
substrate specificity is being determined in vitro, the specificity of DP8/9 may
be considerably different in the complex biological setting in vivo. Interest-
ingly, during our own research involving DP8/9 substrate discovery, utilizing
stable cell lines and terminal affinity labeling of substrates (TAILS) technol-
ogy'*® we have identified a potential biological substrate of DP8/9 with one of
the least favored acidic residues in the P2 position using a peptide library
(Wilson et al., in preparation). While structural studies and determination of
in vitro substrates specificity are useful, they tell us very little about the bio-
logical roles of a protease within the human body. Of more use is the iden-
tification of true biological substrates that allow for elucidation of the
pathophysiological roles of a given protease.
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1.6 DP Substrates: Biological Relevance to Human
Health and Disease

Discovered over 40 years ago, a number of diverse biological substrates for
DP4 have been identified. In contrast, only a limited number of potential FAP
substrates have been found. Based on the high degree of sequence identity and
structural similarity of DP8 and DP9 with DP4, it is thought that substrate
preferences would be the same and potential substrates shared; however, the
intracellular vs. extracellular localization makes this unlikely. Recently, DP8/9
cleavage of known DP4 substrates has been demonstrated in vitro, and a bio-
logical substrate of DP9 identified. In our own studies, we have identified two
potential natural substrates of DP8/9 that may prove to be of interest in future,
although they are not discussed here. DP4 is known to cleave numerous bio-
logically active peptides, hormones, and chemokines sourced from a diverse
range of families including: the pancreatic polypeptide family (NPY, PYY),
pituitary adenylate cyclase-activating peptide (PACAP)/Glucagon family
(GLP-1, glucagon, GLP-2, GIP, growth-hormone-releasing factor (GRF),
vasoactive intestinal peptide (VIP), PACAP27/38, peptide histidine methionine
(PHM)), chemokines (Mig, interferon-y inducible protein (IP-10), interferon
inducible T cell a-chemoattractant (I-TAC), stromal derived factor (SDF)1-o/
B, human analog of macrophage inflammatory protein-la (LD783), RANTES
(regulated on activation, normal T cell expressed and secreted), eotaxin, mac-
rophage-derived chemokine (MDC)), and other molecules such as the neuro-
peptides; substance P, B-casomorphin, endomorphin, and morphiceptin (Table
1.1). Proteolytic cleavage by DP4 can lead to the inactivation, activation, or
alteration in receptor specificity of a substrate, thus leading to changes in sig-
naling pathways and numerous biological processes. Many DP4 substrates
exert their effects on a number of physiological processes, but in the context of
this review only the main ones will be discussed.

1.6.1 Glucose Homeostasis and Nutritient Metabolism

To date, in vivo cleavage has been demonstrated only for a few of the potential
DP4 substrates with the most notable of these including GLP-1 and GIP. GLP-
1 and GIP are highly insulinotrophic proteins, functioning as potent stimula-
tors of glucose-dependent insulin secretion. In addition, GLP-1 contributes to
blood-glucose homeostasis by inhibiting the secretion of glucagon, gastric
emptying and reducing food intake. Following the intake of food, the levels of
GLP-1 will rise rapidly in response to the increasing blood glucose levels. Here
DP4 plays an important role in maintaining glucose homeostasis by rapidly
degrading the N-termini of GLP-1(;_36, and GIP(; 45 converting them into
biologically inactive forms GIP(;_45) and GLP—1(9,36).147’149 Inhibition or loss
of DP4 activity results in increased levels of stable GLP-1;_34), leading to
improved glucose tolerance via increases in the glucose-stimulated insulin
secretion and decreased glucagon secretion (reviewed in several previous
studies®®>%13%151 'DP4 plays an important role in regulating the activity of
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Table 1.1 DP4 biological substrates.

Physiological system Biological substrate Length (aa) N-terminal sequence Evidence References

Digestive and vascular system GLP-1(7-37),7-36) 30, 31 His-Ala | Glu-Gly-Thr-Phe- In vitro[in vivo 147-149,152
GIP(| 45 42 Tyr-Ala | Glu-Gly-Thr-Phe- In vitro/in vivo 148,149
glucagon;_»9) (3-29) 29, 27 His-Ser | GIn-Gly-Thr-Phe- In vitro 153,154
PHM( 27 27 His-Ala | Asp-Gly-Val-Phe- In vitro 148
VIP(],Zg).(3,2g) 28, 26 His-Serl Asp—Ala l Val-Phe- In vitro 148,155
GLP-2 (133 33 His-Ala | Glu-Gly-Ser-Phe- In vitro/in vivo 152,156,157
GRP 27 Val-Pro | Leu-Pro-Ala In vitro 158
PACAP(] 27).(3-27).(1-38),(3-38) 27, 25, 38, 36 His-Ser l Asp-Gllele—Phe— In vitro 148,155
enterostating_s) 3_s, 53 Val-Pro | Asp-Pro-Arg In vitro 159
bradykining_o) 9 Pro-Pro | Gly-Phe-Ser-Pro In vitro 160
BNP(; 3, 32 Ser-Pro | Lys-Met-Val-Glu In vitro/in vivo 161

Nervous and endocrine system

Immune system

GRF (1 44/40/32/29)
vasostatin-1;_ze)
substance P(l—l 1).3-11)
PYY (1 36

NPY (1 36
f-casomorphing;_7
endomorphin 2;_4)
endomorphin-1(;_4
morphicepting 4
hemorphin-7, o)
RANTES (CCL5)(;¢s)
I-TAC (CXCL11)(1_73)
eotaxin (CCLl 1)(1774)
GCP-2 (CXCL6)(1-77
SDF-1a/B (CXCLI12)1_68/72)
MDC (CCL22); 49).3 )
IP-10 (CXCL10)(;_77)
LD78B (CCL3L1)(1-70)
GTOB (CXCL2)(1,73)

Mig (CXCL9)(1-104)

44, 40, 32, 29
76
11,9

Tyr-Ala | Asp-Ala-Ile-Phe-
Leu-Pro | Val-Asn-Ser-Pro
Arg-Pro | Lys-Pro | GIn-Gln-
Tyr-Pro | Ile-Lys-Pro-Glu-
Tyr-Pro | Ser-Lys-Pro-Asp-
Tyr-Pro | Phe-Val-Glu-Pro-
Tyr-Pro | Phe-Phe-NH,
Tyr-Pro | Trp-Phe-NH,
Tyr-Pro | Phe-Pro-NH,
Tyr-Pro | Tryp-Thre-Glut-Arg
Ser-Pro | Tyr-Ser-Ser-Asp
Phe-Pro | Met-Phe-Lys-Arg-
Gly-Pro | Ala-Ser-Val-Pro-
Gly-Pro | Val-Ser-Ala-Val
Lys-Pro | Val-Ser-Leu-Ser-
Gly-Pro | Tyr-Gly | Ala-Asn-
Val-Pro | Leu-Ser-Arg-Thr-
Ala-Pro | Leu-Ala-Ala-Asp-
Ala-Pro | Leu-Ala

Thr-Pro | Val-Val-Arg-Lys-

In vitro
In vitro
In vitro/in vivo
In vitro[in vivo
In vitro/in vivo
In vitro
In vitro/in vivo
In vitro
In vitro/in vivo
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro
In vitro

148, 162-164
165

166-168
169,170
169,171
172-176
177,178
179,180

174

181

182-184
184,185
184,186

183
184,187-189
184,190
182,184
184,191

192

184

Cleavage sites are indicated with an arrow, and DP4 cleaved dipeptides are indicated in bold.
BNP, B-type natriuretic peptide; GCP-2 (CXCL6), granulocyte chemotatic protein; GLP, glucagon like-peptide; GRF, growth-hormone-releasing factor; GRP,
gastrin-releasing peptide; IP-10 (CXCL10), interferon-y inducible protein; I-TAC (CXCL11), interferon inducible T cell a-chemoattractant; LD783 (CCL3L1)
human analog of MIP-1a; MCP-1/2/3 (CCL2/7/8), monocyte chemotactic protein-1/2/3; MDC (CCL22), macrophage-derived chemokine; NPY, neuropeptide Y;
PACAP, pituitary adenylate cyclase-activating peptide; PHM, peptide histidine methionine; PYY, peptide tyrosine tyrosine; RANTES (CCL5), regulated on
activation, normal T cell expressed and secreted; SDF-1a (CXCL12), stromal derived factor-1o; VIP, vasoactive intestinal peptide.
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additional members of the PACAP/glucagon families including glucagon, VIP,
gastrin-releasing peptide (GRP), GRF, PACAP, and GLP-2 (Table 1.1); many
of these substrates are involved in processes of nutrient metabolism and glucose
homeostasis. GLP-2, derived from the same pro-glucagon molecule as GLP-1
and GIP, is of particular interest to our group. Expressed mainly in the gut,
GLP-2 functions as a highly potent promoter of gastrointestinal growth and
reduces the severity of intestinal injury that arises during inflammatory con-
ditions of the bowel.'”® In a similar fashion to GLP-1 regulation, DP4 is
responsible for the rapid inactivating degradation of GLP-2.'*® Research by
our own group and others demonstrates the efficacy of DP4 inhibition in
ameliorating the effects of inflammatory disease of the gastrointestinal tract
such as inflammatory bowel disease, presumably partly due to the prolonged
half-life of GLP-2 in circulation.'”® Interestingly, targeted deletion of NPY, an
additional DP4 substrate, is also shown to be involved with inflammatory
disorders with its ablation leading to attenuated inflammation in an experi-
mentally induced dextran sulfate sodium (DSS) colitis model;'** thus, it may
prove to be an important avenue for future investigations into this work.

NPY is an additional in vivo substrate of DP4. Both NPY and PYY are 36-
amino-acid members of the pancreatic polypeptide family. NPY is a widely
distributed neurotransmitter, abundant in brain, while PYY is produced by L-
type endocrine cells of the gastrointestinal tract, where it colocalizes with GLP-
1.193 NPY ;36 acts through multiple Y receptor types, functioning as a potent
vasoconstrictor through receptor Y1,'”® and playing an important role in the
stimulation of feeding through receptors Y1 and/or Y5."7!?® Like NPY (1_3¢),
PYY (36 acts through the same Y receptors and is involved in inhibiting
gastrointestinal function, insulin secretion, blood pressure homeostasis and
appetite and weight control (reviewed in'%). In vitro, NPY and PYY are
rapidly cleaved to their truncated forms NPY 3 36, and PYY 3 3¢ by DP4.'®
DP4 proteolysis of NPY results in a shift in NPY receptor selectivity, changing
its biological action from being a vasoconstrictor to a promoter of the angio-
genic process.'’! Ghersi et al. demonstrated that DP4 expression is upregulated
in migrating cells at sites of wounding and that the increase in DP4 activity is
required for the generation of NPY 5 35 and observed effects of NPY 5 3¢, in
promoting cell migration and wound healing.°° Both PYY (136 and PYY 5 3¢
are abundant in circulation. Truncated PYY 3 36), generated by DP4 proteo-
lysis, specifically acts through the Y2-receptor subtype,'®” again highlighting
the resultant shift in receptor selectivity of a molecule upon DP4 cleavage.
PYY (5_36) inhibits food intake and reduces weight gain,?! the opposite effects
to those observed for PYY( 3s. Thus, DP4 regulates effects in feeding,
metabolism, and weight control via proteolytic cleavage of PYY, NPY, GLP-1,
and also enterostatin, and this highlights the potential application of targeting
DP4 for the treatment of obesity.

Recently, in vitro studies have demonstrated that both DP§8 and DP9 are
capable of cleaving GLP-1, GLP-2, NPY, and PYY (Table 1.2), but cleavage
rates by DP8/9 are much slower than DP4.'2*!3? Interestingly, DP8/9 are the
predominant enzymes responsible for DP activity in brain compared to DP4'¥
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Table 1.2 In vitro and biological substrates of DP§ and DP9.

Demonstrated

cleavage Substrate N-terminal sequence References

DPS8, DP9 GLP-1(7.3¢) His-Ala | Glu-Gly-Thr-Phe- 122
GLP-2(1_33 His-Ala | Glu-Gly-Ser-Phe- 122
NPY (1 36 Tyr-Pro | Ser-Lys-Pro-Asp- 122,133
PYY(136) Tyr-Pro | Ile-Lys-Pro-Glu- 122

DP8 SDF-la (CXCL12)6sy Lys-Pro | Val-Ser-Leu-Ser- 192

SDF-1B (CXCL12)(,75, Lys-Pro | Val-Ser-Leu-Ser- 192
IP-10 (CXCL10)_77 Val-Pro | Leu-Ser-Arg-Thr- 192
I-TAC (CXCLI1)73y  Phe-Pro | Met-Phe-Lys-Arg- 192
DP9 RU1 34 42 Val-Pro | Tyr-Gly-Ser-Phe- 202

Cleavage sites are indicated with an arrow, and DP8/9 cleaved dipeptides are indicated in bold.

where many of these substrates are found, but physiological relevance, if any,
of NPY as a potential DP8/9 substrate is yet to be revealed, especially given
that most substrates are soluble and secreted, while DP8/9 are localized in the
cytoplasm.

1.6.2 Cardiovascular Effects

In addition to the implicated roles of DP4 in cardiovascular function via NPY
truncation, a number of other substrates exerting cardiovascular effects are
described. Bradykinin is an important vasoactive peptide involved in blood-
pressure homeostasis that is primarily metabolized by ACE, but can also be
degraded by the consecutive action of aminopeptidase P and DP4. Amino-
peptidase P first removes an N-terminal arginine residue allowing DP4 to then
cleave a Pro-Pro dipeptide from the N-terminus.'® Substance P is also a
substrate of ACE*” along with other proteases including DP4.?** Inhibitors of
ACE are used widely for the treatment of hypertension, congestive heart failure
and impaired renal function, but angioedema is a potentially life-threatening
adverse side effect that can result from ACE inhibitors. The angioedema side-
effect is thought to arise potentially from impaired degradation of ACE sub-
strates, bradykinin, and substance P, by DP4 and aminopeptidase P due to
decreased DP4 activity during ACE-inhibitor-associated angioedema.?’>2%¢
Co-administration of an ACE inhibitor with a DP4 inhibitor, vildagliptin (for
treatment of type II diabetes), has been shown to increase significantly the risk
of angioedema.?®’ It should be noted that administration of the DP4 inhibitor
alone did not increase the risk of angioedema,?®’ thus highlighting the complex
interplay between ACE inhibition, DP4 activity, and degradation of the
vasoactive peptides, bradykinin and substance P in the development of ACE-
inhibitor-associated angioedema. In addition to these findings, DP4 cleavage of
vasostatin I, a chromogranin A-derived peptide implicated in the regulation of
cardiovascular function,?®® has been demonstrated in virro.'®> However, to our
knowledge, no further studies involving vasostatin I as a potential DP4
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substrate have been reported. Further supporting a role for DP4 regulation in
the cardiovascular system is the demonstrated cleavage of plasma B-type
natriuretic peptide (BNP) by DP4, resulting in the release of its truncated form,
BNP (3-32).'°! BNP (3-32), known also as des-SerPro-BNP, has been detected
in plasma of patients with heart failure.”®® BNP is one of two natriuretic
peptides secreted by the heart that are involved in cardiovascular
homeostasis.*'°

1.6.3 Nociception and Neuropsychiatric Disorders

Substance P is a widespread neuropeptide implicated in numerous roles,
including nociception, mood and anxiety disorders, aggressive behavior, and
immunity.>'"?'* It was demonstrated as early as 1978 that DP4 can cleave
substance P,'®® and sequential DP4 cleavage results in the generation of sub-
stance P53 1), then substance Ps 11).167 Alterations in the level of serum DP4
activity have been associated with a number of psychiatric disorders such as
depression, anxiety, schizophrenia, and anxiety.®”*!> DP4 cleavage of sub-
stance P activity may be involved in these processes, but it is important to note
that the levels of serum PEP activity, also capable of cleaving substance P, are
also altered in these disorders.?!®?!” Recently, pre-incubation of substance P
with a DP4-overexpressing glioma cell line was found to lead to a loss of
substance P signaling via intracellular calcium mobilization.”'® DP4 cleavage
modulation of pain is further discussed below.

Endomorphin-1 and endomorphin-2 are endogenous opioid peptides,
expressed widely in the central nervous system, having key roles in nociception,
and they participate in inflammatory disorders such as rheumatoid arthritis,
osteoarthritis, and experimental arthritis (reviewed by Jessop et al.*'®). Endo-
morphin-1 was identified as being a DP4 substrate based on the increased
stability of endomorphin-1 in the presence of porcine buccal mucosa by
Diprotin-A (Ile-Pro-Ile), a competitive DP inhibitor.'” Diprotin-A is also
capable of inhibiting PEP,*** aminopeptidase N,**° and DP8/DP9*' activity,
making it possible that DP4 is not the enzyme responsible for the observed
cleavage. DP2 is an unlikely candidate due its poor inhibition by Diprotin A
with K; of >35 000 nM compared to a K; of >250 nM for the inhibition of
DP4.%° Janecka et al. provide a detailed review on the degradation of endo-
morphins by DP4 and other proteases including aminopeptidase M, carbox-
ypeptidase Y, and proteinase A.>?! DP4 has been implicated in the modulation
of nociception via cleavage of endogenous substrates, endomorphin-1, endo-
morphin-2, and substance P.'”7?*? Inhibition of DP4 activity with Ala-Pyrro-
lidonyl-2-nitrile in mice has been found to lead to enhanced analgesic effects
of exogenously administered endomorphin-2.'”” Morphiceptin, similar in
sequence to the endomorphins and a reported analog of B-casomorphin, is
another endogenous opioid peptide that acts as a highly potent and selective
agonist for the p-opioid receptor known for its roles in pain perception.”** In
situ perfusion in rats genetically deficient in DP4 revealed a significant increase
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in morphiceptin activity, administered into the intestinal lumen, compared to
DP4%/7, rats thus providing evidence for a role for DP4 as the major enzyme
responsible for morphiceptin degradation'” and further supporting a role for
DP4 in the management of analgesia. 3-Casomorphin is a milk-derived peptide
with opioid activity with the ability to pass through the gut barrier and function
on the immunological as well as neurological systems.'”> Proteolytic degrada-
tion of PB-casomorphin by DP4 has been detected in a number of studies
including a recent report by Iwan et al., who demonstrated the transportation
of B-casomorphin across Caco-2, a human intestinal cell line, monolayers
known to express high levels of DP4.'”> More recently, DP4 has been shown to
cleave an additional endogenous opioid peptide, hemorphin-7, that is derived
from proteolytic degradation of hemoglobin.'®' Thus, there is substantial evi-
dence supporting roles for DP4 in the modulation of analgesia via its proteo-
lytic activity.

1.6.4 Immune System and Disorders

Chemokines are a large family of small secretory proteins (5 to 10 kDa)
involved in the immune system and in numerous inflammatory-related dis-
orders including leukocyte maturation, migration, and chemoattractant activ-
ities. Chemokines interact with their cell-surface receptors via their N-terminal
region, and so potential modulation of their receptor selectivity and regulation
of their activity via proteolytic cleavage is of interest. DP4 cleavage of che-
mokines has been readily demonstrated, and kinetics indicate they could be
physiological substrates of DP4.'>> N-terminal truncation by DP4 can result in
a shift in receptor specificity and alter or abolish the chemoattractant activity of
RANTES, SDF1-o/B, MDC, eotaxin, IP-10, I-TAC, and Mig towards lym-
phocytes, monocytes, CD34(+ ) progenitor cells, and eosinophils, and may
reduce any anti-HIV-1 activities of these chemokines,'8%183186.189.190.224.225
Increased chemotactic activity may also result, as occurs for LD78p3 7, after
its derivation from LD780_7p by DP4."! LD78B3 7, displays enhanced
chemotactic activity towards monocytes and maintains strong anti-HIV-1
activity. Both IP-10 and Mig can inhibit the angiogenic process, a feature that is
retained following their truncation by DP4.>*°> Some of the altered migratory
capabilities of DP4 expressing tumor cells may be associated with its chemokine
substrates. In conjunction with the activity of aminopeptidase N, the involve-
ment of DP4 in I-TAC proteolysis results in impaired migration of micro-
vascular endothelial cells (HMVEC),**® while DP4 degradation of SDF-1 is
suggested to be involved in the metastasis of prostate cancer cell lines.**’ Sezary
syndrome is a rare form of T-cell lymphoma affecting the skin in which a
characteristic loss of DP4 from the cell surface of T lymphocytes occurs. This
loss of DP4 is maintained upon T lymphocyte infiltration of the skin. Narducci
et al. found that Sezary syndrome T-cells express the functionally active SDF-1
receptor, CXCR4, and that skin cells of patients produce a large amount of the
SDF-1 ligand, thus making it likely that in the absence of DP4 expression,
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intact SDF-1 is functioning as a potent skin-specific chemoattractant for
infiltrating Sezary syndrome T cells.”*® Targeted restoration of DP4 expression
on the skin surface may help control this syndrome. A detailed review on the
proteolytic processing of chemokines by DP4 and other proteases can be found
in Wolf et al.**

DPS cleavage of chemokines has also been demonstrated in vitro (Table 1.2).
Screening of 27 chemokines for DP8 cleavage identified, in preference, SDF1-
o/p > IP-10 >> I-TAC as in vitro DP8 substrates.'”> DP8 cleavage had a
relatively lower turnover than that for DP4.'%? It can be hypothesized that DP9
will display a similar ability to cleave these chemokines. Future studies directly
comparing the catalytic efficiencies of DP8/9 cleavage of chemokines will be of
interest to reveal if subtle differences exist between these two. It should be noted
that not all peptidic/protein-based molecules with a proline in P2 are substrates
of DP4 or DP8/9. Seven out of 16 chemokines containing a proline residue in
the penultimate position failed to be cleaved by either DP4 or DP8.'"? Addi-
tionally, many natural cytokines including interleukin(IL)-1p, 1L-2, IL-3, and
IL-6, tumor necrosis factor-f, granulocyte macrophage colony-stimulating
factor (GM-CSF), and granulocyte colony-stimulating factor (G-CSF), have
an evolutionary conserved proline residue within the second position of their
N-termini. However, despite this feature making them ideal candidates as
DP4 substrates, no cleavage by DP4 is observed against full-length intact forms
of these molecules,”*® suggesting that their N-terminus is inaccessible in the
intact proteins.

Recently, the first natural substrate of DP9, the renal ubiquitous (RU)1 (34 42)
antigenic peptide, was identified by Geiss-Friedlander er al**® (Table 1.2).
RU1 34 45)is produced in the cytoplasm by proteasome activity, then enters the
ER, and then associates with MHC class I molecules for presentation on the
cell surface where it is recognized by cytolytic T lymphocytes.?*'*> Following
the in vitro confirmation of both DP8 and DP9 cleavage of RU1 34 45, Geiss-
Friedlander et al. used siRNA to silence DP8 and DP9, demonstrating the
increased presentation of RU1 34 45y antigen on the cell surface following loss
of active DP9 expression.?** This finding points towards a possible role for DP9
in the regulation of MHC class I antigen presentation that may have important
consequences in immune-related disorders. A possible role for DP8 in this
process involving different antigenic peptides cannot be excluded at this stage.

1.6.5 Tissue Repair and Cancer

Both DP4 and FAP are known to play conflicting roles in cancer and appear to
be of importance in the development of fibrinolytic disorders and fibrosis.
Recent identification of o, AP as a likely physiological substrate for FAP is in
keeping with the pro-fibronyltic role of this enzyme and its importance in the
development of fibrogenic disorders. As previously discussed, soluble FAP
cleaves the Prol12-Asnl3 bond of the 464 residue human a,-AP with Met at its
N-termini (Met-0,AP) (MEPLGRQLTSGP-NQEQVSPLT . . .) to yield the

Petitioner GE Healthcare — Ex. 1046, p. 22



Substrates and Therapeutic Targeting in Human Health and Disease 23

452-residue version with Asn at the N-termini (Asn- a,AP) (NQEQVSPLT . . )
that exhibits increased cross-linking to fibrin making the fibrin resistant to
plasmin degradation.”® During a proof of concept proteomics study aimed at
identifying candidate protease substrates in fractionated human plasma, the
cleaved pro-peptide of Asn-a, AP with methionine removed (EPLGRQLTSGP)
was identified as a potential DP4 substrate,** but the biological relevance of
this finding is as yet unknown. FAP has been previously demonstrated to cleave
gelatin and potentially collagen type I but not collagen IV, fibronectin, or
laminin.”"*** Evidence suggests that FAP cleaves only collagen type I and III
that are partially degraded or denatured by the proteolytic activity of select
MMPs known to have collagenase activity and participating in ECM remo-
deling.>*® Thus, in the complex extracellular microenvironment of tumors or
sites of tissue remodeling, FAP may be working in concert with other proteases
that play important roles in ECM degradation, to participate in the degrada-
tion of ECM proteins and increase migratory abilities of tumors through
stroma. In turn, the increased activation of o2-AP leading to decreased
fibrinolysis of cross-linked fibrin might result in increased adhesion and
migration of tumors. In vitro cleavage of collagen by DP4 has been suggested,
but participation in ECM degradation is thought to occur via its non-enzymatic
protein-binding capabilities. Recently, Jost et al. used Wistar rats for an in vivo
protease inhibitor profiling approach coupled with endogenous blood pepti-
dome analysis, demonstrating that DP4 inhibition affects collagen alpha 1
metabolism in vivo and identified BRI (1-23) amyloid peptide as a novel sub-
strate of DP4.2*° Because of the intracellular localization of DP8/9, their direct
involvement in cleavage of ECM proteins is unlikely.

1.7 Therapeutic Targeting of the DPs

As illustrated, DP4 and FAP are involved in a wide range of pathophysiolo-
gical processes, and the importance of DP8/9 in human biology is only now
starting to emerge. This family is clearly of interest to Pharma with the
development of DP4 inhibitors for the treatment of type II diabetes and past
clinical investigations into the efficacy of targeting FAP in cancer or as a
potential biomarker. Because of the high degree of homology among the DP4
gene family members and their shared specificity with PEP and DP2, the spe-
cificity and selectivity of DP inhibitors must be ensured. Additionally, the issue
of inhibitor permeability must be addressed due to the intracellular localization
of DP8 and DP9. Both DP4 and FAP have a number of non-enzymatic
functions that appear to play important roles in cancer and fibrinolysis; hence,
therapeutic targeting to prevent protein-binding interaction may also prove to
be of use in future disease treatments. Here, we provide an overview of some
work that has already been carried out with regard to designing therapeutics
targeting the DPs with consideration given to enzymatic and non-enzymatic
approaches.
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1.7.1 Targeting Enzymatic Function

Numerous disecases have been targeted for therapeutic treatment via DP4
inhibition including rheumatoid arthritis, multiple sclerosis, psoriasis, wound
healing, anxiety, type II diabetes and cancer. Successful inhibition of DP4 for
the treatment of type II diabetes has been clearly clinically validated with
several DP4 inhibitors developed by different pharmaceutical companies for the
treatment of type II diabetes now available on the market or awaiting approval
(Table 1.3). Targeted inhibition of DP4 as a therapeutic option is currently
being investigated in a number of other disorders, particularly those of an
inflammatory nature such as arthritis, skin inflammation, multiple sclerosis,
and inflammatory bowel disease.?*” Taking into account the overlap of sub-
strates between DP4 and aminopeptidase N, a novel dual targeting therapy is
also being investigated as a therapeutic concept in the treatment of inflam-
matory disease and acne pathogenesis.'****® To attain clinical approval, the
specificity, safety, and efficacy of these inhibitors need to be ensured so that off-
target inhibition is not an issue. Lankas ez al. also found that a number of DP4
inhibitors including vL-allo-isoleucyl thiazolidide, Lys[Z(NO,)]-pyrrolidide
(LZNP) previously used in several studies implicating the roles of DP4 in
immune function, were actually more potent inhibitors of DP§/9 and DP2
(ICsoznp): DP8<DP9<<DP2<DP4=154<165<<1210<1300)."" Thus, it
is highly likely that some of the reported effects of these inhibitors on immune
function are due to off-target inhibition of DP8/9 or DP2 rather than the
reported DP4. Lankas et al. also demonstrated that Val-boroPro, used in
clinical trials as discussed below, is a highly non-selective DP inhibitor with I1Cs
values for DP4 < DP8 < DP9 << DP2~ PEP < FAP (expressed in nmol I ') being
<4, 4, 11, 310, 390, and 560 respectively.'’

Table 1.3 DP4 inhibitors for the treatment of type II diabetes.

Company Oral inhibitor Trade name Current status

Merck Sitagliptin®#*24 Januvia® Used in >40 countries
FDA approved in 2006
EMEA approved in 2007

Bristol-Myers Squibb &  Saxagliptin®*2*"  Onglyza®  FDA approved in 2009

Astra Zeneca

Novartis Vildagliptin®** 2% Galvus® EMEA approved in 2007
Takeda Pharmaceutical ~ Alogliptin®"! FDA application sus-
company pended as of 2009,
insufficient data
Boehringer Ingelheim Linagliptin®**%>3 Ondero™ Phase III clinical trials”
Pharma GmbH and Co.
KG
Phenomix Corporation  Dutogliptin®>*2%3 Phase IIT clinical trials®

LG Life Sciences Gemigliptin Phase III clinical trials”

“At time of publication.
FDA, Food and Drug Administration (USA); EMEA, European Medicines Agency; LG, Life’s
Good.
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1.7.1.1 Targeting DP8 and DP9

Selective inhibition of DP8/9 results in attenuation of T-cell proliferation and
release of the cytokine IL-2."" In human T-cells, the synthesis of DNA and thus
cell proliferation can be suppressed upon treatment of cells with the DP8/9
selective inhibitor, UAMC00132."** Similar evidence provided by Reinhold
et al. demonstrates that selective inhibition of DP8/9 activity with UAMCO00132
results in suppression of DNA synthesis in mitogen-stimulated splenocytes
isolated from both wild-type and DP4 knockout mice.>** Recently, DP8/9 have
been implicated in the allergic response of the lung in rat models of experimental
induced asthma.?** Asthma is a well-known chronic inflammatory disease of the
airways characterized by airway obstruction and resulting in breathing diffi-
culties, typically wheezing, coughing, and breathlessness. Thus, future studies
investigating short-term suppression of the immune response during asthma
attacks via selective DP8/9 inhibition may prove to be of interest. In research
performed by our own group, the expression of DPS§ at the transcript level was
found to be significantly upregulated in C57BL/6J mice with DSS-induced
colitis compared to untreated controls,>*! thus providing additional evidence for
a role of DP8 in acute inflammatory responses.

Controversy has surrounded the potential safety in targeting DP§/9 activity
making their suitability as therapeutic targets questionable. Using the DP8/9
selective inhibitor, UAMCO00132, over a 2-week period at doses of 10, 30, and
100 mg/kg™', rats reportedly developed toxic effects including alopecia,
thrombocytopenia, reticulocytopenia, enlarged spleen, inflammatory cell infil-
tration of multiple organs, including the gastrointestinal tract, and mortality.'!
In contrast a rebuttal study by Burkey et al. using Vildagliptin® at high doses
of 1500 mg/kg/day for 12 weeks in mice and 900 mg/kg for 12 weeks in rats
observed no toxicity or mortality of animals.?*® Vildagliptin® was designed to
selectively inhibit DP4, but a modest level of DP8/9 inhibition remains at these
high doses. Wu ef al. used an alternative DP8/9 selective inhibitor, 1G244,
displaying a 15- and eightfold more potent inhibition against DP8/9 than the
inhibitor UAMCO00132, to assess toxicity, reporting that although toxic effects
were not observed, some mild symptoms were identified.>>” One of the more
concerning mild symptoms observed in animals receiving higher doses of 10 or
30 mg kg ' day ' was the development of severe cyanosis which resulted in
animals being killed on days 4 and 5 of the 2-week study.>>’ Cyanosis also
developed at the lower dose of 1 mg kg ' day'. Development of cyanosis
suggests that the inhibitor 1G244 may be causing a hypoxic effect in animals,
allowing us to speculate on the involvement of DP8/9 in this process. Without
further evidence from a more complete study it cannot be definitively concluded
that 1G244, and thus the inhibition of DP8/9, does not cause toxicity. Although
progress has been made towards the development of potent and selective
inhibitors of DP8 and DP9,'#258 26 ap inhibitor that can selectively differ-
entiate between these two is still lacking. Such an inhibitor would help to
further elucidate the enzyme, if any, responsible for the apparent adverse affects
following DP8/9 inhibition.
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1.7.1.2 Targeting FAP

Due to the highly restricted and specific expression of FAP, particularly within
tumor stroma, FAP is clinically interesting as a target for immunotherapy in
the treatment of cancer and non-invasive bio-imaging. Clinical trials aimed at
directly targeting the enzymatic activity of FAP with Val-boroPro (Talabostat;
PT-100), an amino boronic dipeptide inhibitor of DPs, for the treatment of
solid tumors managed to reach phase II studies but failed to demonstrate
clinical efficacy.*®! Val-boroPro had previously shown promise in the in vivo
reduction in tumour growth in mice,?®* but the direct inhibition of FAP by this
compound is unlikely. Due to the strict specificity of FAPs endopeptidase
activity, FAP selective inhibitors have been developed?®® but are yet to be used
in clinical studies. Clinical trials involving immunotherapy targeting of FAP for
the treatment of colon cancer and non-small cell lung cancers have also reached
phase II studies but failed due to a lack of efficacy.?** %" Immunotherapy
targeting FAP may inhibit both enzymatic activities and extracellular matrix
interactions of FAP. It appears that FAP shows more promise as a biomarker
and target for non-invasive imaging of tumours or for use as site-directed
targeted cancer radiotherapy as being developed by Molecular Insight Phar-
maceuticals.”®® Currently immunoconjugate therapy utilizing a novel FAP
antibody-maytansinoid conjugate, monoclonal antibody (mAb) FAP5-DM1, is
being explored as a treatment option in epithelial cancers.>®® Maytansinoid is
an immunotoxic substance that enters into cancer cells, blocking their growth
upon binding of the antibody to the cell surface. Preliminary studies in mouse
xenograft models of lung, pancreas, head, and neck cancers demonstrated long-
lasting inhibition of tumor growth and tumor rejection upon immunoconjugate
treatment with mAb FAP5-DM1 with no adverse side-effects.>® Loeffer et al.
constructed an oral DNA vaccine targeting FAP, suppressing tumor growth
and metastasis in FAP-vaccinated mice and increasing their uptake of che-
motherapeutics.”’® Mice vaccinated against FAP also displayed decreased
collagen type I expression, a physiological substrate of FAP that can contribute
to decreased chemotherapeutic drug uptake in tumors and play a role in reg-
ulating tumor sensitivity.?’® Effects of this treatment were reported to be from a
CDS8™ T cell-mediated anti-FAP immune response.

1.7.1.3 Targeting DP4 and FAP for Prodrug Development

The ubiquitous distribution of DP4 in the human body coupled with its rare
ability to selectively cleave the post-proline bond of N-terminal dipeptides
makes it a suitable target for the development of prodrugs where systemic drug
delivery is required, such as blood disorders including human immunodeficiency
virus (HIV). In contrast, the strict specificity of FAP endopeptidase activity and
highly specific expression in cancer and at sites of tissue remodeling make it a
valuable pro drug target for the delivery of site-specific treatment. Practicality in
utilizing the enzymatic activity of DP4 or FAP in the development of prodrugs
has been demonstrated. Using a specific di- or tetra-peptide linked to
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therapeutic anti-HIV TSAO (non-nucleoside reverse transcriptase inhibitors)
molecules via an amide bond specifically cleaved by DP4, Garcia-Apricio et al.
demonstrated the efficiency of DP4 at releasing a pharmacological active
compound upon proteolytic cleavage and suggested the possibility of altering
the half-life of the drug/prodrug by modifying the di- or tetra-peptide moi-
ety.>’?72 Aggarwal er al. identified a consensus sequence for FAP endopepti-
dase cleavage for use in the development of cytotoxic prodrugs.?’”® This led to
the development of FAP selective peptide ‘protoxins’ in which the FAP selective
peptide is incorporated into the activation domain of a cytotoxic protein or
peptide rather than being directly linked to the activated toxin itself.?”* LeBeau
et al. demonstrated the feasibility of this approach with the generation of a FAP
selective ‘promelittin’ toxin that was efficiently cleaved by FAP, releasing the
active cytoltic melittin resulting in site directed toxicity to FAP expressing
cells.”’* The anti-tumor effect of these protoxins was also demonstrated by
direct injection of the promelittin into human-prostate and breast-cancer
xenografts resulting in an increase in tumor necrosis and reduced tumor size.>’*
These exciting results show promise for the future development of clinically
validated prodrugs targeting drugs to sites where DP4 or FAP are expressed for
treatment of systemic diseases such as HIV or FAP selective tumors.

1.7.2 Targeting Non-Enzymatic Function

Non-enzymatic functions of DP4 and FAP contribute to their involvement in
cell adhesion and migration, thus providing an additional therapeutic pathway
in the treatment of cancer progression. Targeting non-enzymatic functions for
treatment of disease by blocking protein-binding interactions has its difficulties.
In the case of immunotherapy targeting of proteases, there is the added benefit
of directly blocking the enzymatic activity of the enzyme or altering its con-
formation so that substrate entry is blocked. However, mAbs are not guar-
anteed to block the numerous protein-binding sites of a protein and hence have
to be developed with the specific aim in mind of blocking a single protein—
protein interaction. There are also a number of issues regarding administering
an antibody and its stability within the human body once exposed to the mileu
of proteases that are present in vivo. Antibodies targeting FAP for immu-
notherapy have been discussed above, but note should be given as to their
potential to disrupt binding/interactions of FAP to extracellular matrix pro-
teins, uPAR, and even DP4. It may be possible that DP4 forms tetrameric
structures between adjacent cells that might participate in the adhesion and
growth of tumors within certain cancers. Future work may demonstrate the use
of antibodies to block such interactions. Studies demonstrating the efficacy of
immunotargeting DP4 have been demonstrated.

Binding of soluble anti-DP4 mAb has been shown to inhibit the growth of
human renal carcinoma cells (RCC) in vitro and in vivo, demonstrating its
potential clinical use for the treatment of DP4-positive RCC.?”> In a similar
study, Inamoto et al. demonstrated the effectiveness of humanized anti-DP4 in
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the growth inhibition of human malignant mesothelioma, thus indicating the
potential use of anti-DP4 mAb as a therapeutic in the treatment of DP4-
postiive malignant mesothelioma as well as RCC.>’® In the 2006 study by
Inamoto et al., growth inhibition of RCC resulted from anti-DP4 mAb
induction of G;-S cell cycle arrest.’” In vitro anti-DP4 mAb also resulted in
blocked adhesion of RCC to the ECM presumably due to a increased inter-
nalization of cell surface DP4 leading to a decreased binding capacity of RCC
to collagen and fibronectin.?’*> Using a mouse xenograft model of human RCC
in vivo, evidence was provided for the inhibition of tumor growth and enhanced
survival of mice upon anti-DP4 mAb treatment.?’> Research by the same group
had previously shown a similar potential for anti-DP4 mAb in the growth
inhibition of DP4-positive T-cell malignancies via Gs/S cell cycle arrest.?’”-*"®

The development of protein-binding inhibitors is another therapeutic option.
Gonzalez-Gronow et al. demonstrated that the binding of plasminogen to DP4
expressed on the cell surface of 1-LN prostate cancer cells could be blocked
with angiostatin 2e, a peptide fragment of plasminogen.?”” This in turn resulted
in inhibition of the induced intracellular calcium pathway and suppression of
MMP9 expression, and thus invasive capabilities of the cells, suggesting that
the fragment angiostatin 2e may directly block tumor metastasis.”’”® For the
development of therapeutics targeting non-enzymatic activities of DP8 and
DP9, further research will need to be performed first to identify any potential
protein binding partners of these intracellular enzymes and whether targeting
these would be a viable option. In the context of the DPs, targeting of the
enzymatic site, or development of DP-resistant substrate analogs, still remains
the most viable option for therapeutic treatment.

1.8 Conclusion

In this review, we have introduced the DPs and placed their rare ability to
cleave the post-prolyl bond in context with other proteases in the human body.
We have provided a thorough overview of the S9b, DP4 gene family, discussing
both homology and gene structure in context with the related PEP and non-
related DP2. An overview of the biochemical features, biological substrates and
the importance of DP4, FAP, DP8, and DP9 to human biology, and disease has
also been discussed followed by issues concerning therapeutic targeting of these
enzymes. While numerous studies of the multifunctional DP4 have, and still are,
being investigated, less is known about the importance of FAP, and even less
still about the intracellular DP8 and DP9. Future studies focusing on eluci-
dating crystal structures for understanding of DP§/9 catalytic mechanism and
development of highly selective inhibitors, along with the generation of DP8
and DP9 knockout animals, will provide us with some of the most valuable
tools for future investigations into the potential physiological and pathological
roles of these proteases. In turn, these may lead to the development of further
therapeutic strategies for the treatment of disease such as cancer, type II dia-
betes, and inflammatory disorders targeting this important enzyme family.
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