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Glutamate carboxypeptidase II (GCPII), also known as prostate-specific membrane 

antigen (PSMA), is a membrane metallopeptidase overexpressed on most prostate cancer cells. 

Additionally, GCPII also attracted neurologists’ attention because it cleaves neurotransmitter 

N-acetyl-L-aspartyl-L-glutamate (NAAG). Since NAAG exhibits neuroprotective effects, 

GCPII may participate in a number of brain disorders, which were shown to be ameliorated by 

GCPII selective inhibitors. Therefore, GCPII has become a promising target for imaging and 

prostate cancer targeted therapy as well as therapy of neuronal disorders. 

Globally, prostate cancer represents the second most prevalent cancer in men. With the 

age, most men will develop prostate cancer. However, prostate tumors are life threatening only 

if they escape from the prostate itself and start to spread to other tissues. Therefore, 

considerable efforts have been made to discover tumors earlier at more curable stages as well 

as to target aggressive metastatic cancers that have already invaded other tissues and become 

resistant to the standard treatment. Since patients undergoing a conventional therapy (a 

combination of chemotherapy and surgery) suffer from severe side effects, more effective 

ways of treatment are being searched for. Novel approaches include selective targeting of 

tumor antigens overexpressed on tumor cells. GCPII represents such a target that may be used 

either for imaging of advanced cancers or as an address for prostate-targeted drug delivery. 

The studies presented in the thesis focused on GCPII as a potential diagnostic and 

therapeutic target as well as development of novel molecular tools for studying physiological 

and pathological role of GCPII in various tissues. Therefore, we evaluated GCPII potential to 

become a serum marker of prostate cancer and determined its concentration in the blood 

plasma among healthy population. Since the development and testing of novel therapeutics 

and methods require a model organism, we characterized mouse GCPII as mice represent most 

widely used model animals. Finally, we developed polymer conjugates decorated with GCPII 

inhibitors that might become a tool for an active drug delivery to cells expressing GCPII. 

These conjugates might also serve as antibody mimetics enabling selective targeting of desired 

proteins, their isolation and visualization in vitro and in vivo. Therefore, this novel chemical-

biological tool, called iBodies, also has the application outside of the area of GCPII.  



 

 

Glutamátkarboxypeptidasa II (GCPII), známá také jako membránový antigen 

specifický pro prostatu (PSMA), je membránová metalopeptidasa, jež je exprimovaná na 

buňkách karcinomu prostaty. GCPII si dále získala pozornost neurologů, neboť v mozku štěpí 

neurotransmiter N-acetyl-L-aspartyl-L-glutamát (NAAG). Touto aktivitou se GCPII může 

podílet na řadě mozkových poruch, jelikož NAAG vykazuje neuroprotektivní účinky. GCPII 

se proto stala prostředkem pro zobrazování a možnou cílenou léčbu nádorů prostaty stejně 

jako pro léčbu mozkových poruch. 

Nádory prostaty celosvětově představují druhé nejčastější mužské nádorové 

onemocnění. U většiny mužů, dříve či později, dochází k vytvoření určité formy nádoru 

prostaty. Nádory prostaty jsou ovšem život ohrožující pouze při opuštění samotné prostaty a 

rozšíření do jiných tkání. Z tohoto důvodu bylo enormní úsilí vloženo do dřívější detekce 

nádorů v lépe léčitelných stupních, stejně jako do cílení na agresivní metastatické nádory 

resistentní na standardní léčbu. Pacienti procházející konvenční terapií (kombinace 

chemoterapie a chirurgického zákroku) trpí poměrně závažnými vedlejšími účinky – proto 

jsou hledány účinnější způsoby léčby zahrnující selektivní směrování na nádorové antigeny, 

jež jsou mnohonásobně více produkovány nádorovými buňkami. GCPII představuje tento cíl, 

jenž by mohl být použit buď pro detekci pokročilých stupňů nádorů či jako molekulární adresa 

pro cílené doručování léčiv přímo do nádorové tkáně. 

Studie uvedené v této práci se zaměřují na GCPII jako potenciální diagnostický a 

terapeutický cíl a dále na vývoj nových molekulárních nástrojů pro studium fyziologické i 

patologické role GCPII. Z těchto důvodů jsme zhodnotili potenciál GCPII stát se sérovým 

markerem nádorů prostaty a určili její koncentraci v krvi zdravé populace. Vzhledem k tomu, 

že vývoj nových terapeutik a léčebných metod vyžaduje modelové organismy, 

charakterizovali jsme myší GCPII, jelikož myši představují nejčastěji používaná pokusná 

zvířata. Nakonec jsme vyvinuli polymerní konjugáty nesoucí inhibitory GCPII, které by se 

mohly stát nástroji pro aktivní transport léčiv do buněk exprimujících GCPII. Tyto konjugáty 

mohou ovšem sloužit i jako mimetika protilátek umožňující selektivní cílení zvolených 

proteinů, jejich izolaci a vizualizaci in vitro a in vivo. Tento nový chemicko-biologický 

nástroj, nazvaný iBodies, má tak uplatnění i mimo oblast nádorového antigenu GCPII.  
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The Introduction is divided into several sections. The first one describes the protein of 

interest – glutamate carboxypeptidase II (GCPII) – bringing the most important pieces of 

information regarding GCPII enzyme activity, structure and its close homologs. The second 

section deals with GCPII and its implication in human health disorders. The third part 

summarizes diagnostic and therapeutic approaches based on GCPII. Finally, the last section is 

not focused primarily on GCPII, however, it introduces a world of polymer conjugates to 

readers and their use in targeted drug delivery. 

 

 

Glutamate carboxypeptidase II (GCPII; EC 3.4.17.21) is a membrane 

metallopeptidase that has been a target of research interest over the past three decades. At the 

beginning, the protein was studied in three various scientific fields, which led to different 

names of the protein: prostate-specific membrane antigen (PSMA) in urology [1], 

N-acetylated-alpha-linked acidic dipeptidase (NAALADase) in neurology [2] and folate 

hydrolase in dietology [3]. In 1987, GCPII was first described in the rat nervous system as an 

enzyme capable of cleaving the most abundant brain peptide neurotransmitter N-acetyl-L-

aspartyl-L-glutamate (NAAG); therefore, neuroscientists termed the protein NAALADase, or 

less often NAAG peptidase [2]. In the same year, GCPII was recognized as the antigen of 

monoclonal antibody 7E11.C5 specifically immunostaining prostate epithelium, which was 

the reason why the protein was called PSMA [1]. Several years later, it was shown that above-

mentioned names represent the same protein, which also possesses the same enzyme activity 

as folate hydrolase located on the jejunal brush border [3-6]. Today, in spite of the 

recommendation of the International Union for Biochemistry and Molecular Biology for the 

use of name “GCPII”, PSMA remains the most common name used throughout the literature. 

 

GCPII is a homodimeric type II transmembrane glycoprotein [7]. Each monomer 

consists of 750 amino acids that form a short N-terminal cytoplasmic tail (19 amino acids), a 
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transmembrane domain (24 amino acids), and an extensive C-terminal ectodomain (707 amino 

acids) responsible for catalytic activity of GCPII [8, 9]. The polypeptide chain is heavily 

glycosylated; oligosaccharides account for approximately 20% of the GCPII molecular weight 

(approximately 100 kDa) [10]. Appropriate GCPII glycosylation was shown to be 

indispensable for the proper folding and activity of the enzyme [11]; therefore, it has been 

impossible to prepare GCPII using bacterial and yeast expression systems [12]. That was one 

of the reasons why the first GCPII X-ray structures were published as late as in 2005 and 2006 

by two independent groups [8, 9]. To date (October 2017; search for “glutamate 

carboxypeptidase II, Q04609”), 63 crystal structures of GCPII/GCPII mutants with various 

ligands have been determined and stored at the Protein Data Bank, the vast majority of them 

with resolution under 2.0 Å. All structures were resolved for the GCPII ectodomain (amino 

acids 44-750); the short intracellular part is presumed not to adapt any stable conformation. 

The large extracellular part of GCPII consists of three domains (Fig. 1; p. 10): the 

apical (amino acids 117-351), the C-terminal (amino acids 591-750), and the protease-like 

domain (amino acids 57-116 and 352-590) [8, 9]. The active site is formed by amino acids 

residues originating from all three domains [9, 13, 14]. As already mentioned, GCPII bears 

also oligosaccharide chains that contribute to its solubility and stability [15, 16]; GCPII 

primary sequence contains 10 potential N-glycosylation sites. Oligosaccharide chains are 

usually rather flexible and, therefore, their precise roles in protein structure stabilization 

cannot be precisely determined. However, there is a noteworthy exception: Asn638 

glycosylation, which was described to interact with an amino acid side chain of the other 

monomer and is indispensable for GCPII activity [11]. 

Besides amino acids and oligosaccharides, there are also four ions [9]: two zinc ions in 

the active site playing a crucial role in the enzyme catalysis [17]; a calcium cation and a 

chloride anion are probably involved in the stabilization of the GCPII structure and substrate 

specificity, respectively (Fig. 1; p. 10) [9, 18, 19]. 
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Fig. 1: Crystal structure of a GCPII ectodomain in a complex with a urea-based inhibitor. 

GCPII is a transmembrane homodimer with short cytoplasmic and transmembrane domains (not shown) and a 

large extracellular part (monomers are depicted in the cartoon and surface representation). The ectodomain is 

divided into three separate domains: the apical (cyan), the C-terminal (green) and the protease-like (pink). All 

three domains form a tunnel leading towards the GCPII active site. The colored spheres (yellow, red and orange) 

represent active site zinc, calcium and chloride ions. GCPII is heavily glycosylated; the oligosaccharide chains 

are shown as sticks. The active site bound urea-based inhibitor (containing biotin attached via a polyethylene 

glycol linker) is shown as blue sticks; the inhibitor is visible to stick out of a GCPII active site tunnel. Structure 

PDB code: 4NGP [20]. 

 

GCPII is quite widely distributed among human tissues and is not exclusively 

restricted to the prostate, as its alternative name (i.e. prostate-specific membrane antigen, 

PSMA) may suggest. GCPII is highly expressed in several human tissues: the nervous system 

(astrocytes and Schwann cells), prostate (acinar epithelium), small intestine (jejunal-brush 

border), kidney (proximal tubules) and liver [21-26]. Importantly, GCPII expression in 
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prostate carcinoma is approximately 10-fold higher than in the normal prostate [22, 26, 27]. 

Thanks to this unique expression, GCPII represents an important target for prostate cancer 

imaging and therapy (see Chapter 1.4.2. “GCPII as a target in prostate cancer”). 

Interestingly, GCPII was also detected on endothelial cells in the tumor-associated 

neovasculature [28-31] but not in the normal blood vessels. GCPII was shown to be expressed 

in the neovasculature of breast, renal, lung, gastric and colorectal carcinoma and malignant 

melanoma [28-30]. Since solid tumors require blood vessels for their survival and growth, the 

tumor neovasculature represents a promising target for anticancer therapy (so called “anti-

vascular tumor therapy”) [32]. Indeed, proof-of-concept experiments employing anti-GCPII 

antibody J591 were performed, assessing GCPII as a potential neovascular target for therapy 

and imaging of solid tumors [33, 34]. 

Since GCPII is overexpressed in prostate carcinoma, researchers were motivated to 

detect GCPII protein in the human blood (serum/plasma) to serve as a diagnostic serum 

marker, similarly to the current prostate cancer screening test assaying prostate specific 

antigen (PSA) in the men’s blood [35]. The previous publications on the GCPII presence in 

the blood are slightly conflicting, reporting that GCPII blood concentrations range between 

1 and 800 ng/ml [36-42]. Naturally, if GCPII were found in the blood in such high levels, 

serious problems would arise for imaging/therapeutic agents targeting GCPII in the brain or 

prostate. In addition, the potential for blood GCPII levels to serve as a useful cancer 

prognostic marker has not been definitely answered. 

 

 

GCPII belongs to the MH clan (family M28) of metallopeptidases; all of them are 

cocatalytic zinc peptidases containing two zinc ions coordinated by five amino acid residues in 

their active sites [43]. The MH clan peptidases use a water molecule as a nucleophile, which is 

bound in the active site by the zinc ions and five residues [43]. A proton shuttle residue is 

inevitable for the catalysis (Glu424 in GCPII) and its mutation leads towards the loss of the 

enzyme activity [17]. 
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GCPII was shown to have a strong preference for dipeptides with a glutamate moiety 

in the P1’ position [2, 12]. The observation led to a design of a canonical GCPII inhibitor 

scaffold that usually involves a glutamate moiety to fit into the glutamate-binding subsite. 

There are two endogenous substrates of GCPII in the human body – NAAG in the 

brain (NAALADase activity; Fig. 2a) [2] and poly-gamma-glutamylated folates in the small 

intestine (folate hydrolase activity; Fig. 2b) [3, 5]. Both peptidase activities release glutamates 

from the particular substrate, which has subsequent significant physiological effects in the 

particular tissue. 

 

Fig. 2: Physiological enzyme functions of GCPII. 

GCPII possesses two physiological functions (in the brain and jejunum) that include releasing terminal 

glutamates from its endogenous substrates. a) GCPII hydrolyzes the most abundant peptide neurotransmitter 

N-acetyl-L-aspartyl-L-glutamate (NAAG) in the human brain. Free glutamate, a product of the hydrolysis, has 

strong excitatory effects and its high concentration causes excitatory neurotoxicity. b) In the jejunal brush border, 

GCPII cleaves off terminal glutamates from poly-gamma-glutamylated folates, thus enabling folate to be 

transported across the intestinal mucosa into the blood. 

In the human central nervous system, GCPII is responsible for hydrolyzing NAAG into 

N-acetyl-L-aspartate and free L-glutamate (Fig. 2a) [2, 44]. NAAG is one of the most 

prevalent neurotransmitters in the human brain [45, 46]. It specifically binds and activates 

metabotropic glutamate receptors [47], which leads to neuroprotective effects [48, 49]. In 
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sharp contrast to NAAG, free glutamate, the most abundant and major excitatory 

neurotransmitter in the brain, is often the cause of excitatory neurotoxicity [50]. 

In the human jejunum, GCPII was identified as a folate hydrolase [3-5], the enzyme 

that cleaves off terminal glutamates from dietary poly-gamma-glutamylated folates (Fig. 2b; 

p. 12) [5], which cannot be transported across the intestinal mucosa. Thus, after the removal of 

the glutamate residues, the folate molecules can be transported from the intestine to the blood. 

 

Inhibition of GCPII enzyme activity in the brain leads to neuroprotection (described in 

more detail in the chapter 1.4.1. “GCPII in neurological disorders”), therefore, selective GCPII 

inhibitors have represented an important branch of the GCPII-focused research. Moreover, 

inhibitors can also be used as “homing devices” for GCPII-based imaging of prostate cancer 

[51-53]. Therefore, over the past 20 years, a high number of GCPII inhibitors with different 

chemical scaffolds have been presented; virtually all GCPII inhibitors were originally derived 

from NAAG (Fig. 3; p. 14). 

Naturally, general metallopeptidase inhibitors that act as chelators of divalent metal 

cations, such as EDTA, EGTA or 1,10-phenanthroline, completely abolish GCPII enzyme 

activity [2]. For the same reason, GCPII is also inhibited by polyvalent anions, e.g. phosphate 

or sulfate [2]. 

GCPII contains two active-site zinc ions and the GCPII pharmacophore (S1’) pocket 

exhibits a strong preference for glutamate and glutamate-like moieties [9, 12]. Therefore, it is 

not surprising that the majority of GCPII potent and specific inhibitors have a general structure 

consisting of a zinc-binding group and a glutamate moiety interacting with amino acid 

residues in the S1’ pocket site of GCPII (Fig. 3; p. 14). Based on the zinc-binding group, 

GCPII inhibitors are classified into three major categories: phosphorus-containing compounds 

(e.g. phosphonates and phosphinates), ureas, and thiols (Fig. 3; p. 14). 
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Fig. 3: General design of GCPII inhibitors. 

Design of GCPII inhibitors is based on the structure of neurotransmitter NAAG, an endogenous GCPII substrate 

in the brain. The GCPII inhibitors contain a zinc-binding group (ZBG) that chelates the catalytic zinc ions in the 

active site. The ZBG is attached to the glutamate moiety at its 2-position (via linker X); glutamate is tightly 

bound by the residues in the S1’ site. An additional carboxyl group at the P1 position (connected via linker Y) is 

bound by the hydrophilic subsite S1. Finally, some inhibitors (often used for fluorescent/SPECT/PET 

visualization) contain bulky side chain R branching from the linker Y. GCPII inhibitors are classified according 

to the type of the ZBG into three major groups: phosphonate-/phosphinate-based, urea-based and thiol-based 

compounds. Inspired by [54]. 
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Phosphorus-containing inhibitors represent the first generation of GCPII inhibitors and 

they were the core contributors in understanding of physiological functions of GCPII [55]. 

Mechanistically, the tetrahedral phosphorus group mimics a (tetrahedral) transition state of the 

cleaved peptide bond [14]. A major discovery was made in 1996 when a phosphonate-based 

GCPII inhibitor 2-(phosphonomethyl)pentanedioic acid (2-PMPA) was introduced [55], soon 

becoming the gold standard of all GCPII inhibitors in terms of their potency and selectivity for 

GCPII (Fig. 4a). 

 

Fig. 4: Phosphorus-containing GCPII inhibitors. 

Phosphonate- and phosphinate-based compounds represent one of the most potent and frequently used classes of 

GCPII inhibitors. a) 2-(phosphonomethyl)pentanedioic acid (2-PMPA) is the canonical phosphonate inhibitor of 

GCPII [55]. 2-PMPA is highly potent and selective for GCPII; however, it has low oral availability. Therefore, a 

prodrug of 2-PMPA with phosphonate and α-carboxylate covered with hydrophobic 

isopropyloxycarbonyloxymethyl (POC) was prepared (Tris-POC-2-PMPA) and showed excellent oral 

bioavailability [56]. b, c, d) A series of phosphinate GCPII inhibitors (SPE, EPE, MPE) [18]. Interestingly, 

binding of MPE leads to the rearrangement of two arginine residues in the S1 site, which results in 100-fold more 

potent inhibition of GCPII by MPE compared to EPE [18]. 

Besides 2-PMPA and other phosphonates, a number of phosphinate GCPII inhibitors 

were described, including compounds such as SPE, EPE, and MPE (Fig. 4b,c,d) [18]; 

nevertheless, they have never fulfilled their potential to be used as therapeutic agents, mainly 

due to their lack of oral bioavailability, and the research took different direction, especially 
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towards urea-based inhibitors [57]. Therefore, it was rather surprising when orally available 

prodrugs of 2-PMPA were published in 2016 (Fig. 4a; p. 15) [56]. The authors achieved oral 

availability by preparing prodrugs that liberate the active species upon hydrolysis in situ. This 

approach might lead to the design and development of other orally available phosphonate-

based GCPII-specific inhibitors. 

 

Urea-based GCPII inhibitors were developed in the early 2000s [58, 59] and now 

represent the most widely used group of selective GCPII inhibitors (Fig. 5; p.17). The 

inhibitors usually contain a glutamate residue to bind to the S1’pocket of the enzyme; the 

ureido group mimics a planar peptide bond of the cleaved substrate [54]. The major advantage 

of the urea-based inhibitors is the modularity of their structure (especially in the P1 position) 

and their relative simple synthesis and subsequent modification of the basic scaffold, usually 

based on (S)-Lys-C(O)-(S)-Glu (Fig. 5a; p. 17) [60]. Therefore, a large number of various 

urea-based inhibitors (conjugated with radionuclides, fluorophores, or toxins) were 

synthetized and successfully used in experimental imaging and therapy of prostate cancer [51, 

61-63]. [125I]DCIBzL, containing a phenyl ring binding to the hydrophobic pocket in the S1 

site, represents a prime example of such compounds and one of the most potent GCPII 

inhibitors (Fig. 5b; p. 17) [60]. On the other hand, the treatment of neurological diseases with 

a urea-based class of GCPII inhibitors is rather improbable due to their poor pharmacokinetic 

profile, as was demonstrated by ZJ-43 (Fig. 5c; p. 17), which was one of the most extensively 

used urea-based inhibitors in mice models [64-67]. 
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Fig. 5: Urea-based GCPII inhibitors. 

Urea-based GCPII inhibitors have become the most widely used GCPII inhibitors, especially due to their 

modularity, easy synthesis and potency. a) (S)-Lys-C(O)-(S)-Glu offers an useful scaffold for the development of 

imaging agents containing fluorescent or radiolabeled group attached via the ε-amino group of the lysine residue 

[60, 68]. b) [125I]DCIBzL represents a low-molecular-weight agent targeted against GCPII for single-photon 

emission computed tomography (SPECT) [60]. c) ZJ-43 has been used in numerous GCPII inhibition in vivo 

experiments [64-67]. 

 

The unique feature of thiol-based GCPII inhibitors is their oral bioavailability; in fact, 

they were developed as a response to the already mentioned unsuitable pharmacokinetic 

profile and high polarity of phosphorus-based GCPII inhibitors. Therefore, in 2003, a potent 

thiol-based GCPII inhibitor, 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA), was described 

(Fig. 6a; p. 18). 2-MPPA was shown to be orally available in rats [69] and, importantly, 

efficacious in several animal models of diseases after their oral administration, including 

neuropathic pain [69], diabetic neuropathy [70], or familial amyotrophic lateral sclerosis [71]. 

Later, 2-MPPA was tested in phase I clinical trials [72], but its further development was 

stopped due to its toxicity in animals. Generally, the thiol-based compounds are not ideal 

drugs, since the thiol group is quite susceptible to oxidation. 

Phosphoramidate GCPII inhibitors containing P1 carboxylate and hydrophobic benzoyl 

moiety were shown to pseudoirreversibly inhibit GCPII (Fig. 6b; p. 18) [73]. 

Hydroxamate compounds represent another alternative zinc-binding group [74, 75]. 

Recently, hydroxamic acid-based inhibitors possessing nanomolar affinity for human GCPII 

were discovered; they exhibit a unique binding mode in which the glutarate-like moiety 

occupies the entrance funnel and not the S1’ pocket (Fig. 6c; p. 18) [74]. 
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Fig. 6: Thiol, phosphoramidate and hydroxamate GCPII inhibitors. 

a) 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA) was shown to be orally bioavailable in animal models and 

underwent phase I clinical trials; however, its further development was stopped due to the adverse effects in 

animals [69, 72]. b) An example of a phosphoramidate GCPII inhibitor pseudoirreversibly inhibiting GCPII [73]. 

c) A hydroxamate GCPII inhibitor with a glutarate-like moiety exhibits nanomolar affinity for GCPII and a novel 

binding mode to the GCPII active site [74]. 

 

Since its discovery, GCPII has been thoroughly studied as an enzyme – its enzyme 

activities, inhibition profile and substrate specificity have been described in a large detail in 

numerous studies. Therefore, the physiological roles, where GCPII works as an enzyme, have 

been at least partially understood. Nonetheless, GCPII may play also other, non-enzyme 

functions, as it is suggested by several features possessed by GCPII, which are commonly 

associated with cell receptors and transporters. 

Interestingly, GCPII shares 60% sequence similarity with transferrin receptor (TfR) 

that is often considered an archetype of an internalizing receptor. TfR binds iron-loaded 

transferrin, which in turn induces internalization of the TfR-transferrin complex into the cell. 

As already mentioned, GCPII is a noncovalent transmembrane homodimer located on a cell 

membrane. Formation of a homodimer is the dominant feature of many membrane receptors 

[76]. Homodimerization is often induced by binding of a specific ligand, which usually results 

in a cellular response [77]. Besides sequence similarity, GCPII and TfR share also similar 

overall fold and domain organization. Therefore, it was not surprising when GCPII was shown 

to undergo both constitutive and antibody-induced internalization [78, 79]. After endocytosis 

from the plasma membrane, GCPII is transported back to the cell surface via recycling 

endosomal compartment [80], analogously as TfR. These observations, together with a 

mysterious GCPII role in the prostate and prostate cancer, led to the hypothesis that GCPII 

might work as a membrane receptor and triggered a search for a (yet) unidentified putative 

ligand of GCPII. 



19 

 

Besides its potential receptor function, GCPII was reported be involved in a number of 

other processes. GCPII was described to regulate angiogenesis by modulating integrin signal 

transduction [81] and by producing pro-angiogenic peptides (generated by GCPII-catalyzed 

laminin proteolysis) [82, 83]. Furthermore, GCPII was described to promote cell proliferation 

by activation of the NF-κB pathway [84] and to be associated with the anaphase-promoting 

complex [85]. However, none of those hypotheses has been supported or confirmed by other 

groups and further studies are needed to validate these GCPII potential non-enzyme functions. 

 

Apart from (human) GCPII, there are several other proteins that are related to GCPII 

(protein homologs; reviewed in [86]). The homologs may be found within one species 

(paralogs), where they can play identical, similar or completely different roles, depending on a 

degree of similarity and their tissue expression. Secondly, the corresponding proteins found in 

the different species are called orthologs, usually with the very same function, (e.g. human, 

mouse, rat, and pig GCPII). 

In the human body, several GCPII homologs are found – their overall structure is 

closely related (type II glycosylated homodimers), however, their functions are not well 

understood and might be distinct from those of GCPII. The closest homolog PSMAL contains 

an approximately 300 amino acid long N-terminal deletion and thus is probably proteolytically 

inactive. Glutamate carboxypeptidase III (GCPIII), another close homolog, is the only one 

with preserved NAAG-hydrolyzing activity [87, 88]. More distant GCPII homologs 

NAALADase L (a different protein from PSMAL) and NAALADase L2 do not preserve any 

of GCPII enzyme activities [89-91]. NAALADase L has been recently shown to be a human 

ileal aminopeptidase (HILAP) rather than a neural carboxypeptidase [91]. 

Since GCPIII is the best-studied GCPII homolog and mouse GCPII represents an 

important model protein, they are introduced in more detail below. 

 

Glutamate carboxypeptidase III (GCPIII; also known as NAALADase II) shares 67% 

amino acid identity with GCPII [87, 89, 92]. GCPIII was shown to be present in the brain of 

GCPII mice knockouts, which preserved ability to hydrolyze NAAG in spite of the lack of 
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GCPII; therefore, GCPIII was suggested to compensate the missing GCPII activity [93]. On 

the other hand, its pH dependence and substrate specificity as well as mRNA expression 

profile (found in the testis, ovary, spleen, and brain) are somewhat different from GCPII [87]. 

Physiological role of GCPIII remained elusive until 2011 when it was identified as β-citryl-L-

glutamate (BCG) hydrolase from the mouse testes [94]. GCPII was shown to be responsible 

for the hydrolysis of BCG [94], a compound also found in high concentration in the 

developing brain [95]. In spite of the fact that the physiological function of BCG (and GCPIII 

as well) is still unknown, BCG was suggested to be involved in brain development, 

spermatogenesis and regulation of iron and copper concentrations [96-98]. Therefore, GCPIII, 

as an enzyme degrading BCG, might regulate concentration of BCG and thus play an 

important role in the above-mentioned functions. 

 

Nowadays, mouse GCPII represents the most important ortholog since the majority of 

preclinical experiments is performed using mice models. 

Mouse GCPII shares 91% amino acid similarity with human GCPII and thus, not 

surprisingly, preserves both enzyme activities of its human counterpart: it hydrolyzes both 

endogenous substrates of the human enzyme: NAAG and pteroyl-poly-glutamates [99]. All 

key amino acids that participate in substrate binding and hydrolysis are preserved in mouse 

GCPII, therefore, the mouse GCPII active site is presumed to be identical (or at least highly 

similar) with human GCPII. However, until now, no crystal structure of mouse GCPII has 

been published. In stark contrast to the tissue distribution of human GCPII, mouse GCPII is 

not expressed in the mouse prostate but is found in high amounts in the mouse kidney and 

brain [99]. 

Over the past 15 years, several studies using GCPII mouse knockouts have been 

conducted to shed light on the role of GCPII [93, 100, 101]. However, their results were not 

consistent – one group described early embryonic death of the knockouts [100], while other 

two reported normal development to adulthood (noting that mice lacking GCPII are less 

susceptible to traumatic and ischemic brain injury) [93, 101]. 



21 

 

 

 

As it was already mentioned in the previous sections, GCPII is expressed in the central 

nervous system cleaving there NAAG, a neurotransmitter exhibiting neuroprotective effects. 

Thanks to the NAAG inactivation, GCPII may participate in glutamate-mediated neurotoxicity 

and its inhibition was shown to be neuroprotective in animal models [102]. Therefore, 

researchers are developing orally available GCPII inhibitors to increase NAAG, decrease 

glutamate and thus provide neuroprotection. 

 

NAAG was discovered in the mammalian brain (horse, bovine and human) in the mid-

1960s by three independent groups [46, 103, 104]. Slightly surprisingly at that time, NAAG 

concentrations in the central nervous system were found to be low millimolar [105] – thus 

being the most abundant peptide neurotransmitter and one of the most prevalent 

neurotransmitters in general. Using immunohistochemistry, NAAG was shown to be broadly 

distributed throughout the central nervous system with 10-fold concentration variations across 

different brain areas [106-108]. 

NAAG is synthetized enzymatically by NAAG synthetase in a ribosome independent 

manner [106, 109, 110]. As other neurotransmitters, NAAG is stored in the synaptic vesicles 

of neurons [111] and is released following synaptic activation in a calcium dependent, 

depolarization-induced manner [112-114]. After its release, NAAG activates cAMP-

negatively coupled group II metabotropic glutamate (mGlu) receptors, particularly mGlu 

receptors type 3 (mGluR3; Fig. 7; p. 22) [47, 115, 116]. Under basal conditions, NAAG, as an 

agonist of presynaptic mGluR3, inhibits the (further) release of cotransmitters, e.g. glutamate 

[48, 117]. At the same time, NAAG also activates mGluR3 expressed on the glial cells 

(astrocytes and oligodendrocytes) – stimulation of glial mGluR3 leads towards the release of 

neuroprotective trophic factors such as transforming growth factor β (TGF-β) (Fig. 7; p. 22) 

[118]. Importantly, mGluR3 antagonists, such as LY341495, minimize or completely abolish 

the effects of the GCPII inhibitors [64, 66]. 
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Fig. 7: Proposed functions of NAAG, glutamate and GCPII on the synaptic endings. 

Neurotransmitters NAAG and glutamate are released into the synaptic cleft from a presynaptic neuron. Glutamate 

activates N-methyl-D-aspartate receptors (NMDAR), which leads to apoptosis under pathological conditions 

associated with excessive glutamate levels. NAAG activates metabotropic glutamate 3 receptors (mGluR3) on 

presynaptic neurons (resulting in the decrease of released glutamate) and on astrocytes (leading to the secretion of 

neuroprotective factors, such as TGF-β). GCPII (and possibly GCPIII) hydrolyzes NAAG into N-acetyl-L-

aspartyl (NAA) and glutamate and, consequently, abolishes protective effects of NAAG. Selective inhibition of 

GCPII increases intact NAAG levels and subsequently mGluR3 activation, which results in neuroprotective 

processes. On the contrary, the beneficial effects of NAAG could be blocked by mGluR3 antagonists (e.g. 

LY341495). Inspired by [119]. 

 

High concentrations of glutamate released from neurons are associated with several 

pathological conditions including ischemia/stroke, traumatic brain injury or inflammatory and 
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neuropathic pain. Excess glutamate overactivates N-methyl-D-aspartate receptors (NMDAR), 

which triggers a cascade of processes leading to apoptosis (Fig. 7; p. 22) (reviewed in [50]). 

Once NAAG is released into the synaptic cleft, it is hydrolyzed by GCPII (and possibly 

also by GCPIII) localized at plasma membrane of astrocytes and Schwann cells [120, 121]. 

Therefore, the NAAG-hydrolyzing activity of GCPII further increases the concentration of 

synaptic glutamate and, more importantly, prevents NAAG from its neuroprotective activation 

of both presynaptic and glial mGluR3 (Fig. 7; p. 22). 

Therefore, inhibition of the NAAG-hydrolyzing activity in the brain using selective 

GCPII inhibitors seems to help in two ways: by increasing amounts of neuroprotective NAAG 

and, naturally, by decreasing concentration of glutamate as a reaction product. Uncleaved 

NAAG can then activate presynaptic mGluR3 (reducing further glutamate release) and glial 

mGluR3 (releasing TGF-β) (Fig. 7; p. 22). 

 

A number of in vivo studies have evaluated therapeutic potential of selective GCPII 

inhibitors for various neurological disorders; most studies focused on brain injury and pain 

perception (reviewed in [51, 119]). Importantly, GCPII inhibitors seem not to influence 

normal glutamate functions but rather pathological excessive glutamate signaling [102], which 

is in contrast with other strategies modulating glutamatergic neurotransmission, such as 

NMDAR antagonists [122]. 

Administration of 2-PMPA (the selective and potent GCPII inhibitor) reduced neuron 

cell death and protected against ischemic brain injury in rat model of a stroke [102, 123]. 

Similarly, ZJ-43 inhibitor reduced neuronal and astrocyte damage following traumatic brain 

injury in rats [124]. The GCPII inhibitors were also employed to reduce inflammatory and 

neuropathic pain in rat models, exhibiting analgesic effects [64, 125, 126]. Chronic glutamate 

toxicity may also be associated with the pathogenesis of amyotrophic lateral sclerosis (ALS) 

[127]. GCPII inhibitors protected motor neuron from death in both in vitro cell culture 

experiments and transgenic mouse models of ALS [71]. Furthermore, oral administration of 

the inhibitors delayed the onset of the disease and slowed its progression in the mice models 

[71]. 
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Above-mentioned data suggest that GCPII inhibition in the nervous system offers an 

undoubted therapeutical potential. However, all the studies were performed using either polar 

inhibitors not crossing the blood-brain barrier (2-PMPA, ZJ-43) or containing potentially 

metabolically unstable sulfur (2-MPPA). Therefore, there is a need for a novel generation of 

less polar GCPII inhibitors that retain the potency and selectivity of 2-PMPA. As described in 

the section (1.2.2.1. “Phosphorus-containing GCPII inhibitors”), employing a POC prodrugs 

of 2-PMPA might represent a promising strategy in the future development of GCPII 

inhibitors [56]. 

 

 

Prostate cancer is the second leading cause of cancer death in men in the USA, killing 

roughly 30,000 men a year [128]. It is also the most commonly diagnosed cancer 

(approximately 200,000 new cases a year); most of men will eventually develop prostate 

cancer if they live long enough. On the other hand, many men will die from unrelated causes 

since most prostate cancers are slowly growing and not aggressive. 

A considerable effort has been made to detect prostate cancer earlier at more treatable 

stages and before it becomes life threatening. Screening for prostate specific antigen (PSA), a 

protein produced by the prostate and found in the blood when prostate cancer is present, used 

to be a promising approach to diagnose the disease [35, 129]. However, today the test is 

considered controversial since high blood levels of PSA are often not associated with prostate 

cancer and, therefore, the screening leads to many false positive results [130, 131]. Naturally, 

there is a need for additional biomarkers that would either replace or supplement the PSA test 

– the ideal marker would only be produced by the prostate cancer and associated with its 

aggressive and high-grade stages. 

There are several types of prostate cancer treatment. Currently, conservative approach 

is often considered for low-risk prostate cancer – monitoring the tumor over time and 

launching further and more invasive treatment only if the disease progresses. Localized 

prostate cancer is most commonly treated by radical prostatectomy (removal of the prostate) 

and radiotherapy. Once the cancer has escaped from the prostate itself and spread (usually) to 

the bones and lymph nodes, the disease is much less treatable and the outlook is poor. The 
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treatment involves chemical castration – administration of drugs suppressing male hormones; 

however, the advanced metastasized prostate cancer is currently considered incurable 

(reviewed in [132]). 

 

GCPII is strongly expressed on the secretory acinar surface of prostate glandular cells 

[1, 22, 25, 42]. GCPII expression was shown to increase with increasing cancer grades 

(Fig. 8), reaching highest expression levels in androgen-resistant prostate cancer [24]. Despite 

its strong expression, the GCPII function in the prostate (if any) has not been revealed yet. 

GCPII enzyme activity was postulated to increase folate uptake and subsequently proliferation 

of prostate cancer cells [133, 134]; nevertheless, the hypothesis has been confirmed by neither 

other group nor experiments. Thus, the physiological role of GCPII in prostate cancer remains 

unknown. Anyway, GCPII, strongly expressed on prostate cancer epithelial cells, represents a 

tempting target for both prostate cancer imaging and therapy. 

 

Fig. 8: Immunohistochemistry analysis of GCPII expression in the prostate and prostate cancer. 

GCPII expression in the prostate tissues was analyzed using CAB001451 antibody. a) Male, age 64 (prostate 

cancer not diagnosed). b) Male, age 53 (adenocarcinoma, medium grade). c) Male, age 68 (adenocarcinoma, high 

grade). Images were obtained from the Human Protein Atlas, entry “FOLH1” 

(http://www.proteinatlas.org/ENSG00000086205-FOLH1/tissue). 

 

Molecular imaging enables non-invasive detection and visualization of molecular and 

cellular processes in living organisms. There is a variety of techniques to be used, such as 

positron emission tomography (PET), single photon emission computed tomography 

(SPECT), magnetic resonance imaging (MRI), computed tomography (CT) and fluorescence 
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imaging (usually near-infrared). Imaging has become an indispensable tool in both life 

sciences and medicine (reviewed in [135, 136]). Agents targeting GCPII (both for imaging and 

therapy) fall into two major categories: anti-GCPII antibodies and low-molecular-weight 

GCPII inhibitors. 

Currently, the only imaging agent approved by the U.S. Food and Drug Administration 

(FDA) for GCPII-based prostate cancer imaging is the 111In-labeled monoclonal antibody 

7E11 [137, 138]. The conjugate known as 111In-capromab pendetide or ProstaScint™ has been 

used to detect and localize prostate cancer metastases spread to soft tissues outside the prostate 

as well as recurrent prostate cancer after radical prostatectomy [139, 140]. However, the 

negative properties of the 7E11 antibody (recognizing the intracellular GCPII epitope), non-

specific tissue uptake (e.g. liver, kidney) and inherent limitations of SPECT lead towards 

difficult interpretations of the results [141, 142]. 

There were high expectations with second-generation antibody J591 that binds the 

external portion of GCPII and thus visualizes GCPII on viable cells [28, 31, 143]. J591 was 

humanized and radiolabeled with 111In, 99mTc or 89Zr for imaging and 90Y or 177Lu for therapy 

[144-146]. Indeed, 89Zr-J591 detected bone lesions that were not identified by conventional 

imaging [147] and 177Lu-J591 exhibited higher target-to-background signals compared with 

111In-7E11 [148]. 

Since antibodies suffer from the poor pharmacokinetics, usually requiring several days 

to clear from non-specifically bound tissues (approximately 1 week), researchers have been 

developing low-molecular-weight inhibitors to address and overcome this drawback. Small 

molecules are bound by tumor GCPII and rapidly removed from the circulation by the renal 

filtration. Research on urea-based inhibitors radiolabeled with 18F, 68Ga or 64Cu for PET (or 

177Lu for therapy) has become one of the most dynamically developing branches of GCPII-

focused studies [61, 149]. Currently, 68Ga-PSMA-11 (or 68Ga-PSMA-11-HBED-CC) 

represents the most promising PET tracer that has already demonstrated high potential for 

detection of recurrent prostate cancer and metastases (Fig. 9a; p. 27) [150-152]. Another PET 

agent, named 18F-DCFPyL, with lower positron emission energy, offers higher image 

resolution and might identify small prostate lesions with higher fidelity than 68Ga-PSMA-11 

(Fig. 9b,c; p. 27) [153, 154]. 
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Fig. 9: GCPII-targeted PET imaging agents. 

a) Radiometal-labeled agent 68Ga-PSMA-11; its structure consists of a urea-based GCPII inhibitor, linker and 

metal chelator. The linker allows the inhibitor to reach the GCPII active site while keeping the bulky “reporting 

part” outside of GCPII [61]. Radionuclide 68Ga does not require an on-site cyclotron and has a shorter half-life in 

comparison with 18F (68 min vs. 110 min). b) Radiolabeled agent [18F]DCFPyL [149]. c) PET image sequence of 

a prostate cancer patient acquired by [18F]DCFPyL that demonstrated presence of metastatic lesions in multiple 

bones and lymph nodes (black spots). Adapted from [154]. 

 

Successful in vivo GCPII targeting is an important prerequisite for prostate cancer 

therapy using GCPII as a target. Although the biology and function of GCPII in prostate 

cancer remain to be explained, GCPII, strongly expressed on prostate cell membranes and 

internalizing, is an excellent target for the treatment of prostate cancer. Similarly to imaging, 

there is a number of approaches including the use of (radiolabeled) antibodies, antibody-drug 

conjugates (ADCs), small-molecules (radiolabeled or conjugated with toxins) and others. 
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Not surprisingly, the first GCPII-targeted “therapeutic” agent was 7E11 antibody, 

radiolabeled with 90Y instead of 111In (used in ProstaScint™); however, its use was associated 

with hematologic toxicity [155, 156]. The toxicity and inability of 7E11 antibody to bind 

viable tumor cells led to second-generation radiolabeled antibody 177Lu-J591 [144] that was 

tested in several phase I and II trials [148, 157, 158]. The phase II study in men with 

metastatic castration-resistant prostate cancer (mCRPC) demonstrated excellent targeting of 

177Lu-J591 and a dose-dependent PSA decline; a single dose of 177Lu-J591 was well tolerated 

with reversible myelosuppression [148]. 

Besides radioimmunotherapy, the monoclonal antibodies (namely J591) might serve as 

homing devices for the delivery of cytotoxic molecules and toxins (i.e. ADCs). Deimmunized 

J591 was conjugated to maytansinoid 1 (DM-1), an extremely potent cytotoxic drug [159]; the 

phase 1/2 trial showed limited activity in mCRPC patients and neurotoxicity caused by 

disulfide linker lability and rapid deconjugation of DM-1 [160]. Additionally, a conjugate of 

anti-GCPII antibody and monomethyl auristatin E (MMAE) was developed [161, 162] that 

later underwent a phase II trial, exhibiting low toxicity and a PSA response ≥ 50% in 33% of 

the mCRPC patients [163]. Other GCPII-targeted ADCs involve conjugates of J591 and 

ricin A-chain [164] or anti-GCPII single-chain antibody fragment (scFv) D7 and the toxic 

domain of Pseudomonas exotoxin A (PE40) [165]; the latter exhibited a significant growth 

inhibition of a GCPII-positive tumor xenograft in mice [166]. 

As for small molecules, recently prepared 177Lu-PSMA-617 is a promising therapeutic 

agent for the treatment of mCRPC [167], which has been intensively studied and evaluated 

during the last two years [168-170]. Two recent German retrospective multicenter studies 

investigating 177Lu-PSMA-617 radioligand therapy (145 and 59 mCRPC patients) showed 

favorable safety and efficacy of the radioconjugate (a PSA decline ≥ 50% occurred in 45% 

and 53% of the patients, respectively) [170, 171]. In February 2017, the first U.S. multicenter 

phase II trial of 177Lu-PSMA-617 targeted radioligand therapy received FDA clearance [172] 

(ClinicalTrials.gov Identifier: NCT03042312), demonstrating a great potential of 177Lu-

PSMA-617 for its future therapeutic use. 

The use of small molecules is not limited to radioconjugates. Theranostic conjugate of 

a GCPII inhibitor, cytotoxic drug (DM-1) and PET imaging probe was used for GCPII in vivo 
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visualization in tumor xenografts in mice and selective toxicity towards GCPII-expressing 

cells [173]. Furthermore, GCPII inhibitors have also been used as targeting moieties in a 

number of various nanoparticles targeting GCPII, designed for imaging, therapy or 

theranostics [174-176]. 

 

In contrast to the established connection between GCPII and treatment of brain 

disorders and prostate cancer, the potential of GCPII for therapy of inflammatory bowel 

disease (IBD) has been discovered rather recently. GCPII enzyme activity was shown to be 

increased in IBD patients and murine models of IBD [177]. Interestingly, daily administration 

of 2-PMPA dramatically ameliorated murine IBD symptoms and substantially reduced disease 

severity [177, 178]; however, the mechanism of 2-PMPA action has not been determined. 

Nevertheless, the results suggest that GCPII inhibition may represent a novel IBD therapy, but 

further extensive research must be conducted to enlighten the role of GCPII in IBD. 

 

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer conjugates are multivalent 

macromolecules that have been widely used as drug delivery carriers or imaging agents 

(reviewed in [179-181]). The HPMA copolymers trace their roots to Prague in the 1960s when 

Jindřich Kopeček started to work on water-soluble and biocompatible polymers based on N-

substituted methacrylamides [182-184]. The first use of HPMA copolymers was as blood 

plasma expanders [185]. Slightly later, the HPMA copolymers were suggested to be used as 

polymeric drug carriers [186]. 

HPMA copolymers could be prepared to contain a number of reactive groups, such as 

thiazolidine-2-thione, randomly distributed along the polymer chain (Fig. 10; p. 30) [187]. 

These functional groups enable easy modification of the copolymer backbone with various 

molecules, e.g. enzyme inhibitors for selective targeting, fluorophores and radionuclides for 

visualization and drugs for cytotoxic effects [181, 187-190]. 

Since the detailed description of HPMA copolymer conjugates is beyond the scope of 

the thesis, the interested readers can find more pieces of information in a recent review by 
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Ulbrich et al. [180] or in reviews by the fathers of HPMA polymers – Kopeček et al. [179] and 

Duncan et al. [191]. 

 

Fig. 10: Synthesis of HPMA copolymers. 

Preparation of HPMA copolymers by reversible addition-fragmentation chain transfer (RAFT) copolymerization 

of two monomer units: N-(2-hydroxypropyl)methacrylamide (HPMA) and 3-(3-methacrylamido-

propanoyl)thiazolidine-2-thione (Ma-ß-Ala-TT). Ma-ß-Ala-TT contains thiazolidine-2-thione group that is 

reactive towards primary amino groups [187]. Therefore, by aminolysis of the reactive group, HPMA copolymers 

can be easily decorated with a number of various molecules. 

 

Traditional cancer treatment has involved the use of non-specific cytotoxic molecules 

that inhibited mitosis and thus affecting preferentially the rapidly dividing cancer cells. 

However, modern “targeted therapy” aims to target only the tumor cells, not harming the 

healthy tissues. To achieve accumulation of the cytotoxic drugs in a tumor, a selective delivery 

system is required. Antibody-drug conjugates represent a highly effective and one of the best 

examples of selective anti-cancer (bio)molecules. 

HPMA copolymer-drug conjugates offer an alternative approach for “targeted” drug 

delivery to tumor cells. In contrast to “active” targeting by selective antibodies, HPMA 

copolymer conjugates rely on the “passive” accumulation in tumors via the enhanced-

permeability and retention (EPR) effect (described in more detail in the next chapter) [192-

194]. When compared to low-molecular-weight drugs, the advantage of polymer-conjugated 

drugs is (besides their accumulation in the tumor via EPR effect) their improved 

pharmacokinetics (increased circulation times in the bloodstream) and “solubilization” of 

usually hydrophobic molecules by their conjugation to the water-soluble polymers [195, 196]. 

After endocytosis into a cancer cell, the conjugates enter a lysosomal compartment; 

therefore, the drugs must be connected to an HPMA backbone via a cleavable linker. 
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A disulfide group (undergoing reduction) [197, 198], pH-sensitive bonds (unstable in low 

lysosomal pH) [199] and tetrapeptide Gly-Phe-Leu-Gly sequence (cleavable by lysosomal 

cathepsin B) [200] are examples of such linkers. A doxorubicin, an anthracycline molecule 

intercalating DNA and interfering with its function, is an archetypal drug used for delivery by 

HPMA conjugates [201]. The HPMA copolymer–doxorubicin conjugates PK1 and PK2 

(Fig. 11) underwent phase I and phase II clinical trials and showed antitumor activity against 

breast, lung [202, 203] and hepatocellular carcinoma [204], respectively. A large number of 

other polymer-drug conjugates were prepared, containing various drugs, linkers or even 

targeting ligands. Incorporation of targeting ligands selective for cancer cells, such as 

oligosaccharides (conjugate PK2) [204], peptides [205] or fragments of antibodies [206, 207], 

enables also active targeting via cancer cell surface proteins. 

 

Fig. 11: HPMA copolymer-doxorubicin conjugates PK1 and PK2. 

a) Conjugate PK1 contains doxorubicin attached by Gly-Phe-Leu-Gly tetrapeptide linker that is cleaved by 

cathepsin B present in the lysosomes. PK1 delivery to solid tumor depends solely on its passive accumulation via 

the enhanced-permeability and retention (EPR) effect [202, 203]. b) Conjugate PK2 bears besides doxorubicin a 

galactosamine derivative that binds a specific receptor on hepatocytes [204]. 
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The enhanced-permeability and retention (EPR) effect is a phenomenon by which 

macromolecules accumulate in solid tumors more than in normal tissues [208, 209]. The EPR 

effect is attributed especially to two factors: defective tumor vasculature and impaired 

lymphatic drainage. Since rapidly growing (solid) tumor cells become dependent on the blood 

supply, they must promote the production of new blood vessels in order to be supplied with 

oxygen and nutrients and grow quickly [210]. This process, called tumor angiogenesis, results 

in the formation of abnormal imperfect neovasculature that contains poorly aligned endothelial 

cells with fenestrations [211]. Due to the leaking vessels, molecules can escape from the 

vessels and begin accumulate in the solid tumor. At the same time, malfunctioning lymphatic 

drainage cannot properly remove accumulated molecules; this process is highly dependent on 

the size of the molecules – the larger the molecules (and their surface charge), the more 

efficient accumulation in solid tumors [208]. Taken all above-mentioned facts into account, 

the EPR effect is the major mechanism by which macromolecular polymer-drug conjugates 

exhibit their therapeutic effects on solid tumors [193]. 

The EPR effect represents “passive targeting” of tumor agents, which is in contrast to 

active (i.e. selective) targeting usually accomplished by a specific interaction between a cell 

surface protein and a targeting agent. 

 

Kopeček’s group published two studies on HPMA conjugates targeting GCPII. In the 

first publication, they conjugated anti-GCPII antibody (serving thus as a targeting moiety) to 

an HPMA copolymer and analyzed subcellular trafficking of the obtained conjugate [212]. 

The binding affinity of the conjugated antibody was not compromised by the attachment to the 

copolymer; interestingly, the conjugate was rapidly internalized into the cells and 

subsequently transported to late endosomes [212]. The second study describes HPMA-

docetaxel conjugates decorated with GCPII inhibitors for GCPII-targeted drug delivery [190]. 

They observed no difference between the GCPII-targeted and non-targeted conjugate in in 

vitro cytotoxicity assay (probably due to the deconjugation of docetaxel from the conjugate); 

nonetheless, the GCPII-targeted conjugate exhibited stronger in vivo antitumor activity in nude 

mice bearing prostate C4-2 cancer xenografts [190]. 
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Recently, hyperbranched polyethylene glycol polymer conjugate loaded with 

doxorubicin and featuring urea-based GCPII inhibitors on its periphery was described [213]. 

Tumor regression study in mice demonstrated 90% reduction in tumor volume while free 

doxorubicin reduced the tumor volume only by 30% and caused considerable toxicity to the 

mice [213]. 
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1. To develop a method for the detection and quantitation of GCPII in the human 

blood. To verify if other enzymes contribute to GCPII activity. To analyze the 

origin and function of GCPII in the blood and determine if GCPII levels in the 

blood correlate with age, sex or, eventually, prostate cancer stage. 

 

2. To prepare and characterize mouse GCPII regarding its enzyme activity, 

inhibition profile, substrate specificity and, importantly, tissue distribution in 

mice. To compare the results with human GCPII and elucidate if mouse is a 

suitable animal model for GCPII-based therapies. 

 

3. To design and develop polymer-based antibody mimetics capable of GCPII 

targeting in common biochemical methods. To prepare these antibody mimetics 

for other enzymes and proteins and verify their universal and versatile 

applicability. 
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Motivation of the study 

Glutamate carboxypeptidase II, better known as prostate-specific membrane antigen 

(PSMA) among urologists, is strongly expressed in the human prostate and, interestingly, 

approximately 10-fold overexpressed in prostate cancer. Even though its role in the prostate 

and prostate cancer progression (if any) is not known, GCPII’s potential to become a 

diagnostic and/or therapeutic target was recognized 20 years ago. An 111indium-antibody 

conjugate raised against GCPII, trade name ProstaScint™, became the first (and unfortunately 

also the last) detection agent to image GCPII expression and thus the extent of prostate cancer, 

which was approved by the FDA. 

GCPII presence was also analyzed in the human blood. GCPII was detected in the 

human blood by several groups, however, the results were inconsistent and GCPII levels in the 

blood differed significantly. Besides GCPII, another metallopeptidase (plasma glutamate 

carboxypeptidase, PGCP) was identified in the blood plasma and reported to possess NAAG-

hydrolyzing activity. 

To make the situation clear, we decided to determine GCPII concentration in human 

blood via its NAAG-hydrolyzing activity. Furthermore, we were interested if GCPII levels in 

the blood vary among healthy volunteers. 

Summary 

We shed light upon conflicting reports on the presence of GCPII in the human blood. 

We also analyzed if another protease, plasma glutamate carboxypeptidase, may contribute to 

the NAAG-hydrolyzing activity of GCPII. 

First, we cloned two PGCP constructs (containing an Avi-tag placed at its either 

C-terminus, or N-terminus), expressed them in insect cells and purified them via affinity 

chromatography. We then verified that the proteins are properly folded and enzymatically 

active – both constructs cleaved a cognate substrate of PGCP (L-seryl-L-methionine). In 

contrast with the previous report, neither of the constructs cleaved NAAG, the endogenous 

substrate of GCPII. 
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Having proved that PGCP does not contribute to the enzyme activity of GCPII, we 

used a NAAG-hydrolyzing assay for detection and subsequent quantitation of GCPII in the 

human blood plasma. We analyzed three blood plasma samples from healthy individuals and 

detected NAAG-hydrolyzing activity in all of them (Fig. 12a). The activity was sensitive to 2-

PMPA and other selective GCPII inhibitors, suggesting that GCPII is solely responsible for 

the activity (Fig. 12a). Furthermore, we confirmed presence of GCPII in the blood plasma by 

immunoprecipitation of GCPII from the diluted blood plasma using biotinylated monoclonal 

antibody raised against native GCPII (Fig. 12b). 

 

Fig. 12: GCPII was detected in the blood plasma. 

GCPII was detected and isolated from the blood plasma. a) NAAG-hydrolyzing activity, which is GCPII-specific, 

was detected in three volunteers’ heparin blood plasma samples (PL, PL2 and PL3). The activity was inhibited by 

a panel of selective GCPII inhibitors. b) GCPII was immunoprecipitated (IP) from the human blood plasma using 

biotinylated GCPII-specific antibody 2G7 (lane 7). As a positive control, the plasma sample was spiked with 

recombinant human GCPII (rhGCPII). As a negative control, blank streptavidin agarose was used. GCPII on the 

western blot was visualized with anti-GCPII monoclonal antibody GCP-04, followed by horseradish peroxidase-

conjugated goat anti-mouse IgG secondary antibody (G-anti-M-HRP). A half of the membrane was probed with 

G-anti-M-HRP to visualize the nonspecific signal caused by the secondary antibody. (1,6) rhGCPII standard, 

1 ng; (2,7) Elution from IP; (3,8) Elution from IP-positive control; (4,9) Elution from IP-negative control; (5,10) 

All blue standard (Bio-Rad); (11) rhGCPII standard, 2 ng; (12) lymph node carcinoma of the prostate (LNCaP) 

cell lysate, 1.5 μg total protein. Twenty-five microliters of the elution fraction sample was loaded to each lane. 



38 

 

Finally, we collected blood plasma samples from healthy individuals and determined 

GCPII concentration in their blood (Tab. 1). The GCPII levels ranged between 1.3 and 

17.2 ng/ml; slightly surprisingly, we detected GCPII also in the female samples, which 

suggests a non-prostatic origin of GCPII. The geometrical mean of the GCPII levels in the 

blood plasma was 3.2 ng/ml; for men only: 3.7 ng/ml; and female only: 2.0 ng/ml. We 

observed no correlation between GCPII concentration and the age of the volunteers. 

Tab. 1: GCPII levels in the blood plasma of healthy volunteers. 

Using GCPII-specific radioenzymatic assay, GCPII concentration in the heparin blood plasma of healthy 

volunteers was determined. The samples were measured in duplicates in three separate experiments and the 

results are mean ± standard deviation. Recombinant extracellular GCPII was used as a standard of NAAG-

hydrolyzing activity. No correlation between GCPII levels and the age or sex was observed. 

 Age 

(years) 

GCPII in plasma 

(ng/ml) 

female 1 22 1.4 ± 0.3 

female 2 31 1.3 ± 0.3 

female 3 43 1.9 ± 0.3 

female 4 46 4.3 ± 0.3 

male 1 20 3.7 ± 0.6 

male 2 22 4.0 ± 0.6 

male 3 24 2.3 ± 0.4 

male 4 25 5.7 ± 0.8 

male 5 26 1.8 ± 0.3 

male 6 26 1.4 ± 0.3 

male 7 27 1.3 ± 0.3 

male 8 27 3.4 ± 0.7 

male 9 28 4.6 ± 0.7 

male 10 28 1.5 ± 0.3 

male 11 33 3.2 ± 0.5 

male 12 34 17.2 ± 5.0 

male 13 45 2.4 ± 0.6 

male 14 50 3.0 ± 0.4 

male 15 52 9.9 ± 1.0 
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My contribution 

In this paper, I conducted all the experiments presented. I prepared two constructs of 

human plasma glutamate carboxypeptidase, expressed them in insect cells, purified and tested 

them for their enzyme activity. I also showed the presence of glutamate carboxypeptidase II in 

the human blood plasma and quantified its levels among volunteers not diagnosed with 

prostate cancer. I also wrote a draft of the manuscript. 
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Motivation of the study 

Glutamate carboxypeptidase II, which is overexpressed on prostate carcinoma cells and 

also implicated in glutamate excitotoxicity in the brain, became an interesting diagnostic 

marker of prostate cancer and a possible therapeutic target both for prostate cancer and 

neuronal disorders connected with increased levels of glutamate in the central nervous system. 

For the development and subsequent testing of novel therapeutics, it is necessary to 

have a suitable animal model. Mice represent usually the most promising candidates while rats 

and pigs are the second choice. Several years ago, a study comparing human, rat and pig 

GCPII was performed in our laboratory [21]; however, the mouse ortholog was not included 

although mice are the most widely used animals in the GCPII-focused research. 

Mouse GCPII is highly similar to its human counterpart (91% of amino acid 

similarity). Mouse GCPII was shown to possess both enzyme activities of human GCPII: 

NAAG-hydrolyzing activity in the brain and folate hydrolase activity in the small intestine. On 

the other hand, its absence in the mouse prostate is in marked contrast to the tissue distribution 

of human GCPII. Therefore, we set to perform a thorough study assessing mouse GCPII 

enzyme activity and tissue distribution, which had been needed. 

Summary 

In this paper, we prepared recombinant mouse GCPII and compared it in detail with 

the human ortholog. We focused particularly on the expression pattern of mouse GCPII since 

this is a highly relevant aspect for the development of new anticancer and neuroprotective 

therapies based on GCPII. 

First, we characterized the enzyme activity of mouse and human GCPII using both 

endogenous substrates: NAAG (brain) and pteroyl-di-L-glutamate (small intestine). We 

observed no striking differences between the compared enzymes – mouse GCPII possessed 

lower catalytic efficiency but similar substrate preferences compared to the human enzyme. 

We also analyzed the inhibition profile of both enzymes using a panel of ten common GCPII 

inhibitors, showing comparable inhibition constants for the majority of inhibitors. 
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Finally, we focused on the GCPII distribution in mouse tissues. We collected tissue 

samples from six mice (3 females and 3 males) and determined GCPII expression levels using 

two independent assays (western blotting and GCPII activity assay) (Fig. 13). 

 

Fig. 13: Expression profile of GCPII in mice. 

a, b) Western blot analysis of the GCPII distribution in mouse female and male tissues, respectively. GCPII was 

visualized by monoclonal antibody GCP-04, followed by HRP-conjugated goat anti-mouse IgG secondary 

antibody. Recombinant mouse extracellular GCPII was used as a standard (avi-mGCPII) and 50 µg of total 

protein was loaded. c) Expression profile of GCPII in mice tissues determined by quantification of GCPII-

specific NAAG-hydrolyzing activity by radioenzymatic assay using [3H]NAAG as a substrate and avi-mGCPII as 

a standard. Each tissue sample was measured in duplicate using 1-50 µg total protein in the reaction; the assay 

was performed with the same tissue samples used in the western blot analysis. The asterisk (*) represents the 

missing sample (female 1 eye, male 1 adrenal gland). 
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We detected highest GCPII expression levels in the mouse kidney, brain and salivary 

glands. We did not detect GCPII in the mouse prostate, which is in agreement with previous 

studies (Fig. 13; p. 41). 

Taken together, our results show that there are no significant differences in enzyme 

activities of both proteins. Thus, mouse GCPII is a proper substitute for human GCPII in the 

development of novel inhibitors. Nevertheless, the different expression pattern must be 

considered when using mice as an animal model for the development of targeted anticancer 

drug delivery approaches. 

My contribution 

I expressed and purified recombinant mouse glutamate carboxypeptidase II (GCPII). 

I performed the majority of the experiments, including analysis of GCPII enzyme activity, 

inhibition profile and distribution of the GCPII protein in mouse tissues. I also wrote a draft of 

the manuscript. 
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Motivation of the study 

Monoclonal antibodies caused a revolution in biochemistry and now represent 

indispensable tools for biomedicine and therapy. As for GCPII, there is a number of antibodies 

available, however, their use might suffer from several disadvantages, such as difficulty of 

chemical modification and limited stability. For other proteins, it may be even impossible to 

prepare antibodies with sufficient binding potency and selectivity towards the target. 

Apart from antibodies, selective enzyme inhibitors may be another choice for targeting 

a protein of interest. In the field of GCPII, there are several groups of potent and selective 

inhibitors, which are already used as low-molecular-weight molecules for GCPII imaging both 

in vitro and in vivo. Almost every laboratory studying a particular enzyme owns a number of 

more or less potent and selective inhibitors. 

Therefore, we combined these two approaches together and developed synthetic 

antibody mimetics, which we called iBodies. The iBodies are based on water-soluble N-(2-

hydroxypropyl)methacrylamide (HPMA) copolymer decorated with three low-molecular-

weight ligands: a targeting ligand (usually an enzyme inhibitor), an imaging probe and an 

affinity anchor (Fig. 14; p. 44). The ligands ensure selective targeting of a protein of interest, 

visualization of the conjugate and enable its isolation. 

Our initial goal was to develop a novel biochemical tool to study GCPII physiological 

functions; however, during the development we realized that we had in our hands a universal 

platform that could be “easily” adapted virtually for all proteins, for which a targeting ligand is 

known. 

Summary 

In this study, we developed novel polymer-based antibody mimetics, using enzyme 

inhibitors as targeting ligands (Fig. 14; p. 44). We chose glutamate carboxypeptidase II 

(GCPII) as a model protein and our primary target. 
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Fig. 14: Schematic structure of iBodies. 

The iBodies are polymer-based antibody mimetics. a) The iBodies consist of an N-(2-

hydroxypropyl)methacrylamide (HPMA) copolymer, which is substituted with various small molecules for 

distinct functions: an imaging probe, affinity anchor and targeting ligand (e.g. selective enzyme inhibitors); b) 

affinity anchor biotin; c) fluorescent molecule ATTO488. 

A previously described selective GCPII inhibitor was conjugated to an HPMA 

copolymer, serving as a targeting ligand and enabling selective recognition of GCPII 

(Fig. 15a; p. 45). Besides the inhibitor molecules, ATTO488 (functioning as an imaging 

probe) and biotin (for isolation/immobilization of the conjugate) were attached to the 

copolymer backbone. The obtained conjugate, an anti-GCPII iBody, was then tested in a 

number of biochemical applications to evaluate its properties and applicability. 

The binding of the conjugate to GCPII was analyzed using GCPII enzyme activity 

inhibition assay and further by surface plasmon resonance, which revealed remarkably low 

dissociation constant of the interaction (Fig. 15b; p. 45). Therefore, we proceeded to in vitro 

methods such as “immunoprecipitation” (isolation of GCPII from cell lysates and the blood 

serum; Fig. 15c; p. 45) and sandwich ELISA (reaching limit of detection as low as 1 pg 

GCPII; Fig. 15d; p. 45). Having succeeded, we also verified the suitability of the iBody as a 

tool for the selective GCPII visualization on GCPII positive cells using flow cytometry 

(Fig. 15e; p. 45) and confocal microscopy (Fig. 15f; p. 45). All above-mentioned methods 

showed that anti-GCPII iBody is an excellent substitute for anti-GCPII antibodies in common 

biochemical applications. 
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Fig. 15: Applications of anti-GCPII iBody in biochemical methods. 

a) Selective GCPII inhibitor used as an iBody ligand. b) Surface plasmon resonance (SPR) analysis of the 

interaction between (immobilized) GCPII and anti-GCPII iBody. c) Western blot analysis of GCPII 

“immunoprecipitation” from lymph node carcinoma of the prostate (LNCaP) cell lysate using anti-GCPII iBody 

or monoclonal antibody (mAb) J591. As negative controls, iBody lacking the selective GCPII inhibitor (NC 

iBody) and blank streptavidin agarose (NC(SA)) or blank protein G sepharose (NC(PGS)) were used. As a 

standard, recombinant extracellular GCPII was used (rhGCPII). d) Sandwich ELISA using GCPII-specific mAb 

2G7 as a capture antibody and either anti-GCPII iBody or biotinylated mAb J591 as a detecting agent. e) Flow 

cytometry of cells expressing and not expressing GCPII (LNCaP and PC-3, respectively). Cells were incubated 

with either anti-GCPII iBody or anti-GCPII mAb 2G7 labeled with ATTO488 (2G7-ATTO488) to compare 

iBody staining and antibody staining. As a negative control, iBody lacking the selective GCPII inhibitor was used 

(NC iBody). f) Confocal microscopy analysis of LNCaP and PC-3 cells, incubated with anti-GCPII iBody, mAb 

2G7-ATTO488 or NC iBody. 
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Furthermore, we showed universality of the approach by developing of iBodies 

targeting other enzymes: HIV-1 protease (using a selective HIV-1 protease inhibitor based on 

commercially available inhibitor ritonavir) and a group of enzymes (using a class-selective 

inhibitor of all aspartic proteases – pepstatin A). To demonstrate that iBodies can be created 

towards virtually any target, for which a ligand is known, we prepared iBodies targeting His-

tagged proteins, using Ni2+/Co2+-loaded nitrilotriacetic acid (NTA) derivative. 

Altogether, iBodies represent a modular and versatile biochemical tool that can be used 

as a non-animal-based, chemically stable and easily modifiable antibody mimetic suitable for 

use in a number of biochemical applications. 

My contribution 

In this complex paper, I was responsible for the biochemical part of the project. 

I conducted the majority of the experiments that evaluated applicability and functionality of 

the prepared conjugates in biochemical methods. I tested all conjugates in a number of 

applications ranging from enzyme inhibition assay and surface plasmon resonance to cell 

culture experiments using flow cytometry and confocal microscopy. Besides, I also supervised 

undergraduate students, who significantly contributed to the paper. I also wrote a draft of the 

manuscript. 
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GCPII has become a potential diagnostic and therapeutic target in two distinct areas, as 

reviewed in the Introduction chapter. First, researchers are trying to develop orally available 

GCPII inhibitors to block GCPII (undesirable) NAAG-hydrolyzing activity in the brain during 

neuropathological conditions associated with glutamate-mediated excitotoxicity. Second, due 

to its high and relatively specific expression on the surface of prostate carcinoma cells, GCPII 

represents an ideal molecule to be targeted in order to image and/or treat prostate cancer. 

A considerable progress in the field of GCPII targeting has been done within the last 

10 years, concerning mainly highly potent and selective GCPII monoclonal antibodies and 

small inhibitors. On the other hand, there are still challenging questions that remain to be 

answered. Is there a putative GCPII (protein) ligand? Does GCPII function as a receptor 

transporting the unknown ligand into the cells? What is the physiological role (if any) of 

GCPII in the prostate? Are the increased levels of GCPII in prostate cancer the cause or the 

consequence of the malignant transition? Why is GCPII expressed in the neovasculature of 

most solid tumors? An answer to any of the above-mentioned issues will represent a milestone 

and probably also a turning point in the GCPII-related research. 

Sadly, this thesis has not shed light upon any of these questions. Nevertheless, we 

provided important information regarding GCPII presence in the human blood. Previous 

papers reported conflicting findings, high blood concentrations of GCPII and most importantly 

the correlation between GCPII levels and prostate cancer stage. If there was such a correlation, 

GCPII could be “easily” used for screening for prostate cancer (and its stage). Similarly, 

prostate-specific antigen (PSA) blood test used to be used for that purpose. However, in 2011 

the United States Preventive Services Task Force (USPSTF) recommended against PSA 

screening in healthy population – the risks outweighed the potential benefits since the 

correlation was not strong enough. Furthermore, the reported high GCPII blood levels would 

have led to problems with all GCPII-targeting agents for imaging and therapy since they 

would have been bound by GCPII already in the blood, rendering these diagnostic or 

therapeutic tools useless. These considerations motivated us to carry out a study assessing 

GCPII presence (and concentration) in the human blood. Using two unrelated methods 

(enzyme activity and immunoprecipitation followed by western blotting and mass 
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spectrometry), we confirmed GCPII presence in the human blood plasma. In sharp contrast to 

previous findings, we detected much lower GCPII concentrations – nanograms per milliliter 

instead of hundreds of nanograms per milliliter. Importantly, we also detected GCPII in the 

women’s blood plasma, thus suggesting that GCPII originates from a non-prostatic source. 

Moreover, GCPII blood levels did not show any significant variations between healthy men 

and women. While working on the project, we developed methodology and collected samples 

from prostate cancer patients in order to perform a follow-up study to resolve the possible link 

between GCPII blood levels and a prostate cancer stage. 

In 2008, our group published a study on animal homologs of human GCPII comparing 

their enzyme activity, inhibition properties and tissue distribution. However, mouse GCPII 

was not included in the comparison, in spite of being by far the most commonly used animal 

in the GCPII-oriented preclinical trials. Several pieces of information regarding mouse GCPII 

tissue expression had been collected over the years from different papers; nonetheless, the 

detailed and systematic characterization remained lacking. Therefore, we performed such a 

study, carefully comparing both enzyme activity properties (including inhibition profile and 

substrate specificity) and GCPII distribution in the mouse tissues (analyzed by quantitative 

PCR, western blotting, enzyme activity and immunohistochemistry). Since mice are widely 

used as preclinical models in the development of novel low-molecular-weight inhibitors as 

well as imaging and therapeutic agents, potential differences in either enzyme activity or tissue 

expression might be highly relevant. We discovered that mouse GCPII approximates well 

human GCPII, which was rather expectable, taking into account their high sequence similarity. 

Contrastingly, we observed differences in their tissue expression, especially no GCPII 

expression in the mouse prostate and high expression in the mouse kidney and salivary glands. 

Our results should provide the researchers with sufficient information to design their 

experiments in a proper way and to avoid potential complications stemming from a distinct 

GCPII expression profile. 

Finally, we set out to develop novel antibody mimetics (called iBodies) that could be 

used to study GCPII (and not only GCPII) physiological functions. Traditionally, monoclonal 

antibodies capable of highly selective targeting of the desired protein have been used for this 

purpose. In spite of their tremendous success, antibodies might suffer from various problems; 

therefore, scientists developed antibody mimetics – molecules structurally different from 
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antibodies and binding their targets. Affibodies, designed ankyrin repeat proteins (DARPins) 

and aptamers represent prime examples of such molecules. Our efforts were inspired by N-(2-

hydroxypropyl)methacrylamide (HPMA) copolymer conjugates used for targeted drug 

delivery to solid tumors via the enhanced-permeability and retention (EPR) effect rather than 

via active and selective targeting. Since our laboratory has a strong background in the design 

and structure-activity relationship studies of GCPII inhibitors, we used low-molecular-weight 

GCPII inhibitors as targeting molecules and conjugated them to an HPMA copolymer. We 

developed an HPMA conjugate that selectively binds GCPII (having the Ki of 3 pM) and 

evaluated its properties in several commonly used in vitro and cell culture applications. The 

extremely low inhibition constant is probably the result of the synergy of multiple targeting 

ligands bound to a single molecule of a carrier, leading to the tighter binding to the target. 

Besides the conjugate “raised” against GCPII, we also developed analogous conjugates 

targeting other clinically relevant proteins, demonstrating the versatility of the approach – 

having replaced one inhibitor with another, we switched the selectivity of the whole conjugate. 

For GCPII, a number of successive conjugates have been developed, varying in their size, 

number of inhibitors, or types of additional ligands attached. We hope that this battery of tools 

will help with elucidation of some of the GCPII mysterious questions mentioned at the 

beginning of the Discussion. 

To conclude, we confirmed GCPII presence in the human blood plasma and showed 

that its levels do not vary significantly among healthy males and females. Additionally, the 

project constitutes a basis for a follow-up study elucidating a potential correlation between 

GCPII levels in the blood and prostate cancer stage. Secondly, we performed the detailed 

biochemical characterization of mouse GCPII that is enzymatically rather similar to its human 

counterpart; however, these two proteins differ in their tissue distribution. Lastly, we 

developed polymer conjugates decorated with GCPII inhibitors for future selective drug 

delivery to cells expressing GCPII. Additionally, these conjugates also serve as antibody 

mimetics enabling selective targeting of desired proteins in vitro and in vivo. Therefore, this 

novel class of antibody mimetics, called iBodies, represents a versatile chemical-biological 

tool that also has the application outside of the area of GCPII.  
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