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Abstract

In this study we want to evaluate the potentiadityhe use of a single chain Fv
(scFv) for molecular imaging and therapy of Prastaancer. The target of this
scFv is the Prostate Specific Membrane Antigen (RgMa type I
transmembrane protein overexpressed in advanogssstd this disease. In the
past we have generated the murine antibody D2Bgrezmg hPSMA, whose
diagnostic specificity has been investigated inaogeaft murine models by
imaging.

In order to obtain a smaller protein able to betienetrate the tissues we
decided to convert the murine monoclonal antibod3BDnto a format like
scFv. This format, due to its smaller size, haw® dhe advantage, compare to
the entire antibody, to have a faster clearanaa fite blood.

The scFv has been constructed and its functionadisybeen tested with success
on LNCaP cells. Using BlAcore (a technology ablenteasure the kinetic
interaction between two molecules) we showed thatatffinity of our scFv is
still remarkable despite its monovalent binding.

One goal of the present study is the assessmguateftial role of this antibody
fragment as diagnostic reagent for the developrokradiopharmaceuticals for
tumor characterization and molecular imaging. Aoselcgoal of the project is
the production of a completely human antibody fragtnagainst hPSMA in
order to develop a reagent more suitable for thersfe used phage display
technology to convert the murine antibody in a hanaatibody applying
guided selection technology which permits to geteesn antibody with the

specificity and functionality of the starting rodenAb.
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State of art

Prostate Cancer (PCa), is the most common cangeemin developed world,
especially in western Europe and the Americas Eieigal. 2013] and has the
highest incidence amongst male malignancies ig.lItal

The number of men diagnosed with PCa remains higgpite the 5-year
relative survival rates have increased dramaticallgr the years. Since the
beginning of the PSA era and the natural aginchefgopulation, it has been
observed a 25% reduction in the age-specific PCdatity rate due to early
detection screening programs but it has also bdeereed a dramatically
increasing of the PCa worldwide incidence rate.dli@aed PCa is potentially
curable with the use of one or a combination of afitids including
brachytherapy, cryotherapy, external beam radiati@rapy (RT), hormone
therapy and/or radical prostatectomy (RP). Howeweone-third of the patients
the disease evolves into a more aggressive, mitastmd androgen-
independent form (AIPCa), which fails to responeéven multi-drug treatment.
Some patients with AIPCa respond to secondary hoamonanipulations.
Subsequently, the disease fails to respond to durtiormonal therapy and it
becomes Hormone Refractory Prostate Cancer (HRRSa)pavdeet al.
2006]. Therapy options for metastatic HRPCa rentanited. Therefore, in
order to advance the treatment options for thes®otts, other strategies for
diagnosis and therapy are needed to improve tlee eXpectancy of these
patients.

To date, we still lack the capacity for early diagis and prognostic tests
allowing for the evaluation of aggressiveness. limggis a promising
diagnostic/prognostic tool and identification ohsiive and specific agents is
one of the major goals for PCa. Treatments for Ri{ffadifferent way of action
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and minimal toxicity are greatly desired and ardjpdherapy could answer to

these requests.
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1 The immune system

The immune system is the body's defense againsttiatis organisms and
other external agents. Through a series of stegt dbnstitute the immune
response, the immune system attacks organisms w@rstagces that invade
body systems and cause disease. The immune systerade up of cells and
effectors molecules responsible for two differeimds of immunity: innate
immunity and adaptive immunity; their main featuse® compared in Table
1.1. Innate immunity (or non-specific immunity) doeot require previous
contact with the antigen and provides the earlenlg$ against microbes; it is
created by the body's natural barriers, such as stie, and protective
substances in the mouth, the urinary tract, anthereye surface. Another type
of natural immunity is in the form of antibodiesspad on from mother to child.
Adaptive immunity (or specific immunity) is initetl by the specific
recognition of antigens by lymphocytes; developsugh exposure to specific
foreign microorganisms, toxins, which are "remeredéby the body's immune
system. When that antigen enters the body agaie, ithmune system
"remembers" exactly how to respond to it. Adapiivenunity is divided into
humoral immunity (antibody mediated) and cell-méstilammunity.
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Innate Immunity

Adaptive Immunity

-Physical and chemical
barriers
-Phagocytic leukocytes

-Humoral immunity (B cells,
which mature into antibody
secreting plasma cells)

Components -Dendritic cells - Cell-mediated immunity (T
-Natural Killer cells cells which mature into
-Plasma proteins effector helper and cytotoxic T
(complement) cells)
Activity Always present Normally silent

Response and Immediate response, but hg

Slower response (over 1-2

AS )
weeks, but is much more

potency a limited and lower potency potent)
General: can recognize
e g.eneral cla_sseg of pathoge'ns Recognize highly specific
Specificity (i.e. bacteria, viruses, fungi, .
i antigens
parasites) but cannot make
fine distinctions
Yes: memory cells
No: reacts with equal “remember” specific
Memory potency upon repeated | pathogens; upon re-exposure

exposure to the same
pathogen

to a pathogen, these cells
mount a much faster and more
potent second response

Tab. 1.1. Principal features of innate and adapiivaunity.

1.1 Immunoglobulin structure and functions

The production of antibodies or immunoglobulins) (ig one of the main

functions of the humoral immune system.

Antibodies could be expressed on the surface oyrBphocytes or secreted

from plasma cells in the circulation and

tissuese Tantibody molecule,

represented by IgG antibodies, is a 150 kDa tetri@mmolecule with a

symmetric structure composed of two identical heédy chains and two
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identical light (L) chains joined by disulphide s to form a "Y" shaped
molecule (Figure 1.1.1).

CDR’s
(hypervariable regions)
Fv

‘Antigen binding

« Complement activation

« Macrophage binding

Fig. 1.1.1. Immunoglobulin G structure.

Both H and L chains consist of amit@rminal variable (V) regions, so nam
because they contain regions of variability in amniacid sequence, th
participate in antigen recognition and cark-terminal constant (C) regions
that mediate effector functions. The he chain constant domains are called
CH and numbered sequentially from amino tlinus to carboxyl terminus (e.g.
CH1, CH2, CH3 and also CH4 for IgE and IgM). Thehti chain constar
domain is called CL. The hinge region located betw€H1 and CH2 confe
flexibility to the molecule.
On the basis of differences monstantdomains, antibody molecules can be
divided into distinct classes, called isotypes: ,|dgD, IgE, 1gG, and Igh
depending on which heavy chain they conta, §, €, y, 1). There are also two
classes, or isotypes, of Clk and A. In humans, about 60% of antibo
molecules have light chains, and about 40% havéght chains

8
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Each antibody molecule, containing two heavy chaimg two light chains, has
two identical antigen-binding sites.

In an antibody molecule, the heavy and light chdinegion comprises three
hypervariable regions called complementarity deteimg regions (CDR:
CDR1, CDR2, and CDR3), responsible of the antigaibady binding spaced
by four less variable regions called framework oegi (FR: FR1, FR2, FR3,
FR4), which support CDRs. Theoretically the antijpoepertoire may include
more than 1ddifferent antibodies, each with unique amino a®duences in
their antigen-combining sites.

Paul Ehrlich first proposed antibody therapy in Q%% a magic bullet, but it
takes more than 100 years (1997) before the filsbedy had been approved
by Food and Drug Administration (FDA) for human uéé present, more than
20 antibodies are FDA approved and hundreds ofamikodies and antibody-
derived reagents are in clinical trials.

We can recognize at least 4 biotechnological steps make these results
possible: Hybridoma Technology (in 1975 Kdhler avdstein), Polymerase
Chain Reaction (PCR) discovery [Mullis and Falod®&7], Transgenic Mice
generation [Gordon and Ruddle 1981] and Phage &spintibody Library
[McCaffertyet al. 1990].

The use of these technologies have allowed theersion of existing mouse
mAbs (from hybridoma technology) into mouse-humdmmeric antibodies
greatly refining and expanding the therapeutic pidé of the modality of
treatment. Chimeric antibodies are obtained byipginthe antigen-binding
variable domains of a mouse mAb to human constantaths. Humanized
antibodies are created by grafting the antigenibmdoops, (CDRs), from a

mouse MAD into a human IgG (figure 1.1.2).
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Chimeric and humanized mAbs used in human clirirtalls showed a variable
degree of immunogenicity: chimeric mAbs in genershow better
pharmacokinetics and less immunogenicity than maumgds but patients
eventually tend to develop levels of HAMA compaeahlith those observed
with mouse mAbs, indicating that the immunogeni@fychimeric mAbs can
vary greatly in a way not yet predictable and cardivected against the mouse
V region with characteristic of an anti-idiotypiesponse. The ideal reagent for
human therapy could be a completely human antiman if recent studies
have demonstrated that many human and humanizedodiess trigger the

development of anti-drug antibody responses angioh reactions.

Fig. 1.1.2. Antibodies in clinical development. Mpuse antibody; b) Chimeric
antibody; ¢) Humanized antibody; d) Human antib@Bictures from Frigerio
et al, 2010).

10
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The modular domain architecture of immunoglobulivas been exploited by
protein engineering to create a wide variety ofcfional antigen-binding
fragments that differ in molecular-weight (from @150 kDa) and in valency
(n), from monomeric (n=1) to tetrameric (n=4) armbgibly higher. The Fab
format (fragment antigen binding), achievable eithwe proteolytic cleavage or
protein engineering, contains two polypeptidic alsaicomposed of two
domains, VHCH1 and VLCL with an interchain disu#fittond at the terminal
of each constant domain (molecular weight aroundkb@). At present the
most frequently used building block used to cremteel antibody formats is the
single-chain variable (V)-domain (scFv) consistofga single polypeptide (30
kDa) formed by the variable regions of the heavg Bght chains joined by a
peptide linker of up to ~15 amino acid residuese Vhariable heavy and light
domains can be assembled also as Fv, without arlipéptide, exploiting their
natural hydrophobic interaction but this is mucséslstable than scFv and could
not be usedn vivo. Examples of possible antibody formats are shawdidjure
1.1.3.

11
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llu\

(Fab), scFv

o
i ¢

Diabody Nanobody / Single domain

b)

Fig. 1.1.3. Schematic representation of antibodgnéds (Pictures from Frigerio
et al, 2010).

1.1.1 Nanobodies

In addition to the conventional antibodies, in gagly 1990s, it was discovered
that llamas, camels, dromedaries, nurse and wobigegiharks produce
antibodies composed only of heavy chains [Harmselhde Haard 2007].
These antibodies are referred to as heavy-chaiibaali¢s (hcAbs) and the
antigen-binding site is formed only by a single @m designated VHH in
camelid and VNAR in shark and more generally, naagbor single domain
antibody (sdAb). The hcAbs have also been describechuman as a
pathological disorder termed “heavy chain diseggédhner-Roedler and Kyle
2005]. Despite the absence of light chain and tisemall size (15 kDa),
nanobodies show a binding affinity for their cognantigens in the range of
affinities that are described for conventional landiies.

12



Barbara Frigerio

The characteristics of nanobodies offer a numbeéeainological advantages in
the generation of engineered antibodies, as compaigh conventional
antibodies because are more soluble and stablettieamlarger counterparts.
Nanobodies can get deep into tissues or crosdabe brain barrier where they
have the potential to neutralize viruses or deltegins to cancer cells [Saerens
et al. 2008].

Finally single-domain antibodies could be used as#ding blocks for novel
therapeutics in a wide range of formats, includimgque multivalent (multiple
nanobodies with identical binding sites for the saantigen), biparatopic (two
nanobodies binding two different epitopes on theesaantigen), bispecific
(nanobodies binding to two different antigens)ubdtional molecules [Satt&
al. 2013] and chimeric antigen receptors (CARS) [Kleis®. 2013].

2 Prostate Cancer

The main function of prostate is to produce semihatd. Normal prostate
gland is histologically divided into the stroma atite epithelium. Stroma
contains the smooth muscle component of the pegknd; the epithelium
contains the glands. Glandular epithelium, whiclvegi rise to prostate
adenocarcinoma, is composed of three distinctyeds:

- secretory luminal cells: are the predominant dgfle, produce prostatic
secretory proteins and are androgen-dependentBedlweret al. 1985] [Nagle
et al. 1987] [Verhageret al. 1988] [Sherwoodt al. 1991] [Liuet al. 1997];

- basal cells: express androgen receptor (lovel)e[Brawer et al.1985]
[Nagle et al.1987] [Verhagenet al.1988] [Sherwoodet al.1991] [Liu et
al.1997] [Bui and Reiter 1998] and factors that protemm DNA damage [Bui
and Reiter1998] [De Marzet al. 1998];

13
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- neuroendocrine cells: are androgen-independdig aad seem to provide
paracrine signals that support the growth of lumaedis [di Sant'’Agnese 2001]
[Abrahamsson 1999].

2.1 Prostate Cancer diagnosis and standard treatmén

At present, only biopsy (transrectal ultrasound B-guided biopsy) from the
prostate can establish the diagnosis of PCa. Hawdve ability of TRUS to
delineate small cancer foci and differentiate betwebenign prostatic
hyperplasia (BPH), atrophy, inflammatory processesl malignancies is
limited.

Even if approximately 20% of patients are firstgiiased as having advanced
carcinoma, in the great majority of cases the oo&Ca remains confined to
the organ. Surgery and radiotherapy can efficiertlyat organ-confined
disease; however, in one-third of the patients,disease evolves into a more
aggressive, metastatic and androgen-independemt fehich fails to respond
to even multi-drug treatment.

In the early stages PCa grows in an androgen depéeridrm and the main
therapeutic intervention consists of androgen alrldbdy pharmaco-therapeutic
or surgical (orchiectomy) approaches.

Pharmacological methods for achieving androgentiablare represented by
administration of different compound: the LuteingiHormone-Releasing
Hormone (LHRH), the imidazole derivative ketocorlazand estrogens (such
as diethylstilbestrol). The therapy is very effeetiin androgen-dependent
cancer as a means of improving the quality of difel preventing or delaying
the transition of cancer cells to AIPCa [Feldmad &eldman 2001], but these

cancers eventually become androgen independemgga®and metastasize.

14
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Food and Drug Administration (FDA) have approvedrfagents (Zoledronic
Acid, Mitoxantrone, Docetaxel and DenosuMab) foe theatment of patients
with AIPCa.

Zoledronic Acid and Mitoxantrone were approved talty as palliative, while
Docetaxel is the only chemotherapeutic agent agataiven a demonstrated,
although modest, survival benefit [Petryletkal. 2004] [Tannocket al. 2004].
DenosuMab is a fully human monoclonal antibody (hAbthe IgG subtype
used for the prevention of skeletal-related eventspatients with bone
metastases from solid tumoiBenosuMab binds RANK ligand, preventing it
from binding to the RANK receptor, and thereforhibting osteoclastogenesis
and subsequent bone resorption §sal. 2012].

Even if some patients with AIPCa respond to secondhormonal
manipulations, the disease fails to respond tohé&urthormonal therapy and
becomes HRPCa [Sonpaveteal.2006].

Therapy options for HRPCa remain limited. Therefaneorder to advance the
treatment options for these tumors, other strasefpe diagnosis and therapy

will be needed to improve the life expectancy digras with this disease.

2.2 Molecular imaging of Prostate Cancer

The conventional imaging techniques used for P@grdistics are ultrasound,
computerized tomography (CT), radiography and miégmesonance imaging
(MRI). These techniques can offer morphologic tumméormation but are less
powerful for staging and disease monitoring. Conseatly, newer imaging
approaches able to detect pathological processésmnor cells are used and
include positron emission tomography (PET) and Isinghoton emission

computerized tomography (SPECT).

15



PSMA-specific antibody fragments for prostate camoeging and therapy

The use of radiolabeled molecular probes targdtingor characteristics, such
as increased glucose metabolism, cell proliferatipfatty acid synthesis, can
provide key molecular and functional informationtamor.

Metabolic tracers are used in PCa however, theirgpecificity for this disease
has stimulated the development and evaluation o& Bfecific molecular
imaging probes. The most clinically used radiotracare FDG, choline and
FLT.

8c_fluorodeoxyglucose (FDG) is a glucose derivataed is the standard
radiopharmaceutical in oncologic PET imaging. FD®iinalize into the cell
through specific glucose transporters (GLUTs) asdphosphorylated by
hexokinase. Phosphorylated FDG cannot further wadeylycolysis and is
trapped in the cells [Emon@sal. 2009]. Based on the Warburg effect in which
the tumor cells metabolism is increased, FDG redudt very successful tracer
in clinical oncology; however results are partiatligappoint in PCa patients,
most likely because a low glucose metabolism rsegdly observed in well-
differentiated PCa. Further, renal excretion, aadation in the bladder,
androgen ablation limits the diagnosis of PCa [Edsahal.2009].

Choline is a water-soluble essential nutrient tivas discovered in 1864 by
Adolph Strecker. Choline is the precursor for phdipid synthesis,
transmembrane signaling and lipaholesterol metabolism/transport. In PCa
an elevation of phosphatidylcholine has been detratesl [Ackerstaffet al.
2001]. Radio-labeled choline derivates, such“43-choline *®F-fluorethyl-
choline or'®F-fluormethyl-choline, have been employed in selvaratient
studies. Choline is able to detect more accuratelyal PCa spread due to a
reduced renal excretion. Also, detection of primanyors as well as restaging
in patients with biochemical relapse has been peid with promising results
[Rinnabet al. 2007]. However, Sutinen et al. (2004) demonstréted the use

16
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of *C-choline is limited because is not able to diatish PCa from hyperplasic
prostate tissue.

3-Deoxy-3 -[**F]fluorothymidine (}®F]-FLT) is a thymidine analogue used in
PET imaging [Pascalet al. 2012]. The rate-limiting enzyme for the uptake
of 18F-FLT is the thymidine kinase 1 (TK1). TK1 activings been shown to be
high in proliferating cells and is mainly activated the S-phase. Despite
several studies, the exact role of FLT in the imggevaluation of response to
treatment in men with PCa awaits more extensiveliasu A complicating
factor is also the physiologically high level of mav FLT uptake that can

hinder bone lesion detection and assessment.
2.3 Immunotherapy with monoclonal antibodies

Several characteristics of PCa make it an excetlngtet for immunotherapy

with mAbs [Bandekt al. 2003]:

* prostate is a relatively non-essential organ;

 PCa has a very strong tendency to spread to the bmamrow and lymph
nodes, locations that receive high levels of catiny antibody and have
proven responsive to mAb therapies in other turgpes (e.g., lymphoma,
breast cancer);

» PCa metastases are typically of small volume aligwior good antibody
penetration and antigen access;

* PCa has generally a slow proliferative index, aitmyvample time for an
immunotherapy to induce and potentiate T-cell-miediammunity against
the tumor [Sowergt al. 2007].

17
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2.4 Prostate cancer immunotherapy

Immunotherapy comprises both active and passiantent approaches and
could provide elimination of cancer cells withowtriming normal tissue and,
therefore, with no or very few side effects showgngat promise for improving
the survival of patients.

Active immunotherapy or vaccines aim to elicit ocrease tumour-reactive
antibodies or lymphocytes, rather than supply thesegenously. Vaccines
include injection of purified antigens, defined pdp fragments of specific
antigens or the expression of antigens by viraltarsc Protein antigens and
peptides must be injected together with adjuvamtjarove the processing and
presentation of the antigen by dendritic cells (Jp@sd to provide a depot
effect. Alternatively, DCs are loaded with antigsrvivo prior to injection.

The term passive immunotherapy descril@gsvivo generation of effector
molecules (e.g. mADbs, cytokines), or effector céllgy. CD8+ T cell) that are
then transferred to the patient. Antibodies may:blbck important growth
factors or growth factor receptors on cancer alidirectly induce apoptosis of
the cancer cell; 2) activate components of the imensystem via the Fc-region
of the antibody; 3) activate the antibody dependaefitmediated cytotoxicity
(ADCC) that is executed by macrophages, NK celts gnobably granulocytes.
In the contest of PCa, the immunotherapic strasegie therapeutic vaccination
and immune checkpoint blockade. Therapeutic vatomanclude the use of
PSA or PAP (prostatic acid phosphatase) using etyanf strategies such as
APC (antigen presenting cells), genetically modifiemor cells, viral-based
vectors, peptide and DNA [Ahmaati al. 2012]. Therapeutic cancer vaccination
is often enhanced by the coadministration of akigi adjuvant such as GM-
CFS (granulocyte-macrophage colony stimulating oigct Therapeutic

18
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vaccination strategies used for PCa that seembhdw some clinical promise
are exemplified by sipuleucel-T and PROSTVAC-VF. pueucel-T
(PROVENGE, Dendreon Corp.) is an autologous vacgnepared using
patient’s peripheral blood mononuclear cells (PBMQJtured with a fusion
protein consisting of PAP and GM-CSF and re-infusetd the patients.
PROSTVAC-VF (BN ImmunoTherapeutics) is a poxviraséd vaccine
engineered to contain PSA and 3 immune co-stimglataolecules within a
vaccinia virus or fowl pox virus vector. For PCanimmne checkpoint blockade
includes the use of mAb Ipilimumab for blocking CA¥4 (anticytotoxic-T-
lymphocyte associated antigen 4) and mAbs for biackD-1 (programmed
death 1).

2.5 Target choice

Suitable target antigens for therapeutic antibodsgs considered those
molecules that are [Rossal. 2005]:

» crucial to the malignant phenotype;

* not significantly expressed in vital organs andues;

* reproducibly measurable in clinical samples;

» well correlated with the clinical outcome.

Therefore interference or inhibition of such antigehould yields a clinical
response in a significant number of patients esgng the target antigen, with
minimal to absent responses in patients whose wigmnot express the target.
In addition, for drugs conjugated antibody, thgéamust be located on the cell
surface and, when complexed with the therapeutib@aly, should internalize

to facilitating tumor cell killing.

19
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3 Prostate Specific Membrane Antigen (PSMA

The PSMA gene, located @hromosome 11 [Israeliet al. 1994] encodes for a
class Il transmembrane glycoprotgiintc et al. 1996] with a NH2-terminal
cytoplasmic tail of 19 amino acidsa single hydrchobic transmembrane
domain of24 amino acids, and a large extracellular dorof 707 amino acids
at the COOH terminus (Figure 3[Olsor et al. 2007].

Alternative PSMA isoforms, consequence of altemgasplicing of the PSM/
gene, includes PSM’, PSKa-and PSIMD [Schmittgenet al. 2003] and the
newly discovered PSM-E [Cabal. 2012.

COOIl

Extracellular region

canmentrne ) [0 (0001

Cytoplasmic tail
NH2

Fig. 3.1. PSMA structure.

PSMA is a carboxypeptidaseith two important enzymatic functions: fole
hydrolase and NAALADase (Meetylatedh-linked acidic dipeptidase) and also
shows an endocytotic function [Ghoshal. 2005]. PSMA is expressed as a
non-covalently linked homodimer with a compact tt-dimensional structure

on the cell surface of prostate epithelial c[Mesterset al. 2006].

20
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The enzymatic activity of PSMA is dependent on ghdation of its
extracellular domain and dimerization for propardtion. Homodimerization is
a fundamental feature of many transmembrane rexepiomodimer formation
is often induced by ligand binding, which is inurecessary for mediating the
cellular response of the receptor. PSMA undergaado@ytosis from the
plasma membrane. This endocytosis occurs througthrol-coated pits and
involves the first five NH2-terminal amino acids tfe cytoplasmic tail.
Antibodies can induce PSMA internalization and #ecumulation in the
recycling endosomal compartment support the hyphthat PSMA might
function as a receptor internalizing a putativatid. The capability of PSMA
to internalize is a prerequisite for the delivefygotoxic agents.

PSMA expression has been demonstrated in normadtgteo and Benign
Prostate Hyperplasia (BPH), in Prostatic Intraegigh Neoplasia (PIN) and in
invasive adenocarcinoma and in the neovasculatiinearmous non prostatic
epithelial malignancies [Wrighdt al. 1995]. PSMA expression and enzymatic
activity are increased in PCa: PSMA expression itheimereases progressively
in PIN versus normal prostate epithelium, in higgeade versus lower grade
carcinomas, in locally advanced versus organ cedfitumours, in metastatic
versus primary lesions and in hormone-independergug hormone-dependent
tumors [Wrightet al.1995] [Israeliet al. 1993] [Wright, Jret al. 1996] [Sweat
et al. 1993].

Indeed PSMA has been correlated with aggressiveasés [Rajasekaraat al.
2005]. In addition to its prostate gland expressiP8MA is also expressed by
cells of the small intestine, proximal renal tulsylealivary glands and central
nervous system, albeit at levels 100 to 1000 fadds|than by prostate

epithelium. The restricted expression of this molecwhich is not secreted,

21



PSMA-specific antibody fragments for prostate camoeging and therapy

has made PSMA an ideal target for anti-PSMA antjbtiterapy [Ghoshet
al.2005] [Rost al. 2003] [Lapiduset al. 2000].

7E11 was the first anti-PSMA monoclonal antibodyeleped and labeled with
Mn; the commercial name of 7E11 is Prostascintraedived Food and Drug
Administration (FDA) approval in 1996 for use asliagnostic tool for PCa
[Israeliet al.1994]. The 7E11 mAb recognize the cytoplasmic parof PSMA
[Barren, Illet al. 1997].

Consequently, newer generation of antibodies haen b&lentified for
therapeutic purposes based on their recognitidheoéxtracellular domain.

The J591 mAb [Changt al. 1999] directed against the extracellular domain of
PSMA has been most investigated and clinical thal¢ée been conducted with
this antibody using a variety of radiolabeled aoxint conjugates. In addition,
other antibodies targeting PSMA are being devel@etevaluated.

As above described, PSMA has been targeted byaeué&tbs and some have
already entered in clinical trials [Olsehal.2007].

Shim et al in 2011 demonstrated, for CD20 and HE®R2t different antibodies
targeting the same antigen can differ widely frome canother in terms of
biological, clinical characteristics and modes cti@n justifying our attempt to

develop new anti-PSMA mAbs.
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4 Phage display

Phage display technologgnsists in the selection of peptides and protieom
combinatorial libraries displayed on the surface fddmentous pha¢
[McCafferty et al.1990]. This methodology is becoming an important too
biotechnology for the generation of diagnc and therapeutic mAbs [Figiet
al. 1998] andor the study of natural immune respor. A crucial advantage of
this technology is thdinkage of dispayed antibody phenotype with its
encapsulated genotype which allows the evolutiothefselected binders in
optimized molecules and permits the rapid detertidnaof the aminoacic
sequence of the specific binding peptide or proteiolecule by DNA

sequencing of the speiifinsert in the phage genome (Frigeet al, 2010).

Displayed antibody (e.g. scFv)

scFv genes

~ o=

plll proteins

Fig. 4.1. ScFv expression on therface of the filamentous phe (Pictures

from Frigerio et al, 2010).

4.1 Phage antibody libraries

Human antibody fragments against a variety of amsgcould be isolated fro
diverse human antibody libraries. There essentially three kinds of libraries:

naive, synthetic and immune. Nai libraries are composed kantibody
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variable genes isolated from healthy donors or inomunized animals. In
synthetic libraries a combinatorial diversity isated by rearranging VH and
VL gene segmentg vitro and introducing artificial CDRs of varying loop
lengths using PCR and randomized primers. Immumaries are constructed
using antibody V genes obtained from immunized afsimvaccinated patients

or from patients that responded to a specific disea

4.2 Guided selection

Guided selection is a method for producing a husesion of a rodent or any
other non-human antibody. The procedure to obtainompletely human

antibody (Fig.4.2.1) is performed as follows:

First step: a human VHCH phage library is usednteat Escherichia Coli
containing the VLCL domain of the starting mono@bnantibody and
production of a pool of phages expressing a diffeheman heavy chain paired
with the same murine light chain. The light chaiill guide the selection of a
partner human heavy chain that binds the samepepaoea on the antigen as
the original mouse antibody.

Second step: a) binding of phages to the immoliliaeget antigen b) removal
of non specifically bound phages by washing c)iefubf specifically bound
phages d) amplification of phage library by infeatiand propagation of eluted
phages inEscherichia coli ) use the new phages produced for next panning
cycles. This procedure is callganning and allows the enrichment of those
phages able to bind the immobilized tardranning could be performed using
immobilized antigen, antigens in solution and diseon cells orin vivo.

Third step:the corresponding genes of the human VHCH seldxygoanning

are cloned into a phagemid vector containing artepe of human VLCL
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domains. Phages expressing the same human VHCHliffatent human

VLCL are selected as previously described.

Pairing of human VHCH
with murine VLCL

and production of
Infect|on hybrid antlbody phage library

Step 1
E. Coli TG1 containing
Human VHCH .
¥ murine VLCL Hybrid antibody
phage library .
phage library

a) Add antibody phage library on e) Next panning
immobilized antigen cycle

d) Amplificate eluted phages int
bacterial system

c) Elute phages that
specifically bind the antigen

Step 2 O£

Pairing of human VLCL

Cf|02ing \I/HCHd 9?”95 m:m:, with human VHCH
of the selected clones ~ i
Step 3 into human VLCL an: fFl)JrI(I)ydrl:S?r?:nOf
phagemid library antibody phage library
> > Human
antibody
library

Fig. 4.2.1. Schematic representation of guidedctiele procedure.
The endpoint of this sequential chain shufflinggadure is a set of completely

human antibodies, binding with high probability ttte same epitope on the

antigen as the original mouse antibody.
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Aim of the project

Imaging is a promising diagnostic and prognostiol tand the
identification of sensitive and specific agentsie of the major goals for PCa:
in this field mAbs represent ideal targeting agemtsvards this aim, PSMA, a
well-known tumor associated antigen, has been tedgey several mAbs and
some are currently in preclinical and clinical sésdfor both diagnostic and
therapeutic applications [Nelsogt al. 2010]. Overall, whole mAbs show
several problems for their clinical applicationsatiddody uptake by the tumor
depends on a balance between favourable pharmatakinand efficient
penetration and retention in the targeted tissod, \earious characteristics of
mAbs, such as molecular size, shape, affinity aatency control these
properties. MADbs are large molecules that are cbaraed by very long serum
half-lives. They far exceed the renal clearancedhold (~70 kDa), preventing
them from being eliminated through the kidney glomie Moreover, the Fc
domain of antibodies can interact with various ptoes expressed at the
surface of several cell types, which increase thagntion in the circulation.
Most importantly, the Fc portion can interact withe neonatal Fc receptor
(FcRn) expressed at the surface of several celkestypncluding vascular
endothelium cells, monocytes and macrophages asaselith barrier sites
such as the blood-brain interface, the glomeruliar fin the kidneys and the
intestinal epithelium [Roopenian and Akilesh 2003tFv fragments, due to
their smaller size can more easily penetrate imdsmimor masses and the
absence of the CH2-CH3 domains involved in neonatareceptor binding
allow a rapid clearance from the blood theoretjcalthieving a much greater

target specificity for tumor localization [Yokogh al. 1992], moreover, using a
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scFv fragment, the Human Anti Mouse Antibody (HAMPsponse could be

reduced being the Fc the most immunogenic comparfehe molecule.

The first aim of the project was the production ahdracterization of a murine

scFv starting from the monoclonal antibody D2B #émel following objectives

were finalized:

Conversion of the murine IgG monoclonal antibodyBD2to a scFv
format;

Set up the scFv production in prokaryotic cells &edfication of the
stability of the reagent;

Analysis of the specificity and affinity for PSMAgressing cells;

Set up of the scFv radiolabelling procedures witliffecent
radioisotopes;

In vivo preclinical validation of scFvD2B suitability fomolecular

imaging.

The second aim of the project was the creationafrapletely human antibody

fragment starting from the monoclonal antibody D@8ng guided selection
(described in Part Il of this thesis).
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Results and Discussion

1 ScFvD2B construction and production

A new mAb directed against hPSMA antigen and namb@®8 (IgG1l) was
obtained by conventional hybridoma technology.

The cDNA obtained by reverse transcriptase of mR&kracted from the
mouse hybridoma D2B was amplified by PCR usingdbreesponding primers
for VH and VL regions. These fragments were seqgeeénand showed to
correspond to a VH and a VL (kappa type) regionsofise Igs. The murine
D2B use a V segment of the VK1 family (12/13 sulogmoand VH3 family.
Kabat numbering was used to identify the three CDRihie antibody [Martin
2001].

The variable regions, after re-amplification withnpers for the insertion of
restriction enzyme sites, were cloned into pMIMOctee and the scFv,
produced in soluble form in the periplasm of baateells, was purified on
immobilized-metal affinity chromatography, by inaiimg the periplasmic
extract with Ni-NTA agarose beads. The overalldjief anti-PSMA scFvD2B
in Escherichia Coli was up to 12-14 mg/L. The size and the integrityhe
purified reagent was visualized on a CoomassiethiSDS-PAGE and
detected by Western-blot with 9E10 antibody. ScH8DRigrated as a single
band of the expected molecular size of about 28 kDa

ScFvs are relatively unstable [Cheetgal. 2003] and reported to form dimers
and aggregates [Arndét al. 1998] [Rothlisbergeret al. 2005] following
purification, particularly if they are derived frohybridoma cells [Kipriyanov
et al. 1997]. This is due to many factors which include tpresence of a
disulfide bridge in the VH and VL domain, exposedifophobic patches at the
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variable/constant domain interfaces, ionic strength linker length and at last
the primary sequence, which is the most causatetof which affects the
aggregation tendency [Ranmehal. 1999] [Niebaet al. 1997] [Arndtet al.1998]
[Pluckthun et al, 1996]. Moreover the nature ancrgjth of the VH-VL
interface interactions and the type of linker ugédstonet al. 1991] [Raag and
Whitlow 1995] [Whitlow et al, 1991] increase thskifor aggregation [Arncit
al. 1998][Rothlisbergeet al. 2005].

To evaluate the potential formation of dimers ogragates, that could increase
the immunogenicity of the reagent limiting its ugar clinical practice,
scFvD2B was analyzed by gel filtration on size-ag@n column indicating
that at least 95% consisted of monomeric molec(@ss kDa) (Fig. 1). In
addition, probably due to a very stable pairinghe variable chains, scFvD2B

could be produced on a laboratory scale with gaeldly

2 ScFvD2B binding specificity

The binding specificity of scFvD2B against the gati of interest (PSMA) in
native form was verified by FACS analysis in comgam with its parent mAb
using different cell lines expressing (LhCaP, PCEMA also called PC3-PIP,
MCF7-hPSMA, CHO-hPSMA) or not-expressing (PC3, MCEHO) PSMA.
Both 1IgGD2B and scFvD2B showed a good and spebificling to the cell
lines expressing the antigen whereas the non-telegél lines were negative
(Fig. 2). ScFv binding is lower than the whole batly as expected for a
monovalent antibody fragment but shows a high bigditrength demonstrated
by a shift in fluorescence activity of only 1 Io8imilar results were obtained
when both reagents were fluorescinated or labelgd hiotin followed by
fluorochrome labeled avidin (data not shown) intiigaalso that our reagent is
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suitable for a wide range of manipulations withtaging its specific binding
capability.

ScFvD2B used in immunohistochemistry (IHC) is alderecognize PSMA
expressed on tumor surgical specimens reacting withythe tumor areas and
did not stain any surrounding healthy tissue (R34 indicating that our
reagent could be suitable as diagnostic\ therapagent.

BlAcore analyses, performed using as ligand soli®#A from lysates of
LnCaP or PC3-PIP cells captured using the monotlamizody 7E11 specific
for the intracellular domain of PSMA, showed thateD2B, despite its
monovalency, retained a good binding strength (BRy.left panel). The lower
RU observed in the sensogram with the scFv isbattble to its size, which is
6 times lower than that of the whole IgGD2B.

Based on the experimental data, association ansbda&ion-curves were
calculated (black lines) and kinetic evaluations smmmarized in Figure 3B,
right panel; despite its monovalent binding, scFBD&hows an affinity
constant (KD) of 8.6 nM which is 20 times lower rththat of IgGD2B, but
comparable to that of the anti PSMA 1gGJ591 (1.8&r@ 15 nM in three
different reports [Smith-Jones al. 2000] [McDevittet al. 2000] [Fracasset
al. 2002]), already entered in clinical use [Akhé&hral. 2012]. The very slow
dissociation constant from the antigen argues fuighin vivo binding stability
of scFvD2B on the PSMA. Moreover, the high affinigtained by scFvD2B
indicate the possibility to use a scFv for targgtihanks to its very quick
attachment to the antigen combined with a stabidibg for a suitable length
of time on the target and also thanks to its ragé@rance. Many studies have
been performed about the importance of the begbayt formats forin vivo
uses indicating that reducing the circulation tithe affinity must be improved
to obtain productive results [Leytogt al. 2008] [Lepinet al. 2010]. Our
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scFvD2B with its high binding strength is promisiigr have a rapid
localization despite a very fast clearance.

3 Radiolabeling

As previous described, for protein therapeuticusiog mAbs, the formations
of aggregates can strongly limit vivo applications since they may reduce the
mAb efficacy and contribute to immunogenicity. Theegrity of scFvD2B
after radiolabeling, evaluated by SDS PAGE (Fig.wds more than 99% and
the formation of dimers (visualized using size-egan column) was less than
3% for**4-scFvD2B and less than 5% fbiin-scFvD2B (data not shown).

All the data obtained with scFvD2B indicate thatrenthan 95% of the reagent
after radiolabeling procedure is composed of monmanotein. This is even
more important infact for this reason the purificatafter labelling could be
avoided making possible the development of a sirdgtlelling kit accessible to
all Nuclear Medicine facilities.

After radiolabeling of scFvD2B witfhi*in and*®, a radiolabeling efficacy of
96% was measured with a good radiochemical puFitg. immunoreactivity of
the reagents were tested on cell expressing PSMA matural (LnCap) and
ectopically expressed (PC3-PIP). No binding wasnkesi on PC3 cells. Table
1 summarizes the efficiency of radiolabeling witfhin and **%, the
radiochemical purity, the specific activity and ti@mune reactivity for
scFvD2B and IgGD2B.

The availability of radiolabeled reagents with highmunoreactivity allows the

development of quantitative competition and intémaéion assays.
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4 Competition assay

IgGD2B and scFvD2B were analyzed for the competitapacity with other
two anti-PSMA antibody commercially available: 1881 (recognizing an
extracellular epitope of PSMA) and IgG7E1l (recagrg an intracellular
epitope of PSMA). The radiolabeled reagents (sciB/@ad IgGD2B) with
competing unlabeled antibodies (scFvD2B, IgGD2E371§11 and 1gGJ591) in
serial dilutions are mixed in solution and addedixad PC3-PIP cells.

After three hours of incubation and washes, theradinated antibodies bound
to the antigen were detected inyacounter to count the residual binding
activity. The inhibiting concentration of 50% @& of **4-scFvD2B or**}-
IgGD2B binding was extrapolated from titration cesvcalculating the ratio
between the residual binding after the competiiesay and the binding of the
radiolabeled antibodies alone. Unlabeled scFvD2® lg&D2B (Fig. 5A) are
able to compete with binding df’i-scFvD2B on PC3-PIP cells; the mean
inhibitory concentration (I6) calculated for both unlabeled reagents was 1:1 in
molar ratio. Unlabelled scFvD2B and IgGD2B compae with radiolabeled
131.1IgGD2B (in similar manner of*Yi-scFvD2B) but not with IgG7E11 and
lgGJ591 (Fig. 5B).

The data obtained suggest that the binding streoigtFvD2B and IgGD2B
are quite similar and that both recognize an egthalar epitope different from
that recognized by IgG7E11 (as expected being taacellular epitope) and by
lgGJ591.
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5 Stability

The scFvD2B was further analyzed to evaluate iabisty in different
experimental conditions. An important feature oftilzodies for potential
diagnostic and therapeutic applications is a deffic resistance to serum
proteases; we have evaluated its stability in mousg human serum. The
results are summarized in Fig. 7 as residual bgqdutivity assessed by ELISA
(cold reagent) or RIA (radiolabeled reagent). Iratidn for 6 hours in mouse
sera and for 24 hours in human sera, both potgntahtaining proteases, did
not affected neither integrity, as assessed by BBGE (Fig. 6), nor binding
activity of scFvD2B (Fig. 7). It is well known th#te formations of dimers and
aggregates can limit then vivo applications of protein therapeutic for the
reduction of mAbs efficacy and the increase of imogenicity. For this reason
the second feature analyzed is the stability o/B&@B after long storage that
could increase aggregate formation or loss of fanetity. After storage for
more than one year (18 months) at -20°C we obsesivgdod maintenance of
functionality (Fig. 8) and no aggregate formatiamjicating a good thermo-
stability.

The last analyzed characteristic was the stabdityscFvD2B under typical
conditions used for the radiolabeling of the reagessistance to neutral and
acidic condition (i.e. Hepes 1M pH 3.5 and £{¥ONa 0.4M pH4) and
resistance at physiological (37°C) and high tentpeea (42°C, Fig. 9).
ScFvD2B maintains its specific binding to cells e2gsing PSMA also after the
exposure to physiological and harsh conditionshsag low pH (Fig. 10) and
different range of temperature indicating that ceagent could be subjected to

chemical manipulations without loss of binding aityi.
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6 Internalization of antigen-antibody complex

The target antigen characteristics and the fanbfen-antibody complex after
antibody binding are important features for thecegs of imaging and selection
of therapeutic agents (radioisotopes, drugs andgdx

PSMA-mediated antibody internalization was evaldaty/ epifluorescence
analysis (Fig. 11A) and quantified by a radiolalvgernalization assay (Fig.
11B). Both evaluations were performed at 37 °C rdeo to activate the
internalization machinery and allow the PSMA-bowt#vD2B or IgGD2B to
internalize. The same experiment was also perforat&dC as control in order
to prevent the internalization.

The internalization of the antibodies evaluated imymunofluorescence
indicated that substantial amount of a surface-bamiitPSMA scFvD2B and
lgGD2B was transferred to intracellular sites at@TFig. 11A, left panel), in
contrast internalization performed at 4°C (rightngla) shows a reduced
internalization of antibodies in the cells expragsiPSMA highlighted by
PSMA expression in membrane surface.

The Kkinetics of PSMA internalization mediated bye thwo reagents,
radiolabeled with*in (Fig. 11B), were similar; after 5 minutes at X7 from
20% to 60% of antigen-antibody complex was intereal and, thereafter, the
amount of internalized PSMA increased over timecheay a plateau in less
than 2 hours. When the internalization triggeriaggent was the scFvD2B, the
total amount of internalized complex was loweratteobservation point but its
monovalent binding was able to internalize aroud®o4f the bound antigen in
2 hours. Similar internalization ability was receddwhen the scFvD2B was

radiolabeled with*!1 using a different chemistry of labeling (data shown).
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This observation would be consistent with the imtetation that the bivalent
binding of IgGD2B crosslinking of two copies of PBNeads to a more potent
internalization than binding by a monovalent scAN.our in vitro data argue
for a potentialin vivo use of scFvD2B; therefore, imagingvivo experiments

with both fluorescent-scFvD2B and radiolabeled-&2F8 were performed.

7 In vivo Imaging

Procedures involving animals and care were in gomfy with institutional
guidelines that comply with national and internaéiblaws and policies (D.L.
116/92 and subsequent implementing circulars).

8 Imaging with fluorescinated antibodies

Mice bearing established s.c. PC3 (PSMA negatine) RC3-PIP (ectopically
expressing PSMA) tumors were used farvivo tumor detection capability
(visualized by optical imaging) of both IgGD2B asdFvD2B labeled with a
fluorochrome. The two fluorescinated reagents predéferent tumor detecting
kinetics and biodistribution patterns (Fig. 12)GIg2B initially showed a very
diffuse signal involving both tumors while 24 hoafter injection was possible
to identify a specific accumulation of the antibodly PC3-PIP cells.

Conversely, scFvD2B 3 hours after injection is ableshow a detectable sign
specific for PC3-PIP cells indicating a very higtesificity. The high binding

strength of scFvD2B seems to be enough to havel tapalization despite a
very fast clearance usually showed for scFvs. Th#erdnt tumor

biodistribution of scFvD2B and IgGD2B could be eaipkd by the fact that the
IgGD2B is initial retained by Fc-receptors on maeyl types in the mouse and
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consequently this leads to the loss of high amafribe initial dose by non-
specific binding through those receptors, whicmag without systemic side
effects, whereas the use of scFvD2B, lacking the@dition, do not have this
broad and diffuse effect. By reducing the size miilendy below the filtration
threshold of kidneys (70 kDa) the renal excretisnncreased and therefore a
decreased toxicity to this organ is expected whadioconiugated scFv are
used. Moreover small size antibody fragments enabléast distribution into
the tumor and a quick clearance from the blood atier compartments
reducing also in this case the potential radiotaleimage to healthy tissue.
These in vivo experimental data documented the ability of scHyYD®
specifically target only PSMA expressing PCa xeafigrindicating that our
reagent could be an ideal antibody fragment for dbegelopment of novel
diagnostic/therapeutic methods to target imagirentggor for delivery of drugs

for treatment of PSMA-positive tumors.

9 1n vivo localization using™! — and **in-scFvD2B

The choice of the radioisotopes for imaging andapg is also important
because catabolism of the radiolabeled-reagentféseht.

It is known that when an antigen rapidly internaliafter binding with the
antibody, the complex is endocytosed and delivetedthe lysosomes.
Antibodies *%In labeled after reaching the lysosomes can bedhzed to

small molecular weight compounds by the residerzyees, retained by
lysosome and slowly released from the cells. Onatrtrary for antibodies
13l |labeled after degradation into the lysosomes, ltve molecular weight
catabolites produced are rapidly expelled from sce#ducing the possible

background effect created by the retention of #ukaisotope.
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PC3-PIP cells and PC3 cells were mixed with maltrageel the mixtures were
injected subcutaneously in CD1 nude mice in theukles. Tumors reached
dimension suitable for scintigraphy after 20 days.

13 _ or "n-scFvD2B were injected intravenously into mousail. t
Scintigraphy was performed 24 hours after injectsomd static images were
acquired for 30 minuted®Yi — or *in-scFvD2B biodistribution was calculated
after 6 and 24 hours post injection calculating théioactivity in tumors and
representative organs.

The two radiolabeled reagents present differenbtutietecting patterns--in-
scFvD2B shows a very high accumulation into then&igs, for this reason no
localization of scFvD2B is detectable in scintigrgp This data is also
confirmed by the biodistribution analysis (Fig.13iA)which the kidney T/B is
about 1000 cpm (at 24 hours post injection) anduh®or T/B is about 12 cpm
(at 24 hours post injection). Wheéri!l is used, the biodistribution analysis
(Fig.13B) indicate a similar accumulation of scF&® the site of the tumor
and a very low background on the kidney (Fig.138t panel), therefore no
localization were detected in mice inoculated WG3 cells (Fig.13B, middle
panel). The low background of kidneys allowed tsualize a specific
localization on tumor (PC3-PIP cells) by scintigrgFig.13B, right panel).
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Conclusion and Future Prospects

The results obtained in this thesis demonstrate tha PSMA-specific

internalizing scFvD2B, due to its advantageous @rdgs, may be an ideal
antibody fragment for the development of novel dagjic/therapeutic methods
to target imaging agents or for delivery of drugs freatment of PSMA-

positive tumors.

To be able to use a scFv for targeting in humams,réagent will be further
improved in order to enter in Phase | clinical ltridcFvD2B genes will be
cloned into a specific vector (lacking the two ta@dyc-tag and His-tag

normally fused to a COOH-terminal) for the expreasin mammalian cells.
ScFvD2B without tags will be characterized and pineclinical experiments,
once radiolabeled, performed with the aim to prepdis as radiolabeled
diagnostic for PCa imaging and dosimetry in a Pha$aical study.

Moreover, the high stability of the molecule argt@esfurther exploitation of

scFvD2B to generate fusion proteins and build mgpecific multimeric or bi-

specific reagents that, upon preclinical validaticould hopefully enter into

clinical use.
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Figures

Fig. 1
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Fig. 1. Gel filtration on size-exclusion column. PurifisdFvD2B preparation contains at least
95% of monomeric molecules (one representativeraxpat of 5 performed is shown).
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Cell number

Fig. 2
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Fig. 2. A) FACS analysis: scFvD2B (solid line) binding in camigon to that IgGD2B (dashed
line) on PSMA positive cell lines (LnCaP, MCF7-hPBMCHO-hPSMA and PC3-hPSMA).
No binding was observed on PSMA negative cell liggkCF7, CHO, PC3)). The shift in
fluorescence was assessed relative to a negatineotfgray)
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Fig. 3
Whole section, Normal and tumor
hematoxylin-eosin staining compone Normal component
4x
A
‘
RU
1 — - 1gGD2B 200 nM 88 RU -
—  ScFvD2B 200 nM 26 RU a0l
1o
- Plon SN e, 28 oy
80 -’ e e - = =
S '/ 22 17 T S
2w K4 16} 7
I £ =
'l 8 10
B “0 ) g 4
{ e
20 H 2 L)
; o] Analyte | KD (M) Ky (M1s1) K (s?)
10]
144 scFvD2B  86x10° 159x10° 224x1073
11‘30 2‘20 3‘00 32‘{0 4250

t t
100 40 20 80 140 200 260 320 380 440 500 560 620 680 100 20 60
Times Time

Fig. 3. A) IHC: ScFvD2B reactivity of prostate carcinoniemages on serial cryostat sections
from left to right: hematoxylin-eosin stained seo8 (4x); scFvD2B immunohistochemical
stain (10x) showing no reactivity on healthy comgainand positive reaction on tumor
component in the same section; magnification 2@k40x of normal component; magnification
20x and 40x of tumor component. B) BlAcore analygleft panel) binding of scFvD2B
(26RU) is only apparently lower than that obserwth IgGD2B (88 RU) since its size is 6
times lower than that of the entire mAb; (right pBrKinetic analyses of scFvD2B.
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Fig.4. Integrity of scFvD2B before and after radiolabglitompared with IgGD2B. Left panel,

SDS-PAGE loaded with cold scFvD2B (well 1) and IggEXwell 3) and with scFvD2B (well
2) and radiolabeled IgGD2B (well 4). Right panbe same samples after autoradiography.
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Tab. 1

131 111

I-labeled reagents In-labeled reagents

Characteristics (%; mean + SD)

scFvD2B (4-7 exps) 1gGD2B (2 exps) scFvD2B (3-6exps) IgGD2B (1 exp)
Efficiency 96.1+1.4 92.0+1.4 96.2+0.9 99
Radiochemical Purity 99.2+0.6 97.5+0.7 99.2+0.4 99
Specific activity 2.4+0.9 1.5+0.7 1.8+0.8 1.9
Immunoreactivity on PSMA*cells
LNCaP 68.0+4.7 56.5+2.1 52.7+10.6 ND
PC3-PIP 71.3+39 59.5+2.1 63.8+5.7 59
Immunoreactivity on PSMA cells
PC3 2.6+0.9 19+1.5 3616 19
A431 3.0+£0.2 ND 5.0+1.7 ND

Tab 1. Summary of scFvD2B and IgGD2B characteristicsratidiolabeling with* and**in.

Fig. 5
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Fig. 5. Competition assay’i-scFvD2B (A) or*}i-IgGD2B (B) were mixed with titrated doses
of unlabeled scFvD2B, IgGD2B, IgG7E11 or IgGJ59d atubated on PC3-PIP cells.
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Fig. 6
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Fig. 6. Integrity of scFvD2B in human (A) and mouse (Bjuse. SDS-PAGE Autoradiography
loaded with™}-scFvD2B after mixture in human and mouse serwomft=0 to 24 hours:>}-
scFvD2B diluted in PBS was added as control. Theesaesult was obtained within-
scFvD2B (data non shown).

Fig. 7
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Fig. 7. Stability analysis. Unlabeled scFvD2B'8H / **!in labelled scFvD2B stability in mouse
(A) and human (B) serum at 37°C.
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Fig. 8
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Fig. 8. ELISA assay. Binding on PC3-PIP cells of scFvDaBerial dilutions after storage at

-20 °C from T=0 to 18 months.

Fig.9
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Fig. 9. SDS-PAGE (left panel). Integrity of scFvD2B and-¢D2B-NOTA after one hour at
42°C in comparison with non treated reagents; EL&8ay (right panel). The functionality of
the same reagents was tested for binding capabilggrial dilutions on PC3-PIP cells.
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Fig. 10
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Fig. 10. ELISA assay. Binding of scFvD2B after exposuréotw pH (scFvD2B in PBS and in
HEPES pH7 were added as control).

Fig. 11
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Fig. 11. Internalization ability of scFvD2B and IgGD2B. Mjorescent reagents incubated at
37°C (left panel) and 4°C (right panel). B) radimgéed scFvD2B (solid lane) and 1gGD2B

(dashed lane).
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Fig. 12
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Fig. 12. CYS5 ScFvD2B and IgGD2Bn vivo biodistribution. Localization of IgGD2B(A,
upper panels) or scFvD2B (A, lower panels); B) blisams report the relative total photons
emitted from regions of interest around tumor sftesn mice injected with IgGD2RBupper
panel) or scFvD2B (lower panel).
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Fig. 13 A)Yin-scFvD2B
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Fig. 13.Radiolabeled scFvD2Bh vivo biodistribution.A) Biodistribution of**in-scFvD2B. B)
Scintigraphy of*-scFvD2B (left panel); Biodistribution df'i-scFvD2B on blood and tumor
on PC3 and PC3-PIP cells (middle panel); Biodistitn of **i-scFvD2B in all organs
examinated but only on PC3-PIP cell (right panklistograms report the relative total cpm
emitted from regions of interest. (T/B: tissue/ldaatio).
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1. Tntrodduetion

Prostate specific membrane antgen {PSMA) has gen-
crated great interest as a tumaour associated molecule suit-
able for diagnostic and therapeutic targeting of prostate
cancer since it is highly restricted to the prostate and over-
expressed in all tumour stages."™ PSMA is a transmem-
brane protein commonly found on the sarface of
late-stage and metastatie prostate cancer and 15 a known
imaging biomarker for staging and monitoring of
therapy.®

Targeted approsches have become highly invest-
pated felds i medicine and  monoclonal antibodies
(mAbs) hive been widely exploited on the basis of their
specific recognition of fumour associated molecules,
mAbs are currently in preclinical and clinical studies
for beth dingnostic amnd therapeutic applications.”

However, imtact antibodies, due o their large size
(1535 kDa) sometimes have difficulty i penetrating
tumaour tissues; moreover, the presence of the constant
domains allows the binding vo the Fclt present on many
circulating cells, endothelial cells and liver cells through
the CH2 and to the FeRn through the CH3 giving a pro-
longed hall life which resulis in a low twmour 1o back-
around ratio forcing the clinicians o perform imaging
several days after the mmjection.

Antibody fragments could be an wdeal format if the
recruitment of effector functions is not necessary. A viri-
ety of approaches have been undertaken to buald a fune-
tional and stable complex of the varble heavy (VH) and
light (VL) demains, The commonly used single chain Fv,
or ‘seFv,” 15 composed of the heavy and hight chains of the
inll;l'b-l,uh .ill1|.|. u'li]i.:-\.'x it r]uxihh.- puplidl.' ||nlc|.:'r T COvie-
lenitly joan the ¥H and VL demaing in a single polypep-
tide.” Unfortunately, scFvs often lack high affinity and
stability, including the ability to withstand phyaiological
concentrations of salt, pH and temperature conditions.

Herein, we charactenised a scFv directed against
PSMA and demonstrated that due to s intrinsic
characteristics of binding strength, stability and inter-
nalisation ability. and its v wire and 0 oo targeting
properties, could be successfully exploited in diagnostic
and therapeutic targeted approaches.

2, Materials and methods
2. Cell fines and reagents
LNCal and PC3 (human prostate cancer), MCF7

(huwman breast cancer) and CHO (hamster ovary) cell
Tines were purchased from the Amcerican Tvpe Culiure

Collection (ATOC, Manassas, WMD) TGROWV-1 (lwman
ovary cancer) was provided by Dr. ). Benard and PC3-
PIP, stubly expressing human PEMA (RPSMA)L® was
provided by Dr. W, Heston, MCFT and CHO cell lines
were used o generate stable transfectants expressing
WPSMA, as described ”

All cell lines were subjected to short tandem repeat
(STR) analysis according to ATCC guidelines and pro-
files were compared o publicly available databases 1o
verify authenticity. Total cell ysates were prepared as
described.'”

Hybridomas producing the maAb TEIL dirested
against the intracellular  domain of hPSMA (TIB-
|f|~ﬂ-‘;‘4r and the anlrmyc lag mAbh 9EIN [I:”RT.—I'I':?E']
were purchased from ATCC, mAb 1951, direcied
against the extracellular domain of PSMA,'" was sup-
plied in purificd form by De. NOH. Bander ( Medical Col
lege of Cornell University, Mew York) The mAbs were
affinity purified on protein G from culiure supernatants.

2.2 Ann-PEMA s Al and seFy gemeration, purificaiion
citel {1 vitro festing

The Igi5] ant-PSMA mAb, hereatter IgGD2E. was
obtained by conventional hybridoma technology and
affinity  purifiecd on  protein AJG from  culture
supernatant.

Total RMA was extracted from hybrdoma cellz using
REnecasy Total RNA Punfication Kit (Qhagen), <DNA
was synthesised by reverse transeription and VH and
VL chanz were amplified by polymerase chain reaction
(PCR) using the corresponding pramers {Table 1),

PCR products were cloned as a scFv (WH-linker-¥1L
arientation) into the phagemid vector pMIMO which
is a derivative of pHEMN]1 [10717] where the most cone
monly wsed linker (Gly-Ser) 15 added allowing the sep-
arate cloning of antibody variable domains (SFIL/XHOI
for WH and APALLMNOTI for VK. Electrocompetent
Erochericlia coft TG cells were transformed with the
ligation reaction and plated on 2xTY-AGAR medium
containing 1 pgfmL ampicillin, E cofi HBZ151 cclls
were used for scFv soluble production as deseribed."
Periplasmic  preparations were purified by Mi-NTA
agaross beads as described. '’

The size, homogeneity and potential dimensation were
analysed by sodium dodecyl sulphate—polvacrylamide gel
elecirophoress (SDE-PAGE), western bloting and size
exclusion chromatography on a Superdex 75 HR 10730
column ((GE Healthcare). For flow cytometry refer 1o
Fig. 2, whereas for enzvme-linked  immunosorbent
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Table 1

Primers usad For e FYDIE clomime. Primers Mate? amd Ml 03 wene used Gor amplifcation ol he variab
hesvy (VH] region, KA and Mik ot were used Tor amplafication of the varable lght (VL) region

Primet Requete

Muvh-3 CAGLGTGUAGCTGAAGSASTUAGC

Mjllﬁ It Al AU ACTTOACUAGAD

AP LA PATGATCTUAGICTOC

Mk et GAGTCATTCTGOGGECGCCOG T TTGA T T T CAGE T TGO TGO

assayradioimmunoassay (ELTSA/RIA), perlommed on
LMCaP cells, see Ref, 12

The binding of scFvD2BE and 1pGDER was evaluated
at 25 °C by surface plasmon resonance using a BlAcore
2000 equipped with research-grade CME sensor chips
{Biacore AB, Uppsala, Sweden). The antibody TELL rec-
agnising the cytoplasmic part of PEMA was immohi-
lised on CM3 sensor chips (Biacore AB, Uppsala,
Sweden) essentially as described.' LnCaP and PC3-
PIP lysates (0.5 mg/mL) or HGROV-1 lysatc (0.5 mg/
mL] used as non-correlated negative control, were
njected three vmes at a flow rate of 30 pLimin for
10 min i order to enable the caplure of soluble PSMA
present in the lvsate by TEL immaobilised on the sensor-
chip. Kimetic analyses were perfommed al concentrations
rangang frem SO0 25 oM (all i duplicate) for 3 min at
A0 plfmin and  dissociation of  hound analyle was
wllowed to proceed for 15 min without chip regeneration
with glveine in order to avoid the dissociation of the sol-
uhle PAMA Teom TELL The restoring of initial baseline
wias verified after each inpection. The data obtained were
analysed by the BlAevaluation software 3.2 {global -
ting) assuming a 111 Langmuir-binding model.

2.3 Dewsunndisior ﬁrhlurry

Prostate cancer samples were collected during surgi-
cal procedures from patients who gave informed conscnt
o use excess material for investigational purposes. The
mmmunereactions on froren sections were performed as
described.

24 seFel2 B and fpGD2 R labelling

The following reagents were purchased: 2-[pisothio-
cyanatobenzyll-1.4, 7-triazacyclononane-1,4. 7-tnacetic-
acid  (Be-NOTA. Macrocyeles, Dallas, TX., USA);
human serum albumin (HSA} (253% wiv, USP) (Kedri-
on, Castelvecchio Pascoly, Naly); ascorbic acid as a ster-
e and  apyrogenic solution (200 mg/mL] | Bracco,
Milan, Italvl; high-purity grade chemicals (Sigmal; "'l
and "'In from Perkin Elmer Life and Analytical SM—
emces, Ine. (Boston, MA, USA), respectively, Prepara-
tion of Be-NOTA conjugates, determination of Be-
MOTA/mAR ratw, evaluation of B-NOTA scFvD2B

Binding and '"Tn and "7 radiolabelling were essentially
as deseribed =17

Binding and competitive binding studies with radiola-
belled scFvD2B and 1gGD2R were performed essen-
tially us described.'®

seFwID2B and [pGD2E were conjugated to Alexa GED
using the SATVT rapid antibody labelling kit (Invitrogen,
Milan, Ttaly) according to the manufacturer’s protocol.
The labelled products were purified by size exclusion
chromatography on a PO column; protein concentra-
tion and labelling degree (fluorophore concentration
extinetion coefficient 1.8 = 10° M™ om™') were deter-
mined by absorbance at 280 and 679 nm, respectively,

2.5 Srability analysis

sevIDZB, as an unlabelled reagent or after radiola-
belling, was exposed 1o heat, at different pH (HEPES
IM pH 35 and CHyOOO0N 04 M pH 4), human
and mouse serum and residual binding activity was eval-
uated by ELISA/RIA after incubation at 37 °C Tor 6
[acid pH, mowse serom) or 24 (human serum) b,

26 i wieo wnaginr

I vive experiments were performed using & o B-
week-old male Rag~"fyc™ mice (Charles Rivers Labora-
tories). Procedures involving animals and care were in
conformity with institutional gukdelines that comply with
national and international laws and policies (T L. 1146/92
and subsequent implementing circulars), Subcutaneous
tumour implants were obtained by injecting 1 x 10°
PC3 or PCEPIP cells at two different sites in the same
animals. When tumours were palpable [about 3—4 mm
in diameter), fluorophoredabelled TgGDIE (50 pg) or
scFvIDZB (30 pg) were inpected Ly, and imaging wis per-
formed by total body scanning an different ime points
using an M} 2 apparates [ART, Montreal, QC, Canada),
as previowsly reporied, '

27 Seavictical analysis

The reaults of ELTSASRIA and internalisation asgays
are indicated as mean = 50, Significance levels were
eatimated by Student’s r-test and a P value <0003 was
constdered significant. Caleulations were done using
GraphPud Prism software.

ﬂumlhuﬁ*mpmul’mﬂ et al. A snglechuin frag L ngninst specific I
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3. Results
A0 sely comsiraetion and Mndmg specificity

The «DNA from IgGDEB was amplificd wusing the
primers reported i Table 1 and sequenced; D2B uses
a W osegment of the YR famly (12/13 subgroup) and
a ¥H belongng 1o the VHI famly. Kabat numbenng
wits used 10 wentify the three CDRs of the heayvy and
Ight chain vanable regions ™

The overall vield ol anti-PSMA «cFPvIB in E coli was
up Lo 12=14 mgfL. The purified scFy, as visualised on 4
Coomassie-stained SDS-PAGE. detected on a Western-
hiot with FEL10 or evaluated by size exclusion chromatog-
raphy, consisted mainly  of monomeric  molecules
(28 kD) with no agpregates and only 5=2% of dimers
(Fig 1h

The hinding specificity of scFvD2E was verified by flow
eytometry i comparson to pGD2B in cell hnes express-
ing (LnCaP, PCEPIP. MCFI-hPSMA, CHO-hPSMA}
of not-expressing (PC3, MOFT, CHOY hPSMA. Both
reagents showed pood and speafic binding (g 2A)
Sirmlar resulls were obtained with both ant-PSMA
reagents directly labelled wath  fluoreseein or  biotin
followed by fuorochrome labelled  avidin (data oot
shown), When assessed by immynohisiochemstry (THC)
for abality w0 recognise FEMA expresssd on fumowr
Al surml:i:rn:m. weFviD2B stained only the temounr
arez i not the surcontmding healthy tssee (Fig. 2R3

BlAcore analysis was performed asing, as ligand, sol-
uble PSMA [rom LaCaP or PCI-PIP lysates captured
by TEIl mAb recommising an introcellular epitope. The
binding between TELL and PEMA did not interfere with
that of D2B and was very stuble allowing lunher analyses
on the complex. The antibody fregment, despite ils mono-
valent binding, retaned good binding strength (Fig. 20,
panel o) Bazed on expenmental duta, assocation and

Fr
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Fig. 1 Sie exclison chromaivgraphy of pusfied scFyDIE mdkating
a very low amseunl of dimens aned the absence of aggreghies.

dissociation-curves wers caleulated und kinetic evialua-
tions [summarissd in Fig. 20, panel b) gave nse to a cal-
culluted athinity constant (KL} of 8.6 nM for scFvD2B

22 Radwolabelling, comperition and stabiliny

The uwnusually lgh rodiclabelling eficiency  and
rachochemcal purity (=959, specific activity and main-
teranee of immunonzctivity of bath "= and M-
ervr)'lﬁ .unr.l -IRGDIH are 51|mma1'|$ed. i '|-;|h|£ i
ﬁ,l:'h;‘r ::llllq‘;lL'l]'u'“ing._ the |n||:};,|:|'!.' of HFUDIH ['Uuu'.ﬂ-
wed by SDDEPAGE, Fig. 37 was more thas 9990 and
the presence of dimers (by size exclusion chromatogra-
phy} did not increase. Determination of scFvD2H epi-
tope specilicity was performed uvsing & competitive
assay in which the antigen s immobilised. and a mixmre
of radiolabelled seFvD2B or TgGD2E with competing
unlabelled antibodies: (scFvD2B, TaGD2BR, IpGTELN
and Tel3FA90) was tested for residual binding activity.

Both unlabelled scFvDD2B and IgGD2B (Fig 3A) com-
peted with binding of radiolabelied "' 1-scFvD2B to PC3-
PIP cells: the mean mbsbitory concentratson (1C.) of
seFvD2R and 1pG2R wis 10 and 196 0M, respectively,
Sirmularly both unlabelled scFvD2R and IpGD2B competed
with radiolibelled "' -IgGDIR while the other two ant-
PSMA mAbs TENL and T390 ded oot compete (Fig. 3B)
In these experimental conditions the 10, of scFvDIB
aped TgG:"_B sz IR amd 11 aM, l"{:!u]'“_‘i_“l\\_'l}' Since the
labelled reagents wiere tested a1 20 nbd, these data sndicate
that 1he binding strength of the two ant-PSMA reagens
is guite smilur inhibiting 500 o lsbelled reagents ut
roughly an equimolar concentration and that they recognise
an epitope diferent from those of mAbs TETL amd F591

The stabality of scFvD2B an different experimental
conditions - was nvestigated testing residual hinding
activity by ELISA/RIA. Incubution for &b in mouse
sera and for 24 h in human sera, both potentialiv con-
Luning proteases. did not affect neither binding activaty
of seFvID2B (Fig. 4} nor s mtegrity, as assessed by
SE-PAGE {data not shown) Incubution of scFy[X2H
up te 48 hoal 37 °C in complete medium or siorage (or
18 months at =20 °C mdicated o good thermo-stabilay
of the reagent (data nol shown), Turthermaore, msmie
wance of Tunction under acidic conditions wis recorded

23 fnvermediation of antigen—anibody compley

The evaluation was performed at 37 °C to aenvate the
mternalisation machmery and allow the PSMA-bound
reagent o mternahse; control samples were kKepd al 4 °C

The imternphsation of uniibodies evalusted by immu-
nofiuorescence (Fig. 5A) mdicated that a substantial
amount of sucface-bond  ant-PSMA  wPvIIB or
[gGD2IB was transferred 1o antracellular sies an 37 °C
(left panel), in conirast, inernalisation ot 4 °C (right
panelsh was far bess promment as highlighted by the
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Fig 1 (A) Flow cvieaelry comppaniten of w0 FvDIR (eedid ling) Banidmg fo that of 1E02R Ddashad heel on proshits sposife memboanc ahligen
PSR A posative el e (o Temding was olserved on g PSMA degatiee el ling [dita shanwn b The ahi in Tuoreseence wus assessed relatne
to A nepaive comiral jprey, el iwshated only with antemeiase Alexa 388 of a comirol setope mukcdsad mAk aml sntFmouse Alexa 4H8)
Approsimately, 3 = L ells were harvestad, washed and mnoeabatad fog |1y on e wirh scPvzE (1 P 33 Mo TgGila2ZB 41 pug, 67 nhdy imad
dadutend ta HH) L waily plegsphaie baflecas saline=hosene serwm alumm (PES-HEA) 0055 s0FvD2B binding wias desecied asing 9E 10 Collawed by
mitemanize Alega-I88 amtibody {lovitrogen), whesens thie of TgGDIR was directly revealed by antiom cuse Alexa B8 sndibody and asalysed using
i FACSalibur and CellCiest softwure § Becton Dhckinsan, CA) (8] sePvD2R inmmumshistochemisiry (THC) reactivity ol prisstule carcinoms,
Imaapes on semal cryvsiat secisons trom left 1o nghe: hasmatoxylr—eosn staned sections 44 = |k viR2BE immunebasiockenical san g L | shomang
na reactivicy oo healthy componeat and positive gesction on tumoesr componend @ oche same section; magnshotion 20« and 0= of normal
compesent: magsdicition 20« and 40« of lunonr component. (O] Biacore analyss’ a standard amine-conpling protecol was used o insmobilise
vm lane L the TE1 | antibesty (40 pefmlL i CHC00Ma baffer W0mM pH 481 lume | was ased as o reference 1o subtract nomspecifc bindmg.
Leal® and PCISPEP A0 S mgfmel), or as a negative cantrod FOROY=1 {0 5 mgimilL k. lysates were injecied three times al a flew rate of 30 plimin for
10 min 1o enablke lhe apiare of saluble FEMA 0 the hwade by immobilzsed oniePS8A TELL Human PSMA (RESMA) from LnCaF hsate was
caplured ow the sensorchip by the TEL]L mAb coupled as o hgasd 80 KU and 200 oM ol se FvD2B or [pOD2E was ineciod for 2 min and then loit
for 15 min Lo follow dissociaban; the bmidmp chserved in the sepsorgram (b wab seFeDIE 26 B U is anby appanently lower than thal abeerved
with kplGD2E (88 KLY sinee s s a5 six immes bower than that of ibe oolire mebb. Affmiey and kineises of the imleraction between PSMA and
scFyIE were determined by surfave plasmon resonimce messurements vn LoaCaP lysate (Bi; ke some resulis were obtamed with PCRPTP hysale
I<lata mod showny Kineri: amalyses wene performed im dupheiie 81 coneemlsations renging Trom #HE 1a 25 nM, i withaul glvone chip iegendration
Lo vl dssocialion of sduble PEMA feom TELL The pestaration of instial basclios wis verilicd aller cadh imjocinm

amount of ant-PSMA reagents remaining al the cell  was internalised and, therealter, the ameunt of interna-
surfise. hised PSMA increascd over time reaching w plateau in

The kmetigs of PSMA internalisation mediated by less than 2 b, When the miernalisation tnggering reagent
the two n-reagents (Fig 5B) were similan after was scFvDZBE, the total amount of internalised complex
Somin an 37 50 2005 1o 605 ol antigen—antibody complex was lower al each observation point but s monovaben)

o w2 vl bkl 1
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binding was able to internalise around 4% of the boand
antigen in 2 h. Similar internalisation was recorded with
"scFvD2B [data not shown).

A4 Tmaging i vive

T wive tumour detection capacily of either fluoro-
chrome-labelled mAb or scFv was assessed by optical
imaging n mice beaning established s PC3 and PC3-
PIF tumaours (Fig. 61 Total body scanning disclosed
that 1gGD2E and denved sebvD2B presented different
umour delecting knetics and hodisinbution pattemns,
Indeed, the TgGD2R mAb imtially produced @ very dif-
fuse signal from the entire body that also involved hoth
tumours, irrespective of hPEMA expression, while a
clear and specific accumulation in PC3-PIT was evident
anly after 24 h from injection. Conversely, scFvDZB
showed high specificity and produced a detectable signal
at the level of the hPSMA-expressing tumour only, with
an emission peak at 3 h post-injection.

4, Diiscussion

Clinical management of prostale cancer reguires
accurate disease characterisation. Imaging 15 4 promis-
ing diagnostic/prognostic tool and identification of sen-
sitive and specific agents is one of the major goals for
prostate cancer: mAbs represent kdeal targeting agents.
Towards this aim, PEMA has been targeted by several
mAbs and some have already entered in clinical trials ="
However. the recent demonstration, as in the case of
CD20 and HER2.™ that different antibodies targeting
the same antigen, can differ widely from one another
in terms of biological and clinical characteristics, as well
as for their modes of action, justifies our attempt Lo
develop new anti-PSMA mAbs

In acddition 1o specificity, other eritical parameters [or
the sueeessful fn wive use of antibodies in oncology are
:_Vi:u:. ;.Iﬁm:g.; snh i|'il;3,l '.11||.| 5|4||;|i|'i|'.. "_‘h'{:lil“. e
s pdve distribution of imtact mAbs, which reduces the pen-
ctration from vasculature into the solid tumeur mass, ™

Table I

(33 xxa—rry

and their prolongsd residence in circulition, can lead to
unacceptables background and side-effects when imaging
or radimimmunotherapy 15 employed. thus imiting their
application. On the contrary, antibody fragments. such
as s Fv, due to thar small size can mere casily penetrate
inte seld tumour masses and are cleared rapidly from
the blood theoretically achieving much greater target
sru.:l:ilii,:il,}' Fowr tumour localisation =

Futthermore, the entity of the human anti-mouse
antibody (HAMAD responise can be lessened by the uze
ol antibody fragmenis lacking the Fe domain, in partic-
ular single-chain Fyv antibody Tragments {scFvs) ™
ScFvs, since they are nod glycosylated, should be easily
expreased in prokaryotic cells and produced at aford-
able costs. Omn these bases, we decided to develop a scFv
starting from a new anti-PEMA candidate mAb, named
2B, scFvs are relatively unstable™ and reported to
form dimers and aggregates,” > and, for protein thera-
peutics  including mAbs, such aggregates can  limit
strongly in vive applcations since they may reduce the
mAb efficacy and contnbute to ymmunogenicity. Our
biochemical data indicate that seFvD2R. even afler
radiolabelling, dud not aggregate and that dimers are
present inoa very low amount (5=8%0). In additen, prob-
ably due 10 a very stable paiting of the vanable chains,
seFvDZE could be produced on a laboratory scale with
oo yvield, suwsﬁling s successiul p'rl:n-du-:.:[ilm At |'g1'r__=.;|.'r
seales, A sufficient resistance T Serim proleases 15 essei
tia] for successful antibody e véeo applications and the
possibility to expose them 1o harsh conditions, such as
low pH, is an important screening parameter for selec-
tion of reagents suitable for diagnostic and therapeutic
applications that require chemical manipulations. Thus,
we investigated the stability of scFvD2B in serum and
acidic conditions and after long storage. and in all cases
we observed a good maintenance of functionalicy.

It has been reported that scFy i a format ke that we
generated, Le. with a flexible peptide linker to covalently
connect the VH and VL domains, can exhibit good ante-
gen-binding  activity compared te a non-disulphide-
bonded Fyv fragment. We demonstrated that scIFvD2B,

Summary of scFvD2B and 126G E chameieristics afier radiclabelling with "'1 and 'Vin.

Characteristics (¥ mean = SDj " Elabelled reagenls

"Mefabelled reapents

sc P (4=7 expsi

Iz GOIH (2 exps) =:FviDIB ( Hexps) 1eGIIE (] expl

Efficiency 6.l £ 1.4
Racliochemmeal purily 092 4
Speailic activity 2A4+08

Imiunarcacinay on PEMA™

iprastate specilie membrane antigen kells
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FCEFIF Titaw
vty o PRMAT celln
] NI
Adi] Al

93014 963509 B
UTE 40T G 04 ]
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Fig 1 Epuope idenniicanon by competstion sssy. Tracer amoons (20 nhd)p of N e PeDAB (A o ""J-Ig_frn_ﬂ 1 H1 were maxed with mraged
doses of unlabelled sePvD2E, 1pGR2R: 1gGTEL oo IglGl390 (rom 2 phd) and incobated o 25 6t 37 °C on PORPIP cells (O DItegrivy of
scPvlIB belore and after radeolabelling compared with TaGE2E. Left panel, sodiom dedecy] salphaie—pebvacrylamide gel electirophoress (805
PAGE) loaded with 1 ug of coldd reapert seF¥DER juell 1) anad 1pGT2R (well 3) and with 4000 cpm ol radiolabelled scFyDa2R ezl ) and
TGN jwell 45 Reght panel, the same samples after autoradiography

Binging wativity Mouse serum (A)

Human serum (B)
of meFvOZN i
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Fig 4. Stability of seFyD2B im mouse (A} and buman B} serum ab 37 °C, both anlabelied and witer radeolabelling with ar "Mm

despite its monovalenl binding, showed an  affinity antigen wrguaes for o high o ees binding stability on

constant |KD) of 86 nM in BlAcore analyvzie, which iz
wround 20 umes lower than that of mtact TeGE2B,
but comparable to that of the entire LeG ant PSMA
mAb 1598 (1¥ 3 and 130M in three different

=, already entered in clinical wse.™ More-

Feports.
over, the very slow dissocmbion constant from  the

the target. Our prefimingry o doe experiments using
fMuorescent label antibody  demonstrate much more
background for [pGD28 which seems to be distributed
i un antigen-nop-specthc manner over many sikes of
the orgamsm. This could mean that much of the imnal
mAb dose 15 retwmed by Fo-receptors on many czll types

“antigen i taol 1o buikd
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Fig. 5 Intemalisation phbility of scFvRIE aml 1gGR2B. (A} Flavres

o plase covershijes aeie
i G R Cells weie Aved
JI'III rulla.:lm.nl with 3:2 acetane—methanol (v far 10 man om e and
then incubated, for sePel22R, wh 9E 1 ollewed by gost anti-monss
AlexaFloor 46, and for [aGERE divectly with the Bter reagent. {153
Intermalisaion ahility of mdinlabellad aniprosisie specfic membrane
ambigen | PAMA reapenis ' lndahelled scPvDI2E was incubated at
3740 mah PCIPER live cells and percentage intsmalisation evalialed
afber il lengths of incubaion ame. For radiolabeiled cxper-
ments. cells < twell Petri dishes 1o BIF Huence were
batod with ar M scFeD R o -] gGINEH | 20 0 dituted in
o complete l'.‘n.'1|1IIIF for differan lengths. of time (range 5 min—
-l Bij Al cach time poind, after washang, cells were ireated with | mi ol
ghwcine 100 mM, pEl 2.8 ond CH OO0 100 mM for 20 mun sl room
temperature to remeve sarface memshrane-boand  antibodss and
supernatant was collected For radioactivity measaremen) Snbse-
guently, celix wers Tvsod in §omb of MaldH 1 M Gor 20 mmn ot room
temipmeratire and analvand for intracellslar radaog
s deteemingd lesing o COBREA 1T Aule-Cramina <
Ferkim Elmer. B m, MA UTEAL The peris
i berees the i

i the body. This leads to the loss of a lerge part of the
imtial dose by unspecific absorption through those
receptors, which 15 not without svstenic side-effects,
whereias the use of schvDIB, do not have this broad
and diffuse effect Moreover, 1o be uble 10 use a scFv

A wxm—rn

for turgeting, due to the rapid clearance, the strength
of hinding of the antibody fragment must be very high
to permit Lo it to bind quickly and remain attached for
a suitable length of time Many studics have been per-
formed 1o study the mmipartanse of the best format of
antibodies and affiny indicating that reducng the ar-
culation time the affinity must be mproved (o ohian
|'|r|1l:l|.||:||-.\' resulls B The hi_y_h. h:lldrng }-[l’l.!TI.FI'&‘I ol
out scFvIB seems 1o be encugh 1o have rapad localise-
tion despite a very Tast cleatance

Ridiolabelling of scFvDI2B was possible al very high
elficiency suggesting  that punficaon after labelling
could be avoided making possible the development of
a simple labelling kit accessible to all nuclkear medicine
facilities. The avatlability of radiofubelled reagents with
high immunoreactivity allows the development of quan-
titative competition and internalisation assays. Compse-
tition date between 1gGD2R and scFvD2H furiher
mdicated that the hinding strengths of our two antx
FEMA reagents are gquite simdlar. Furthermore, we con-
firmed that the anti-PSMA candidate mAb D2B, us well
as its seFv, recopnises i new epilope that s different
lrom that el 15%1

Other than antibody formal, the target antigen char-
acteristics as well as the fate of antigen-antibody conr
plex aler antibody hnding are also imporiant for the
success ol i1||.'|.].;i:|:g and selecion of 'I|1rr'.1]1|.".1||i,: Aagenis
(radioisotopes, drogs and toxms) Despite 83 monovi-
lent binding, the scFvDIB retained o goosd strength of
binding and was able to mternalise around 4004 of
bound antigen compared with the mernalisation of
the [oGD2E which is 604 This observation would be
consistent with the interpretation that crosslinking of
two copies of PEMA by o brvalent binding mAb beads
1o g more potent indernalisation than binding by a
monovalent scFy

All our i virre data argued for o potential m oice
application ol scFvD2B, while the experimental data
documented 1ls abality to specifically target only PEMA
cxpressing prostale cuncer xenogrifts

In conclusion, our results chearly demonstrate that the
PSMAspectic internalising selvD2B, due Lo its sdvanla-
HeDUE proper |i;'a.L Ty b-q, iwn 1|.L'i1| :mllhud:\r r‘rilgmunl o
||1e |.|r'\.--:;|-:1|‘m1|:-n[ Llﬂ'll(‘n'r.; cii;lg:ujslicf’ﬂmw peuls nsel;h.(‘ld.'i
v kgt iroeging agends of Tor delivery of drags lor treat-
ment of FSMA-positive tumours. The high stabahity of the
molecule argues for further exploitatnon of scFyvD2B 1o
penerate  fusion  proteins and  bulld  mono-sgecific
multimeric or hi-specific reagents,™ that upon preclinical
validation. could hopefully enter into chinical use.
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PART I

Creation of a completely human antibody fragment srting from the

monoclonal antibody D2B.
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Results and Discussion

1 Selection of human antibody fragments by panningith magnetic beads

The second part of my project is the creation cbmpletely human antibody
fragment against PSMA. All the data obtained in fingt part of my thesis
demonstrate that scFvD2B have adequate functignaigecificity and binds,
with good affinity, to an epitope different fromae recognized by the other
anti-PSMA antibodies commercially available. Theskaracteristic make
scFvD2B an ideal reagent for diagnostic and therap@ractices. In order to
reduce the potential immunogenicity of the reagbuot maintain similar
antigen-binding characteristics of the starting owonal antibody D2B, the
guided selection procedure (also called epitopeimtipg selection) has been
used for the conversion of the murine antibody cdmpletely human antibody
fragments. This method uses a murine chain (incage the light chain) to
drive the selection of the other chain (in our dhageVHCH). With this method,
the murine variable domains are sequentially reglaby human variable
domains. The antibody phage selection was perforomesioluble PSMA after
its immobilization using IgG anti-mouse beads foe binding of IgG7E11 that
recognize the intracellular domain of PSMA. Thetfiound of selection is the
most important. Any errors made at tipisint will be amplified in subsequent
rounds of selection.

It was calculated that after each round of selactibere is a 10 fold
enrichment of specific antibody. Ideally, only ocyele of selection should be
required, but sometimes the binding of non-speciages, due to their
stickiness, limits their enrichment. For this reas®5 rounds of selection
should be performed to select the desired antiblodgur cases three rounds of
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selection were performed with different experimémanditions in order to
select PSMA-specific phages. The hybrid polyclophhges (composed by
human VHCH1 and murine VKCK-D2B) recovered aftecte@anning cycles
were screened for binding by ELISA in order to ifgn"polyclonal” phage
antibodies. ELISA was performed on PC3-PIP and Bélldines. As shown in
figure 14A there was an enrichment of binding capglwith further rounds of
selection and the binding is specific, in fact noding was observed on PC3
cells (data not shown) indicating that the proseas working.

Single clone phage ELISA was performed startinghfrandomly picked single
colonies to identify positive "monoclonal” phagdibadies.

29 clones demonstrated ability to bind PC3-PIP awidthe negative PC3 cell
lines. Among those positive clones we identified tdifferent heavy chains
named VHCH-A and VHCH-B. The two corresponding gewere cloned into
a vector containing a library of human light chagenes (VKCK). In this way
the two human VHCHZ1 selected could drive the selrodf a suitable human
VKCK. Three panning cycles were performed as previaescribed. The
polyclonal phages obtained after each panning wested in ELISA but no
evidence of binding improvement was found (Fig. L4Boreover from the
single clone phage ELISA no clones with PSMA speityf were found (data

not shown).

2 Binding of antibody fragments A and B

To try to understand why we failed to select aatlé light chain we hypothize
that our VHCH could be able alone to bind the amtignd for that reason the
VH selected are not able to drive selection of \dcduse not necessary. It is in
fact described in literature [Harmsen and de Ha@0@P that some antibody
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chains alone are enough to bind the antigen and/ gayups started to study
the so called single-domain antibodies or nanolsodiemonstrating the
functionality of VH alone.

Our failure in light chain selection could suggtsit probably for some heavy
chain the possible presence of a light chain couktfere with antigen binding.
To confirm our hypothesis the two selected clormésngé A and clone B) have
been built as VHCH1 or VH domain.

To determine whether VHCH-A and VHCH-B are specifar PSMA in
absence of light chain, the antibody fragments vegmressed on phage surface
and tested in ELISA in comparison with the Fab farrassociated with the
murine light chain. ELISA showed that hVHCHs havigher binding than the
respective Fabs (Fig. 15A) giving the proof tha tieavy chain alone are able
to bind the antigen and probably the presence efight chain may decrease
the strength of binding.

To verify whether soluble anti-PSMA hVHCHs retainbe binding properties
of the hVHCHSs displayed on phages, soluble prodacof VHCH-A and
VHCH-B were performed after cloning of the corresgimg genes into a puUC
vector. The periplasmic extract was analyzed in ERDDT for production
(Fig. 15B) and in ELISA to verify the functionalitiNo binding was observed
on cells expressing PSMA (data not shown). A plaasinterpretation of this
observation is that when an antibody fragment spldyed on phage, it is more
stable and/or it acquires a different conformatioth a higher stability, which
enhances its binding properties. Another explanai® that, phages may
express more copies of the antibody fragments. Mg increase the antibody
valency with enhanced binding of the VHCH expressadphage surface.
Moreover the production in soluble form, as showgdOT BLOT, indicates
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a low yield of these fragments in the periplasmdast for VHCH-B), which is
probably not sufficient to see a binding.

3 VH-A and VH-B binding

To investigate whether VHs domain are able to BR8MA, the hVH genes
were re-amplified with the appropriate primers aoned into a phagemid
vector that allow the production of both phages soldble proteins. VH-A and
VH-B expressed on phage surface were tested onAhI®l FACS analysis
but no evidence of specific binding was observedtgdnot shown). The
periplasmic extract of VH-A and VHB were producadalyzed in DOT-BLOT
to verify the production and in FACS to verify tifenctionality in soluble
format. The result of the binding on PC3-PIP cellss negative. Because the
DNA encoding the VHs was cloned into the pIT2 vedised to a COOH-
terminal hexahistidine sequence, recombinant VHsrewgurified by
immobilized-metal affinity chromatography by usiNgNTA agarose column.
Purified VH-A and VH-B were tested on FACS analyaigl a specific binding
on PC3-PIP cell lines was observed (Fig.16) wheneabinding was observed
on negative cells PC3 (data not shown). FACS arsalgpeated after few days
demonstrate a decreased binding indicating a prolitethe stability of our
fragments probably due to a formation of aggreg#tas is common for this

kind of antibody fragments (Fig.16).
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4 Mutagenesis

It is known that human heavy chains, that are a#ljuassociated with the light
chains, are less stable in its absence becaudgytinephobic surface exposed
confers to the antibody fragment a poor solubdityl a tendency to aggregate.
Nevertheless it is described that in addition te ttonventional antibodies,
camelids and sharks also produce unusual antibedieposed only of heavy
chains lacking the light chain.

In order to improve the solubility of our antibodyagments we decided to
compare the differences between the heavy chaoduped by camelids, that
were evolved naturally lacking a light chain, andr dheavy chains. By
comparative analysis with VHH domains of Camelides found that some
aminoacidic residues that are normally involvediimding with light chain, in
camelids are different than in humans conferringeniaydrophilicity to the
molecule. The residues Val37, Gly44, Leud5, and4Trpre all conserved in
human VH framework 2 and seems to be involved terdomain contacts;
these amino acid residues in original VHH domairfs Gamelidae, are
substituted by hydrophilic residues Phe37, Gludj4a and Gly47. Therefore,
to mimic the VHH of Camelidae, single and multigl@ino acid substitutions
were introduced into VHCH-A and VHCH-B using the BICHANGE XL
SITE-DIRECTED MUTAGENESIS KIT (Stratagene). We ctosted a set of
three mutants for each clone with gradual increpStamelization”. In mutant
A/37 the Val37 residue in VHCH-A framework 2 wadstituted by Phe37. In
mutant A/44, Gly44, Leud5 and Trp47 in frameworkw2re substituted by
Glu4d4, Argd5 and Gly47, respectively. In mutant A/ibe four mutations
described above (V37F, G44E, L45R and W47G) wdren@bduced into the
VHCH-A. The same mutations were introduced in VHB8Hcalled B/37-
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B/44- B/D). All six mutants were expressed in theriplasm, the yields of
soluble mutated clones were similar of the non tedtalones (data not shown)
and all modifications of the VHCHs showed a wedkatfon the stability (data
not shown), reduced specific binding to PC3-PIP mmileased non specific
binding on PC3 cells as showed in figure 17. As thoint of the research we
evaluated the possibility to introduce more mutadico stabilize the antibody
fragments, in fact in literature are described othesidues that could be
modified to improve the stability of human VHCHXIuading also the insertion
of 2 cysteins at the positions 22 and 92 that aldive formation of an
intradomain disulfide bridge. But, as our goal waproduce a human antibody
fragment, in order to obtain a reagent less immanagas possible we decided
to avoid further modifications residues that cougldtentially increase the

immunogenicity.
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Conclusion and Future Prospects

The results obtained in this part of the projeandestrate that the isolated
human VHs are able to bind PSMA in native form that they are not stable.
More stability studies need to be performed in ptdeobtain a suitable reagent
with desirable properties for biopharmaceuticaledepment.

To this aim we will proceed into two directions:

A) stabilization of the already isolated VH,;

B) selection of new fragments using different metho

A) Two approach are under evaluation: first, a canypcalled GlyTec, Inc has
been contacted that will study the possibility tabdized the two VH selected
using different human oligosaccharides; secondaiture are described some
light chains called “universal light chains” asstded to heavy chains but not
involved in the binding with the antigen as demoated by their high
similarity to the germline sequence. We plan tmeisde this human light chain
to our VHs and evaluate if this is sufficient talstize our molecules.

B) In order to overcome the selection of antibadgments prone to aggregate,
the strategy that will be performed was first didsmad by Greg Winter group
[Jesperset al. 2004] and it is based on heat denaturation of lieary
expressing the antibody fragment followed by pagrand selection as usual in

order to select in origin more stable antibody finagts.
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Fig. 14.Polyclonal Phage ELISABinding of original library, 1°, 2° and 3° round of selection
phages composed by human VHCH associated to mitii@d. (A) and by human VHCH

associated to human VKCK (B).
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Fig. 15. A) ELISA assay. Binding comparison between phaggsessing only VHCH-A or -B
versus phages expressing VHCH-A or —B associatdd mirrine VKCK D2B. B) DOT BLOT
analysis. Evaluation of production in bacteria psm or in surnatant culture of soluble
VHCH-A and soluble VHCH-B
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Fig. 16. FACS analysis.Binding comparison between soluble VH-A and VH-Bstéel
immediately after production (fresh production) aiter one week (old production). The shift
in fluorescence was assessed relative to a negativteol (gray)
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Fig. 17
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Fig. 17. ELISA assay.Binding of soluble VHCH-A and VHCH-B after the intfuction of
mutations.
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