ABSTRACT

This study describes the genetic construction axgression of a fusion protein
consisting of a human monoclonal antibody in alsirpain fragment variable (scFv)
format (E8) specific for a well defined determinaitthe CEA cell surface antigen
family and cytosine deaminase from yeast (yCD). DBEguence encoding for the
scFvVE8 human monoclonal antibody recognizing arioppi shared by CEACAM1
(CD66) and CEACAMS isoforms was assembled with anomeer of yCD. The
scFVES8:yCD fusion protein possessed the bindingiBpigy of the immuncompetent
part of protein which include the recognition ofelanoma (Mel P5) and colon
carcinoma (LoVo) cell lines. The scFv8:yCD systdrmowed the ability to make tumour
cells naturally resistant to chemotherapy, susbkptio the non toxic substrate 5-
fluorocytosine (5-FC) by its enzymatic conversiotoi 5-fluorouracil (5-FU). In vitro
pre-treatment of Mel P5 and LoVo cell lines withFgE8:yCD followed by cell
washing and incubation with 5-FC, resulted in aniicant cell killing supporting the
utility of this fusion protein as an agent for ssiee tumor therapy by in loco prodrug
activation.

A convincing demonstration that such system caddweloped for clinical use requires
evidence that each of the components of the antibmmmplex functions by the
mechanisms proposed This can be provided by vedlheld measurements including
the concentration levels of the antibody-enzymejuggate , in plasma, tumour and
healthy tissues. To this aim we select from ETHyftlsetic fagic library, a human
monoclonal antibody in single chain fragment (scféwjnat against a recombinant CD

from yeast (yCD). This antibody proved to be fumaally active in NMR and inn



vitro studies to convert the antifungal drug 5-FC irite anticancer compound 5-FU.
The specificity of the human scFv was confirmedNsgstern blot and ELISA analyses.
With this antibody, yCD expression can now be naed without interfering with its

enzymatic function in ADEPT .



INTRODUCTION

1 ANTIBODIES

1.1ANTIBODIES AS NEW THERAPEUTIC PROTEINS

Antibodies have proven to be an excellent paradigmthe design of high-affinity
protein -based binding reagents. Innovative recaantii DNA technologies, including
chimerization and humanization, have enhanced fthacal efficacy of murine
monoclonal antibodies by reducing their potentiativease effects due to
Immunogenicity of the xenogenic rodent protein. Mkeveral recombinant monoclonal
antibodies and have been approved by regulatoencgs for in vivo diagnosis and
treatments of cancer, infectious and inflammatorgeases. With 21 monoclonal
antibodies (mAb), (www.fda.gov/) currently on theanket and more than 100 in
clinical trials, it is clear that engineered momoal antibodies have come of age as

biopharmaceuticals (tablel).



Table 1

Brand name Common name Target Therapy area approval da te
MURINE (3)

Orthoclone OKT3 Muromonab-CD3 Tcell CD3 receptor Transplantrejection 1986
Zevalin (conjugated) Ibritumomab tiuxetan CD20 Non-Hodgkin lymphoma 2002
Bexxar (conjugated) Tositumomab-1131 CD20 Non-Hodgkin lymphoma 2003
CHIMERIC (5)

ReoPro Abciximab glycoprotein llb/llla Cardiovascular desease 1994
Rituxan Rituximab CD20 Non-Hodgkin lymphoma 1997
Simulect Basiliximab IL2 repeptor a Transplantrejection 1998
Remicade Infliximab TNF Inflammatory deseases 1998
Erbitux Cetuximab EGFR Colorectal cancer 2004
HUMANIZED (11)

Zenapax Daclizumab CD25 Transplantrejection 1997
Synagis Palivizumab F protein of RSV Viral infection (RSV) 1998
Herceptin Trastuzumab ErbB2 Breast cancer 1998
Campath Alemtuzumab CD52 Chronic lymphocytic leukemia 2001
Raptiva Efalizumab CD11a Inflammatory deseases 2003
Xolair Omalizumab IgE Asthma 2003
Avastin Bevacizumab VEGF Colorectal cancer 2004
Mylotarg (conjugated)  Gemtuzumab/ozogamicin CD33 Acute myelogenous leukemia 2000
Soliris Eculizumab C5 protein (complement)y  Inflammatory desease 2007
Tysabri Natalizumab Tcell VLA4 receptor  Inflammatory deseases 2006
Lucentis Ranibizumab VEGF Macular degeneration 2006
HUMAN (2)

Humira Adalimumab TNF Inflammatory deseases 2002
Vectibix Panitumumab EGFR Colorectal cancer 2006

1.2 ANTIBODIES STRUCTURE AND FUNCTION

Antibodies (eg, IgG, which is the most commonlydugsemunoglobulin form), (Figure
1) are highly specific targeting reagents and tlaeg unique proteins with dual
functionality. All naturally occurring antibodieseamultivalent, are a Y-shaped, with
IgG having two binding ‘arms.” The ability to birtd two antigen greatly increased
their functional affinity and confers high retemtitime (also called avidity) on many
cell surface receptors and polyvalent antigensigéntbinding specificity is encoded
by three complementarity-determining region€CDRs), while the Fc-region is
responsible for binding to serum proteins (eg, demgent) or cells. An antibody is not

usually capable for killing target cells, but aftending and in co-operation with other
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components of the body’'s immune system includinits agith effector function may
exert cytolytic mechanisms. Furthermore the antybloidding on cell determinant may
initiate a cascade of events leading to the ce#i$-destruction (Figure2) or apoptosis.
The above mentioned mechanisms include antiboggsiientcomplement mediated
cytotoxicity (CMC) and antibody dependentellular cytotoxicity (ADCC). ADCC
involves the recognition of the antibody by immuredls that engage the antibody-
marked cells and either through their direct agtmmthrough the recruitment of other
cell types, lead to the tagged-cell's death. CM@& wocess where a cascade of different
complement proteins become activated, usually wkeweral IgGs are in close
proximity to each other, either with one directamrme being cell lysis, or one indirect
outcome being attracting other immune cells to tbéation for effector cell function.
Antibodies, when bound to key substances foundhencell surface, also can induce

cells to undergprogrammed cell deaftor apoptosigFigure 2).
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Figura 1 The basic structure of an antibody: two identlggit chains and two identi01
S

heavy chains which are linked by disulphide botitich of the heavy and the light chai
contains a variable sequence (VH and VL respegfvelthe amino-terminal 110 residue

and constant sequences (CH and CL respectivelfjermemaining portion of the chain| .

The antibody variability, which accounts for thdifferent binding specificity, is located i
the VL and VH, clustered in several hypervariabkgions: the Complementar
Determining Regions (CDRs). There are three CDR#&Hrsequence (named HCDRS) a
three in VL sequence (named LCDRs). These regioma the antigen binding site of th
antibody molecule and determine its specificity.
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FIGURE 2 Mechanisms of action associated with antibodieshis example, the antige
is shown to befloating in lipid rafts within thentor cell membrane. (A) Antibodies c3

activate apoptotic signals by cross-linking antigarticularly across different lipid rafts.

=}

Additional cross-linking of antibody by immune eetlan also enhance cellular signaling.

(B) Immune cells themselves can attack the antikmdyted cell (eg, phagocytosis), and

they can liberate additional factors, such as dgtekthat attract other cytotoxic cells. (€C)

or

If antibodies are positioned closely together, tbey initiate the complement cascade that

can disrupt the membrane, but some of the complermemponents also are chemp-

attractants for immune effector cells and stimulateod flow. (D) Tumors also ca
produce angiogenic factors that initiate neovas@a#tion. Antibodies can neutralize the
substances by binding to them, or they can binettyr to unique antigens presented in |
new blood vessels, where they could exert simittivities.

1.3 CONVENTIONAL AND RECOMBINANT MONOCLONAL ANTIBODOES

—

he

The antibody response to a typical antigen is Kididéterogeneous, so conventional

antiserums contain mixtures of antibodies. Thecadi, a single lymphocytes cell

(the

precursor of plasma-cells) would be a source ajdaamounts of identical antibody:

unfortunately antibody secreting cells can not bantained in a culture med
However there are malignant tumors of the immurstesy called myelomas, w

rapidly proliferating cells can be cultured indéfehy. In 1975 Cesar Milstein

ium.

hose

and



Georges Kohler were able to fuse mouse myeloma edgth lymphocites from the
spleen of mice immunized with a particular antig&ohler and Milstein, 1975). The
resulting hybrid-myeloma or “hybridoma” cells exgseboth the lymphocyte’s property
of specific antibody production and the immortaladcter of the myeloma cells.
Individual hybrid cells can be cloned and each elproduces large amount of identical
antibody to a single antigenic determinahtighly specific monoclonal antibodies
produced by this general method become at the siamea fundamental tool for both
functional and molecular biological studies. Thestfimonoclonal antybody approved
for human treatement (1986), is a murine Mab dg@cto human CD3 for renal
allograft rejection. This and other early murin@tdd were hampered by toxicity and
limited efficacy resulting from a high incidence aflverse immune-mediated events
(Kuus-Reichel K et al., 1994), poor effector adthand rapid intrinsic clearance due to
weak interaction with human FcRs (Ober RJ et &Q62, and difficulties associated
with large-scale production of grade material sThmmune-mediated events are a
consequence of a potent human anti-mouse antibesiyonse (HAMA) to foreign
protein constituents of murine Mabs. (Reynolds kbt #989).The techniques of
monoclonal antibody production and recombinant Di&hnology tried to resolve
these problems. The primary strategy for overcontmgge limitations was the develop
antibodies with a higher continent of human protsgaguence. The first successful
approach to engineering was chimerization, whetbbyV regions of non-human Mab
are grafted onto human C regions replacing thewendtuman V segments (Figure 3).
Nonetheless human-anti-chimeric antibody-respotd@CA) to these chimeras is
observed in clinical use, (Mascelli M.A., et al ZQ0although the impact of the

response on the pharmacology and safety of thet &geot always clear and is debated
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(Clark M., 2000). As a further step, the antigemding sites, which are formed by three
“Complementary Determining Regions” (CDRs) of theaty chain and by three CDRs
of the light chain are excised from cells secretiodent MAb and “grafted” into the
DNA coding for the framework (FW) of the human &aotly (Jones et al.1986; Vaswani
et al., 1998). The resulting humanized antibodresless immunogenic than the first
generation chimeric antibodies. However duringitheunization process the antibody
affinity is frequently reduced. This reduction irfirity might be minimized by
reintroduction of important murine FW residues bacto the engineered antibody
(Riechmann, 1988). After repeated administrationtleérapeutic mAbs elicited a
human-anti-human antibody response (HAHA). (Sz@#atJ. Et al., 2007). Therefore
accurate methods for the timely detection of HAH&ponse are mandatory for clinical
trials to ensure the patients safetythough the humanization of antibody might result
sometime in an efficacious strategy, it involveseagpractical limitations, such as the
cost and the laboriousness of required methodsyetisas the necessity to do in any

case the monoclonal antibody with desired spetyfi¢Vaughan et al., 1998).
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FIGURE 3 Engineered antibody development. In red and in hte
represented murine and human portions respectively

An alternative strategy for producing fully huma\bs is offered by transgenic mice
(xenomice) (Figure 4) (Vaughan TJ et al., 1998)isTlechnology, which ultimately
remains dependent on immunization, involves tworpin vivo genetic manipulation:
inactivation of the endogenous mouse Ig genes hadstibsequent introduction of
unrearranged human Ig gene segments. (Bruggemamh &, 1997). Because the
human Ig loci are extremely large and complex $tmeés comprising hundreds of genes
spanning several Mb of DNA, large fragments of ¢hiegi must be introduced into the
mouse germ line if functional human Mabs are topbeduced. Essentially, this has
been achieved using either minigene constructsevhierto 80 Kb of a limited number
of cloned human Ig genes are artificially juxtambser through yeast atrtificial
chromosomes (YACs) that enable the cloning of vkmge contiguous Ig gene
fragments that can be over 1Mb in size. To achieagimal expression of the human

antibody transgenes, it also essential to sileheeendogenous Ig expression prior to
10



introduction of the human loci. (Bruggemann M et &D96). This has been achieved
by knockout of critical mouse V-genes in embryostiem cells, thereby blocking B-cell
development and endogenous antibody productions€prently the levels of human Ig
in the serum of transgenic mice are typically acbd®0 pg/ ml, but levels up to 800

png/ ml have also been reported (Mendez M;j et 8B,7).
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FIGURE 4 comparison of the different approaches for protyenonoclonal
antibodies. With traditional or transgenic techiggiothe mAB is a whole IgG. In
phage display, the panel of lead Mabs are eithesciFv or Fab format. This
facilitates further engineerin for desired charasties and this may take fron
zero (none necessary) to several months.

=




1.4 ANTIBODY PHAGE DISPLAY TECHNOLOGY

Display of antibody fragments as F(ab)s or scFvsfiamentous phage was first
described in 1990, the first human antibodiesrewgenerated soon after. Apart from
the completely human nature of the antibodiedatitne the maior advantage of phage
display was viewed as the speed to Mab isolatiath antibody selection and ELISA

screening taking just 1-2 weeks.

1.4.1 Phage display technology

Phage display is a powerful technology which alldesselect a particular phenotype
(for example a protein which specifically bind ta antigen) from repertoires of
proteins displayed on phages. The technology wagnally described in 1985 by
Smith (Smith, 1985; Smith, 1991) who presentedube of the non-lytic filamentous
bacteriophage fd for the display of specific birgipeptides on the phage coat. The
power of such methodology was further enhancedrbyps of Winter (McCaferty et
al., 1990) and Wells (Lowman et al., 1991), who destrated the display of functional
folded proteins on the phage surface. The techyolegbased on the fact that a
polypeptide (capable of performing a function, tgbly the specific binding to a target
of interest) can be displayed on the phage suftigc@serting the gene coding for the
polypeptide in the phage genome. It is possibleréate repertoires of phages, called
phage display libraries, in which the proteins igpd on each phage are slightly
different from each other. If one is able to purifgm this large repertoire a phage
particle by virtue of the phenotype (for instankie binding specificity) displayed on its
surface, then he also isolates the genetic infeoamatding for the binding protein, and

he can amplify the corresponding phage by bactenfdction. (figure 4). As an
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example, let us consider the selection of a bindpgcificity from repertoires of
binders. The library on phages is biopanned agdirestantigen of interest; unbound
phages are discarded, while specifically bindingg#s are collected and amplified in

bacteria. Several rounds of selections can be pee (Figure 5).

Isolamento di anticorpi monoclonali umani in formascFv
mediante selezione della libreria' ETH-2

streptavidinated Beads

ANTIBODY PHAGE

AMPLIFICATION

ELUITION —

ANTIBODY PHAGE

(1]
17
SCREENING III

FIGURE 5 Selection of a binding specificity from a phagsptay library

As a consequence, even very rare phenotypes piedange repertoires can be selected
and amplified from background of phages carryinglagired phenotypes. Phage
remains infective when treated with acids, basesatlirants and even proteases. These
properties allow a variety of selective elution tpamls and have been used for

applications other than selection for binding, sashthe selection of proteins with
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altered thermal stability (Bothmann and Pluckthut§98) or the selection of
catalytically active enzymes (Dematrtis et al., J9%Flamentous phage infects strains
of E. coli that harbours the F conjugative episdfioee a phage biology review see
Webster et al., 1996). Filamentous phage part@tescovered by approximately 3000
copies of a small major coat protein (pVIIl). Thénor coat protein plll, the product of
gene lll, is displayed in 3-5 copies and mediates ddsorption of the phage to the
bacterial pilus. Peptides and/or proteins have libgplayed on phage as fusions with
the coat proteins plll (Smith, 1985) or pVIIl (Greeood et al., 1991). The first
peptides and proteins were displayed on phage ydimage vectors (essentially the
phage genome with suitable cloning sites for p\iiiplll fusions and an antibiotic
resistance gene). Phagemids, a more efficient apllgr vector for display, are
plasmid vectors that carry gene Il with approgiakloning sites and a phage packaging
signal (Hoogenboom et al., 1991; Hust and Dube520 Phagemids encoding the
polypeptide-plll fusion are preferentially packagatb phage particles using a helper
phage that contains a slightly defective origirraglication, such as M13K07 or VCS-
M13, which supplies all the structural proteins.eTtesulting phage particles may
incorporate either plll derived from the helper géeor the polypeptide-plll fusion,
encoded by phagemid. Depending on the type of phagegrowth conditions used and
the nature of the polypeptide fused to plll, ratais(polypeptide-plll) : plll ranging
between 1: 9 and 1: 1000 have been reported (Bottamd Pluckthun, 1998; Demartis

et al., 1999).
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1.4.2 Phage display of antibody fragments

Phage antibody technology refers to the display asel of repertoires of antibody
fragments on the surface of bacteriophages. Anyilicaments, containing at least the
VH and VL of a full immunoglobulin, can retain tiénding specificity of the parental
molecule. Different formats of recombinant antibddggments can be expressed on
phage surface (Figure 6). In Fab fragments thecesdsmn of the variable domains is
stabilized by the first constant domain of the lyeelvain and the constant domain of the
light chain. More often antibodies are displayedpbage as single-chain Fv fragments
(Barbas, 1995). scFvs consist of a single polypepthain, including an antibody heavy
chain variable domain (VH) linked by a flexible polypeqi linker to a light chain
variable domain (VL). The most frequently used fatnVH-(Gly4Ser)3-VL has been
used extensively for the construction of phagealiles (Clackson et al., 1991; Marks et
al., 1991). For practical applications, scFv anegyally preferred to Fv fragments, since
the polypeptide linker prevents the VH and VL frdalling apart. scFv and Fv
fragments are the smallest antibody fragments dbaserve the same binding affinity
(although not the avidity) of the parental immuraimllin (Neri et al., 1995). They have

a molecular mass of approximately 30 kDa and atglyoosylated.
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FIGURE 6 scFv displayed on phage M13 surface

1.4.3 Antibody repertoires

In 1990, the display of a scFv on the surface of filamentous phage was
demonstrated, together with the possibility of sihg specific antibodies from a
mixture of phages with irrelevant binding spectiic{McCafferty et al., 1990). Phage
display libraries of recombinant antibodies arefiaidl immune systems that reliably
yield specific monoclonal antibody fragments in tw@eks of experimental work,
provided that a small amount of pure antigen islabke (Winter et al., 1994). From
repertoires of billions of different binding specifies on phages is therefore possible to
obtain specific recombinant antibodies without inmsation and against both foreign
and self-antigen. The fragments are secreted haobacterial periplasm and culture
medium and can be produced on a large scale (Cairtat.,1992). Like in immune

systems, the recombinant antibodies of a phagéagisiprary have a common scaffold
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and diversity is inserted in the positions whichedaine the specificity of binding.

Therefore, CDR3s are the positions in which diwgiisi usually concentrated. There are
different ways to create diversity when building antibody phage display library;

however they all rely on the possibility to harveést and VL genes by PCR performed
with primers matching the genes. Thanks to therskée characterisation of the V-
genes and their flanking regions, several setsuaiversal” PCR primers have been
described for the cloning of human (Marks et @91, Tomlinson et al., 1992), murine
(also usable for rat) (Clackson et al., 1991; kéibrough et al., 1993), rabbit (Lang et
al., 1996) or chicken (Davies et al., 1995) V-genggertoires. On the basis of the
strategy followed to obtain diversity, the antiboghage display libraries can be

classified in:

Immune repertoires (antigen-biased)
Single-pot libraries  (antigen-unbiased)

Immune antibody phage display libraries

Immune antibody phage display libraries take advgabof the diversity created in vivo
by the immune system: in this case the source @édiie@ immunoglobulin genes are B-
cells from an animal immunized with antigen of netd or an immune patient
(Clackson et al., 1991; Chester et al. 1994).Treiltieg libraries are enriched in
antigen-specific immunoglobulin domains, some ofchhave already been matured
by the immune system, and may therefore yield laiffimity antibodies even when the

library size is not spectacular (e.g.,’ ones). Plenty of examples (referenced in de
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Haard et al., 1998) of monoclonal antibodies ismlafrom immune phage display
libraries have been reported so far. Immune liesawere used to retrieve antibodies to
‘difficult’ antigens, including native T-cell recer (TCR)-Va and specific major histo-
compatibility complex (MHC)/peptide. Recently, evéime derivation of repertoires
from rabbit (Lang et al., 1996) and chicken (Yamatial., 1996) were reported, both
describing the isolation of high affinity antibodfragments. There are some
disadvantages in isolating antibodies from immueertoires. When the source of V
genes is an immunized animal, the resulting antésodre not human and therefore
potentially immunogenic. Animal immunization antirary construction are necessary
for each individual antigen, making the whole pohoe long and somewhat labour
intensive. However, the isolation of human anti-twm antibodies from phage
repertoires of antibodies derived from cancer paédsiemmunized with autologous
tumour cells (Cai et al., 1995), or from their tumalraining lymph nodes is a powerful
strategy for the isolation of novel tumour-assadabinding specificities (Rothe et al.,

2004).

Single-pot libraries

Single-pot libraries contain virtually all possilidending specificities and are not biased
for a particular antigen. They are cloned oncehifie aim to reach a complexity $10

clones and, if possible, >300™ clones. The corresponding phages are stored fiazen
aliqguots and can directly be used in panning exparts against a variety of different
antigens. In general, both library design and ipisize contribute to the performance
of the library, and to the quality of the antibaligolated. Larger libraries have higher

probability of containing high affinity antibodi€&riffiths et al., 1994; Vaughan et al.,
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1996). It is technically possible to make phagedis libraries of complexity >10
using brute force electroporation, and $10Gsing combinatorial infection and cre-lox
mediated recombination (Griffiths et al., 1994).wéwer, the combinatorial diversity
that can in practice be explored in panning expenits is limited by several factors,
including the solubility of phage particles (typigal0®® transforming units/ml), the
efficiency of antibody display on phage, and thag#recovery yields in biopanning
experiments (de Haard et al., 1998). Single-gmtaties can be classified as naive or

synthetic repertoires.

< Naive repertoires

In this case V-genes are isolated from unimmunamchals or human donors, and are
combinatorially assembled to create large arrayagntibodies (Rojas et al., 2005). The
murine naive repertoire has been estimated to tor&x1@ different B-lymphocytes,
while the human repertoire may be a hundred teadénd times bigger (Winter et al.,
1994). This array of antibodies may be cloned dsasve” repertoire of rearranged
genes, by harvesting the V genes from the IgM mROfAB-cells isolated from
Peripheral Blood Lymphocytes (PBLs), bone marrowspleen cells. Several naive
human antibody phage libraries have been clonddrsahe first library of Marks et al.
(Marks et al., 1991) was made from the PBLs of healthy human volunteers and has
yielded several antibodies with different specifes, including scFv fragments directed
against cerbB2, a tumour-associated antigen ovaresged in approximately 30-40%
of breast cancers, as well as in other solid tus@8chier et al., 1995). Recently others
large naive libraries have been reported to yigjthHaffinity antibodies against protein

antigens (Vaughan et al., 1996; Sheets et al.,)1%Bile it is by now clear that high-
20



affinity antibodies can easily be isolated frongkanaive libraries if the corresponding
pure antigen is available, the main disadvantagehas the content of the library is

largely unknown and uncontrolled.

< Synthetic repertoires

In synthetic repertoires, antibodies are entirglyated outside their natural host. To
construct a synthetic antibody library, V-genes tgmcally assembled by introducing
randomized CDRs into germline V-gene segments (Holbgom et al., 1997). Since
the HCDR3 is the most diverse loop, in compositiemgth and structure, this is the
region which is usually chosen for partial or coetplrandomization. The choice of the
germline V-genes into which one can insert comioinak diversity can greatly vary.
The variable regions of human antibodies are askehitom 51 different VH germline
genes (Chothia et al., 1992) and 70 different fonet VL segments (40 kand
30 VA; Tomlinson et al. 1995). One can choose to use amytype of scaffold, based
on qualities of the scaffold (Pini et al., 1998),keep one of the heavy or light chains
constant and use the different scaffolds of thermtme as much as possible (Nissim et
al., 1994), or take full advantage of the diversfythe scaffolds and combine the
different heavy and light chains as much as pasgiBtiffiths et al.,1994).Since not all
of the different chain variants are equally welpnesented in the functional repertoire,
there might be a disadvantage using such a greativa of scaffolds. Indeed there is
evidence that only a few germline V-genes domintdte functional repertoire
(Tomlinson et al. 1995). By using scaffolds tha apt often represented amongst the
binders, library diversity would be wasted. Selegmthetic antibody repertoires have

been reported so far, and are described in de Haaat (1998). The strategies range
21



from using all the different heavy and light antlyoscaffolds available, to keep the
light chain constant and use all the heavy chaimamts, or to use just one specific
heavy chain and one specific light chain (Siladcale 2005). The library that we use,
called ETH-2 library and described in detail in erals and methods, makes use of
only one heavy chain variant (DP-47) and two lighiain variants (DPK-22 and
DPL-16) based on the fact that these chains domitiet natural functional antibody
repertoire (Kirkham et al. 1992) and that they ammmonly found in antibody
fragments selected from naive libraries.One ofrtiaén advantage of synthetic antibody
phage display libraries, is that the content of libeary (antibody structure, codon
usage, knowledge of the antibody portions thatrarelomised and of those that are
kept constant) is defined a priori. Moreover, siacgibody genes have not undergone
any immunological selection, the library is notda@d against self antigens. Indeed,
synthetic libraries have already yielded good-duafintibodies against conserved
antigens such as calmodulin (Griffiths et al., 1994e ED-A (Borsi et al., 1998) and
ED-B domain of fibronectin (Carnemolla et al., 1998 against “difficult” antigens

such as BiP (Nissim et al., 1994).

1.5 ENGINEERED ANTIBODY FRAGMENTS

IgGs have been dissected into constituent domaitglly through proteolysis, with
such enzyme as papain and pepsin, and fragmengnetht later are genetically
engineered into either monovalent or bivalent fragte. The nature and size of the
immunoglobulin or its smaller constructs, will deténe how quickly it reaches the

target antigen and clears from the blood, and ¥teng penetration, and duration of its
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binding to the tumorvs. normal tissues. IgG, clears very slowly from thedul,
requiring several days before a sufficient amowaivés the circulation to achieve a
specific concentration in the tumes. blood and adjacent tissue. Its slow clearanae is
part due to its large size, ~150 kD, which impeitegxtravasation, resulting in a slow
tumor accretion (maximum tumor uptake achieved iwithh-3 days). As the molecular
size of an antibody is reduced from a divalent Fgafragment (~100 kDa) to the
monovalent binding Fab fragment (~50 kDa), thera igrogressively faster clearance
from the blood, and the maximum tumor uptake isiea@d more quickly and often
with better tumor penetration, but this at the aafshaving proportionally less of the
injected product reaching the tumor and with a cemsarately shorter residence time
(Buchsbaum DJ 1995; Sharkey RM et al 1990). Mobkacehgineering has provided
even smaller antibody structures, such as scFv 2&), which are cleared more
rapidly from the blood, and have an even lower kpt@nd shorter retention in tumors.
However, the rapid clearance of these molecules fitte blood and adjacent, antigen-
negative tissues, can result in early, high tummibackground ratios, achieving
relatively strong signals compared to backgrouBaira SK, et al., 2002; Wittel UA et

al., 2005). Among different monovalent fragmenesréhare (figure 7):

* Fab: a 50 KDa fragment, constituted by CH1,CL constiomhains and VH, VL
variable domans, showing improved pharmacokindtestissues penetration

(Holliger P and Hudson P, 2005)

» .scFv: (single chain fragment variable) consist of a &rgplypeptide chain of
30 KDa, including an antibody heavy chain variatitenain (VH) linked by a

flexible polypeptide linker to a light chain varlabdomain (VL). The most
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frequently used format, VH-(Gi$er}-VL has been used extensively for the

construction of phage libraries (Clackson et &#91, Marks et al., 1991).
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FIGURE 7 Different engineered antibody fragments. The madutlomain
architecture of immunoglobulins has been explot®dreate a growing range of
alternative antibody formats that spans a moleeukight range of at least 12—150
kDa and a valency (n) range from monomeric (n =ditheric (n = 2) and trimeric (1
= 3) to tetrameric (n = 4) and possibly higherl2,E6r simplicity, all antibody
formats are shown as being monospecific: that ajriy one or more copies
identical antigen-binding sites. However, formatthva valency of two or more hay
also been used to create antibodies that have twooe (up to the valency of th
format) distinct antigen-binding sites, which binlifferent antigens or differen
epitopes on the same antigen.
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» Single V-type domains: it was discovered that at least two types gaaisms,
the camelids (Bactrian camels, dromedaries andaynfHamers-Casterman et
al., 1993) and cartilaginous fish (wobbegong andg@sharks)(Greenberg et al.,
1995) have evolved high affinity single V-like doms (called VhH in
camelids and V-NAR in sharks) mounted on an Fcwedent constant domain
framework as an integral and crucial componenhefrtimmune system. This
antibodies, called alscmanobodies, (Cortez-Retamozo V et al., 2004) devoid
of light chain, and their heavy chain lack the C#idmain, (figure 7) each
display long surface loops, often larger than famwentional murine and human
antibodies, and are able to penetrate cavitiearget antigens, such as enzyme
active sites (for example lysozyme) and canyondgral and infectious disease
biomarkers (including malaria apical membrane amtid),(Holliger et al.,
2005). Methods to isolate antigen-specific VHHsriranmune, non-immune,
or semisynthetic libraries (Harmsen et al., 2005hg phage,yeast or ribosome

display are now well estabilished (Muyldermans 2adfner et al., 2006)

Bivalent fragment bind to two different epitopesualdy on distinct antigens, as the
intact immunoglobulin. F(ab;) diabodies, minibodies, are some examples of éntal
formats (figure 7) Moreover these frangments camlberiorly engineered to generate
recombinant bi-specific fragments (BsAb). They biondwo different epitopes usually
on distinct antigens. Many of these products ane moclinical and preclinical trials.

(table 2)
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Table 2 Fragment Brand name Ta_rget Stage Indication
type/ format antigen
Fab/ chimeric ReoPro (abciximab) Gpllb/gplla FDA Cardiovasclar desease
approved
Fab /ovine CroFab Snake venom FDA Ratt]esnake bits
approved (antidote)
Fab /ovine DigiFab Digoxin FDA Digoxine overdose
approved
Fab /ovine Digibind Digoxin FDA Digoxine overdose
approved
Fab /mouse CEA-scan CEA FDA _Color_ectal cancer
(arcitumomab) approved imaging
Fab/humanized Lucentis VEGF Phase 3 Acular degeneration
Fab/humanized THROMBOVIEW  d-dimer DipEel  DCED RN HETAeE
imaging
Fab/PEGhumanized ~ CDP791 VEGF Phase1 <aneer
(antiangiotensin)
Fab/PEGhumanized CDP870 TNF alfa Phase 3 Crohn desease
Fab/b|s_peC|f|c MDX-H210 Her2/Neu Phase 2 Breast cancer
humanized
Scfv humanized Pexelizumab Conmpltemmer! Phase 2\3 (SR ETE
C5 bypass
Sciv fused to b- SGN-17 P97 antigen preclinical  Melanoma ADEPT
lactmase h
Scfv fused to PEG F5 scfv PEG o Breast cancer as drug
: . Her 2 Preclinical )
human immunoliposmr targeting
Diabody human C6.5K-A Her 2\Neu preclinical coa:/r?c“earn and Breast
_ . Antiangiogenesis and
Diabody human L9 LRl EDB doma'” Preclinical atherosclerotic
IFN fibronectin . X
Plaque imaging
Diabody human T84.66 CEA Preclinical CoIO(ectaI cancer
imaging
- - Colorectal cancer
minibody human T84.66 CEA Preclinical pretherapy
Minibody murine- 10H8 Her 2 Preclinical  Ovarian breast cancer
human chimera
Scfv dimer Fc T84.66 CEA Preclinical Colorectal cancer
. - CD28 and - Melanoma (MAP
Bispecific scfv r28M MAP Preclinical antigen)
Bispecific scfv BiTE MT103 ggég Ul Phase 1 B cell tumor
Bispecific scfv biTE Eg?(,:AM and Preclinical  Colorectal cancers
Bispecific tandem CD19 and -
diabody Tandab CD3 Preclinical B cell tumor
VhH- b-lactmase Nanobody CEA Preclinical  Cancer imaging
fusion camelid
Dab\ human Anti TNF alfa dAB  TNF alfa Preclinical Rl Eifs
and Crohn desease
VhH\ camelid Nanobody TNF alfa Preclinical Rheumatoid arthritis
and Crohn desease
Von
VhH\ camelid Nanobody Willebrand Preclinical antithromotic
factor
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2 IMMUNOTHERAPY

The goal of cancer therapy remains as the long-tgadication of tumor cells without
adverse effects on normal tissue. Conventionalcgmbres utilizing chemotherapy and
radiotherapy are limited by both their toxicity alatk of specificity. Antibodies are
finally realizing their potential as anticanc&everal strategies are being explored to
increase the efficacy of such antibodies, includampancement of effector functions,
direct and indirect arming, and pre-targeting aidsugs or radionuclides (Figure 8). In
addition, potent antitumour activity might be aclid with antibodies that prevent
soluble growth factors from binding to their cognagceptors, such as the epidermal-
growth-factor receptor (EGFR), (Yang, XD. et aB99)10 and ERBB (Agus, D. B. et

al 2000; Fitzpatrick VDet al., 1998). Promising amdtentially complementary
alternative strategies to direct tumour targetinglude targeting tumour vasculature,

angiogenic growth factors and their receptors {ali. & Neri, D, 2001).
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Figure 9 Strategies for enhancing the potency of antitunamiibodies. Numerou
strategies for improving the efficacy of antituma@untibodies are now being tested,
including the representative examples shown harpEnhancing effector functions
involve improving antibody-dependent cellular cgtatity and/or complement
dependent cytotoxicity by means of site-directedtations or manipulation o
antibody glycosylation. b | Direct arming of antilies entails their covalent linkadge
to killing machinery, such as radionuclides or tsx{for example, small moleculgs
or proteins). Alternatively, arming antibodies witkitokines is intended to create
high intratumour concentrations of cytokines taonsiiate the antitumour immun
response (T cells, B cells or natural killer cellghile avoiding the toxicitie
associated with systemic cytokine delivery. c friext arming of antibodies can He
achieved by attaching engineered antibody fragmentbe surface of liposomes
loaded with drugs or toxins for tumour-specificidety. Bispecific antibodies th
bind to two different antigens can be preloadedh Wit cytotoxic machinery befor
administration (indirect arming) or alternativelyegargeted to the tumour before
delivery of the cytotoxic payload. d | Pre-targgtstrategies aim for the selectiye
delivery of radionuclides to tumours or selectirFatumour activation of prodrugs,
thereby diminishing the systemic toxicities of #estotoxic agents. For prodrug
pretargeting, an antibody-fragment—enzyme fusiastgim is typically allowed t
localize to a tumour and be cleared from the system
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2.1 ENHANCING EFFECTOR FUNCTIONS

Human antibodies of the IgG1 and IgG3 isotypes matentially support the effector
functions of antibody dependent cellular cytotaxic(ADCC) and complement-
dependent cytotoxicity (CDC) as described beforéhatext. The first demonstration
that the Fc—Faeceptor interaction is important for the antitumactivity of an
antibody in vivo came with the development of mice that lackyFHcand FeRIII
(Clynes R et al., 1998). An anti-melanoma antibbdg potent antitumour activity in a
mouse model of metastasis, but this benefit wasnasice that lack R®RI and Fe¢RIII
receptors. ADCC is likely to be the mechanism ulytleg the antitumour effects of the
Fc—Fgreceptor interaction. Alternatively antitumour &ty of an antibody by
manipulating the Fc region to increase its affirfity the activation receptor(s) and/or
by abrogating its ability to bind to the inhibitorgceptor. Indeed, point mutations in the
Fc region,which result in improved binding toyRdll, yielded up to a twofold
enhancement in ADCGn vitro (Shields RL et al. 2001). Thie vivo and clinical
significance of thisn vitro improvement is unknown. Moreover glycosylationyglan
important role in a number of therapeutic protentuding monoclonal antibodies. For
example Glycosylation of IgG molecules at Asn 2%Ipk to maintain the tertiary
structure of their CH2 domains36, and is necesiargffector functions (Wright A and
Morrison SL, 1997). The cells producing the ant¥pdthe ‘production host’) and, to a
lesser extent, culture conditions, can significandffect the resulting antibody
glycoforms which, in turn, can influence the apilif the antibody to participate in

ADCC (Lifely MR, 1995).
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2.2 DIRECT ARMING

The most widely explored strategy for enhancingédfiigacy of antitumour antibodies
is direct arming by covalent linkage to toxins adionuclides $harkey et al 2008)
Armed antibodies typically show more potent antibwmactivity in preclinical tumour
xenograft studies than their ‘naked’ parents. Raglitides more commonly used

conjugated to antibodies for cancer treatmentiared in table 3.

Table 3

Radionuclide | Emission | Half-life | Range Approximate
# Cell Diameters*

®odine B 8.0d 0.08-2.3 mm 10 to 230
LY ttrium B 64.1h | 4.0-11.3mm 400 to 1100
77 utetium B 6.7 d 0.04-1.8 mm 4 to 180
Rhenium B 17.0 h 1.9-10.4 mm 200 to 1000
®'Copper B 61.9 d 0.05-2.1 mm 5 to 210
“HAstatine A 7.2h 60 pm 6
“FBismuth A 46 min | 84 um 8
Z|odine Auger 60.5 d <100 nm (1)
Hndium Auger 3.0d <100 nm (1)

*Assuming a tumor cell is 10 um in diameter.

Because the radioactivity can be detected easilyetigrnal scintigraphy, it is also
noteworthy to mention the additional applicationradiolabeled antibodies for imaging.
9mre. and *in-radioconjugates have been commonly used for dpislication, but

with the advent of positron-emission tomography {REinvestigators are now
beginning to take advantage of this technologicalyperior imaging system by
radiolabeling tumor-associated antibodies with fpostemitters. (McBride WJ et al.,
2006; Goldenberg DM, 1997). The primary concernusing radionuclide labeled 1gG
is that it remains in the blood for an extendedqgaeof time, which continually exposes

the highly sensitive red marrow to radiation, ré&sgl in dose-limiting
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myelosuppression. Smaller forms of the antibodiash as #&(ab’) or F(ab’), and more
recently, molecularly engineered antibody subfragi:iewith more favorable
pharmacokinetic properties, are removed more rgpfdbm the blood, thereby
improving tumor/blood ratios. (Kenanova V et al008). There have been reports of
improved therapeutic responses using smaller-siaetibodies, but these smaller
entities frequently are cleared from the blood éyat filtration, and as a result, many
radionuclides (eg, radiometals) become trappedhiglaer concentration in the kidneys
than in the tumor (Behr TM et al., 199&)s a consequence of their more rapid blood
clearance, the fraction of the injected activityivbred to the tumor is lower with an
antibody fragment than with an IgG. When it comeschoices of radionuclides for
therapy, tumor size is the primary consideratioedMm-energy beta-emitters, such as
13 (0.5 MeV) and*"Lu (0.8 MeV), can traverse 1.0 mm, while high-eryehgta-
emitters, such a8Y or **®Re (2.1 MeV), can penetrate up to 11 mm, makimpétsible
for beta-emitters to kill across several hundrdtsceeferred to earlier askeystanderor
crossfire effect. (Kassis Al and Adelstein SJ, 2005). Althbuigigher energy beta-
emitters have the potential of killing cells acr@sdonger path-length, the absorbed
fraction is higher for the lower energy beta-emgtéie, probability of hitting the
nuclear DNA), making them efficient killers. Alptanitters, such a$~Bi and **At,
traverse only a few cell diameters, but an alphdigba is also a far more efficient
(energetic) killer than even a low-energy betaipl@trequiring fewer “hits” to damage
cellular processes. (Kassis Al and Adelstein SO520Low-energy electrons, such as
are produced by Auger emitterS(, ®’Ga, or*!in, for example) have to be in close
contact, preferably inside a cell or in the nucletasexert a cytotoxic effect. Most

Immunotoxins comprise either a plant toxin, suchii@igs A chain, or a bacterial toxin,
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for example, Pseudomonas exotoxin, conjugated wetgmlly fused to an antibody or
antibody fragment (Farah RA, et al., 1998; Pastanl997). Immunotoxins have
occasionally been associated with antitumour respoim patients (Kreitman RJ et al.,
2000; Pai LH, et al., 1996). Unfortunately, clidickevelopment of immunotoxins has
also been plagued with toxicity problems, such ascular leak syndrome, and by
immunogenicity that often precludes multiple dosiBge-specific pegylation of one
recombinant immunotoxin improved its antitumouriatt in animal models, and also
decreased its immunogenicity and toxicity (Tsutsifniet al., 2000).. Gemtuzumab
ozogamicin (Mylotarg) is an example of an antib@dypjugated with small toxin, that
are 100-1000-fold more potent than conventionahdtberapeutics. Mylotarg is a
humanized anti-CD33 IgG linked to calicheamicinpaent antitumor agent isolated
from a bacterium. Conjugation of these small-mdedoxins to antibodies converts
them to inactive prodrugs that can selectively @éargumors. Activation of these
prodrugs involves release of the drug from thebaaly and occurs primarily in the
tumor following receptor binding to antigen-posgicells and antibody internalization.
In the case of calicheamicin, release from thebadly is followed by a chemical
rearrangement to create diradicals that can caasblet stranded DNA breaks and
compromise cell viability. Calicheamicin containswgar component that contributes to
its potency by binding to the minor groove of DNAhe humanized anti-CD33
antibody—calicheamicin conjugate Mylotarg has bapproved for treatment of CD33-
positive acute myeloid leukaemia in first-relaps¢ignts of>60 years old and who are

not candidates for cytotoxic chemotherapy (Carte2(®1).

32



2.3 INDIRECT ARMING

Engineered antibody fragments can be attachedetsuhface of stealth liposomes for
selective tumour targeting of large payloads ofgdr(Park, J. Wet al., 1995;. Park, J.
W. et al., 1997) toxins or even DNA for gene therapy. Such largglgads offer an
important potential advantage over direct antibadying, in which only one or a few
molar equivalents of the payload are attached pébady to avoid compromising
antigen binding, conjugate solubility or promotingggregation. Delivery of
chemotherapeutics using immunoliposomes offerstanbal benefits over the use of
free drugs. For example, anti-ERBB2 immunoliposoinasled with doxorubicin show
greater antitumour activity than freleug or drug loaded in non-targeted liposomes in
several tumor xenograft models (Park JW., Hong 897). Moreover, the systemic
toxicity of the immunoliposome- targeted doxorubigvas much less than that of free
doxorubicin. Despite such encouraging progress wittmunoliposomes, several
underlying difficulties remain, including their iafent complexity and extravasation
due to their large size (commonly ~100 nm in diaret(Bendas G, 2001). Using
immunoliposomes to target tumor vasculature, ratmem the tumoper se obviates the
need for extravasation. BsAb have potential cliniddity in targeting tumor cells or
tumor vasculature with cytotoxic machinery incluglinimmune effector cells,
radionuclides, drugs and toxins (figure 8). In idat oncology, BsAbs have been used
most widely for delivering immune effector cellsdario a lesser extent, for delivery of
radionuclides, drugs and toxins to tumors (van&bph. B et al., 2000) Abs that bind to
a tumor-associated antigen and a so-called triggggen on an immune effector cell
can recruit the effector cell to kill a tumour cdflat it would otherwise disregard.

Encouraging local antitumour responses have bemmfee BSADb targeting of T cells to
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ovarian cancer cells in small-scale clinical triflsmers CH, 1997). Unfortunately,
treatment failure occurred because of metastadisdeuthe peritoneal cavity, which
was refractory to systemic BsAb therapy. Anothenown clinical problem associated
with BsAb is that the systemic activation of effactells causes widespread cytokine
release, which leads to serious side effects. $oe mffective strategies are needed for

the targeting of effector cells and selective atton in the context of tumour cells.

2.4 PRETARGETING PRODRUG

Advances in molecular engineering have greatly soba@ the ability to provide
uniform and highly novel pretargeting agents (R&5iet al 2006; . Lin Y et al.,2006).
Other pretargeting approaches have been studietd,stewing improved tumor/blood
ratios, as well as improving therapy when compawath directly-radiolabeled
antibodies (Sharkey RM et al., 2005) Dosimetryadabm a pilot clinical study with
%y _piotin pretargeted by a new recombinant strepliavanti-TAG-72 antibody are
promising, and in other indications, such as medylithyroid cancer and glioma,
encouraging therapeutic results using pretargetimgthods have been reported.(
Goldenberg DM et al.,, 2006; Chatal J-F et al., 00rwo anti-CD20 IgG-
radioconjugates are currently FDA-approved for theatment of indolent and
transformed forms of NHL®®Y -ibritumomab tiuxetan (Zevalin, biogenidec) atid-
tositumomab (Glaxo SmithKline). (Sharkey RM, et aD05). Both of these treatments
improve the objective response rate compared wighunlabeled anti-CD20 antibody
used to deliver the radionuclide (Witzig TE et &0Q02; Davis TA et al., 2004).
Initially, there was some concern that while ohjextresponse rates were significantly

improved, the pivotal trial performed with 90Y-iimomab tiuxetan did not show a
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statistical improvement in the duration of the wsge compared with its unlabeled
antibody (ie, rituximab). However, continued folloup has shown the complete
responses have been more durable (Gordon LI €dG;2Niseman GA et al., 2005).
Pretargeting approaches also have been appliedutgs.dMost often referred to as

ADEPT (antibody-directed enzyme prodrug therapBagshawe KD, 2006)

3 ADEPT (Antibody directed enzyme prodrug therapy)

Antibody-direct enzyme prodrug theraphy was prodasethe mid -1980s as a means
of restricting the action of cytotoxic drugs to tamsites, thereby increasing their
efficacy and reducing their normal tissue toxicithis proposed method of selective
drug delivery is two step approach. In ADEPT, sigy for the target is achieved by
an antibody (Ab) in an Ab-enzyme conjugate thatdbi antigen preferentially
expressed on the surface of tumour cells, or intdh®ur interstitium. In the first step,

the Ab- complex is administered and accumulatéiseatumour site (figure 10).
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prodrug

enzyme

FIGURE 10 ADEPT strategy. A prodrug activated by the enzyme igigiwhen the
enzyme has cleared from the circulation but isimethin the tumor, so that active dryg
is generated selectively in the cancer

Time is allowed for clearance of the conjugate frolmod and normal tissues. In the
second step, a non-toxic prodrug is injected, wisatonverted into a cytotoxic drug by
the enzyme in the at the tumor (Senter PD andn§eriCJ, 2001). An amplification
feature of this system means that one moleculemfyme catalyses the conversion of
many molecules of prodrug into the cytotoxic drddpis is an inherent feature of
ADEPT, which potentially enables higher drug cornragions at the tumor compared to
direct injection of drug alone Another is the bystar effect which effects killing of
surrounding tumour cells that do not express turibe main drawback of ADEPT is
the immunogenicity of the Ab-enzyme conjugates Wwhimay preclude the

administration of repeated doses of the conjugdtavever, up to three courses of
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treatment have been administered to patients by toeinjection of the

immunosuppressant drug cyclosporine (Springer @Glléscu-Duvaz | 1, 1997)

3.1 ENZYME IN ADEPT

There are specific requirements made of the enzymed for ADEPT. They must be
able to catalyse a scission reaction of the pradfagy should have catalytic properties
different from any circulating endogenous enzymieeyl should be and stable under
physiological conditions. Ideally they should efféogh catalytic turnover. It is also of
benefit if they are able to activate a panel oficamicer prodrugs. (Springer CJ,
Niculescu-Duvaz 1 I, 1997). The enzymes used foreRD can be characterised into
three categories: (i) Enzymes of non-mammalian imrigvith no mammalian
homologue, e.g., carboxypeptidase G2 (CPG2); ayodeaminase (CD); b-lactamase
(b-L); penicillin G amidase (PGA); penicillin V adase (PVA). This avoids activation
of the prodrug by endogenous enzymes in blood anchal tissues. These enzymes are
readily available on a large scale due to theik lat post translational modification.
Also, many have good kinetic parameters. Their ndégadvantage is their (i) Enzymes
of non-mammalian origin with a mammalian homologesy., Bglucuronidase f-G).
The advantage is that only low levels of this clakenzymes are present in the blood.
However the-G human enzyme is less efficient as a catalyst tha bacterial form:
the mammalian form potential to elicit an immunsp@nse in humans The human
enzyme also has a lower turnover rate. (iii) Enzymfemammalian origin, e.g., alkaline
phosphatase (AP¥-galactosidasenfg). Their main advantage resides in the reduction

of their potential to elicit an immune responsefddiunately their presence in humans
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is likely to preclude specific activation of theogrugs only in the tumor (Senter PD et

al., 1993).

3.2 ANTIBODIES IN ADEPT

The Abs that bind tumor-associated antigens arkeyacomponent in ADEPT since
they ensure the selectivity of the localisation mbdrug activation The main
requirement of Ab-conjugates used in ADEPT is thaly must localize on the tumor
ideally with high affinity. They should also havainimum binding to normal sites. In
addition, the covalent binding of the enzyme mudt destroy the ability of the Ab to
bind to its associated antigen, nor should it alker enzyme activity. Ideally, there
should be a rapid clearance of the conjugate frodyMluids. There are two opposing
factors in the penetration of tumors by Ab-enzyroejegates. Firstly, the blood vessels
and interstitium of tumors are more ‘leaky’ thangh of normal tissues which provides
advantages for the localization of macromoleculln( RK et al., 1988). Secondly,
there is inadequate distribution which leads to rpoptake of macromolecules
Attempts were made to overcome this limitation lsyng Ab fragments, e.g., F(ab’) ,
F(ab’), and scFv, to increase the interstitial rate ofigport. These fragments provide
better penetration properties than intact Ab argb alhow more rapid clearance as

demonstrated in animals and in patients.

3.3 PRODRUGS IN ADEPT

The poor vascularisation of tumors is a major pEobifor cancer therapy in general.
The delivery and penetration of molecules acrosgtiysiological barriers of the tumor
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are extremely important for efficacy. Two factom/grn the uptake of a compound into
the tumor :extraction coefficient by the tumor a&hd blood flow. The fraction of the
prodrug extracted from the blood flow by the tundepends on its chemical structure
(e.g., its lipophilicity) and the properties of tipdysiological barrier. The prodrugs
designed for ADEPT must be less cytotoxic thanrtbeiresponding active drugs. The
prodrug must also be chemically stable under plggical conditions and have good
pharmacological and pharmacokinetic properties. prarugs must are be suitable
substrates for the activating enzyme under phygicéd conditions. Most ADEPT
prodrugs are derived from well-known anticancermég®r their close counterparts as
model molecules. An additional advantage of thisiah is that the pharmacokinetic
parameters of the drugs are known. One exemplazyinee-prodrug utilized in ADEPT
is the cytosine deaminase (CD)/5FC. This system designed to take advantage of
the conversion of the antifungal agent 5-fluorosyte (5-FC) into the well known
anticancer agent, 5-fluorouracil (5-FU) (De Angdhbl et al., 2006). Another reason
for developing this system was for use in humarmrtalancer which is refractory to

many other chemotherapeutic approaches.

3.4 CYTOSINE DEAMINASE

Cytosine deaminase catalyzes the deamination obsit to uracil and 5-
methylcytosine to thymine. The enzyme has beendanrbacteria and fungi, where it
plays an important role in pyrimidine salvage. hereit is not present in mammalian
cells, which utilize cytidine deaminase (CDA) irede(Nishiyama T et al., 1985). The

bacterial and fungal CDs are distinct from eacleotind have evolved separatélje
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yeast protein structure is composetl a central five-strande@ -sheet(p1l- B5)
sandwiched by siu-helices (aA - aF) (figure 11 A) Interestingly, the 426-residue
hexamericE. coli CD belongs to superfamily, whereas the 158-resiineeric yeast
counterpart is grouped into the CDA superfamiletdn gc).The active site of yeast
CD contains one tightly bounzinc ion, which is tetrahedrally coordinated by 6is
Cys91 , Cys94 , and a bound inhibitor. (figure 1M complex structure reveals that
yeast CD converts thenhibitor 2-hydroxypyrimidine into 4-(R)hydroxyl-8;
dihydropyrimidine, which is enantiomeric to the €igaration observed ift. coli CD.
Therefore, the crystal structures of bacterial &mdgal CDs providean excellent
example of convergent evolution, in ththey have evolved from unrelated ancestral

proteins but have achieved the same deaminatiatioea

FIGURE 11 (a) The monomeric structure of yeast CD with the zioe shown as g
magenta sphere with its ligands and the inhibit@H{) as ball-and-stick
representationgb) Structural superposition of yeast CD (reB),subtilis CDA (blue),
and the subdomain 2 of AICAR transformylase (green)
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3.5 5-FLUOROURACIL

5-fluorouracil is a chemotherapeutic drug used dwidle in the treatment of metastatic
colorectal cancer, either alone or in combinatiathwirinotecan, a topoisomerase |
inhibitor. 5-FU is considered to be purely an S g@@tive chemotherapeutic agent,
with no activity when cells are in GO or G1 (Sha Mschwartz GK , 2001). It is well-
established that treatment of cells with 5-FU cau3BA damage, specifically double-
strand (and single-strand) breaks, during S phasdalthe misincorporation of FAUTP
into DNA (Curtin NJ et al., 1991; Peters GJ et2000). However, damage to DNA can
occur in all cell cycle phases in proliferatinglsghnd the repair mechanisms involved
vary in the different phases of the cell cycle. DN&mage checkpoint pathways in G1,
S, and G2 couple DNA damage detection to inhibitadncell cycle progression,
activation of DNA repair, maintenance of genomiabdity, and when damage is
beyond repair, to initiation of cellular senescenidge position of tumor cells in the cell
cycle and the ability to undergo apoptosis in reseao drug treatment together play an
important role in the sensitivity of tumor cellsacbemotherapy. 5-FU has a complicated
mechanism of action with several enzymes involvedts metabolic activation. It
inhibits thymidylate synthase as its main mechani$raction, leading to depletion of
dTTP. Overexpression of thymidylate synthase has Ishown to be associated with 5-
FU resistance in colorectal cancer, but it is digely that other alterations, for
example, to crucial genes on cell cycle and apaptegulatory pathways, underlie the

development of resistance (De Angelis PM et al0630
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4 CARCINOEMBRYONIC ANTIGEN (CEA)

The carcinoembryonic antigen (CEA) was first ddssuli by Gold and Freedman in
1965 (Gold and Freedmann, 1965). It was hypothésikat CEA was an antigen
expressed in colonic tumours and in foetal colarn, ot in healthy adult colon. With
the development of more sensitive immunoassaysedacirculating CEA was also
found in cases of breast, lung, ovarian tumorsithds also proven to be expressed in a
few of normal epithelial tissues (Nap et al., 1983@spite this, CEA continues to play
an important role in diagnostic pathology and todhedied as a “tumor associated

antigen” involved in metastasis and carcinogenesis.

4.1 CEA STRUCTURE
In mature form CEA is a glycoprotein with a moleaulveight (MW) of about 180 kDa
containing approximately 50% carbohydrate compgisimannose, galactose, N-

acetylglucosamine, fucose and sialic acid (Thomps685) (Figure 12).
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STRUTTURA DEL CARCINOEMBRYONIC ANTIGEN
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Figure 12. CEA structure and genome organization of the CERMOgenes

CEA is a member of “CEA gene family” clustered ohr@mosome 19q, within a 1.8
Mb region. The deduced aminoacid sequence of CEvshhat CEA is synthesized as
a precursor of 702 aminoacids, comprising a legegtide of 34 aminoacids, and a
mature CEA polypeptide of 668 aminoacids (Thompsbal., 1991). There is a close
correlation between exon expression and the dorsturcture with the first exon

encoding the 5’-untranslated region and the fivgd thirds of leader peptide. The
mature CEA is divided into structural domains basadhree internal repeat regions.
These are referred to as N, A1B1, A2B2 and A3B3aam(Thompson et al., 1991). It
has long been recognized that CEA is a member ofunoglobulin gene superfamily.

This diverse family includes major histocompattliliantigens, together with cell

adhesion molecules such as ICAM-1, N-CAM and LFA&hpson et al., 1991). Two

types of immunoglobulin domain are found in CEA awmlle: an N-terminal domain of
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108 aminoacids homologous to the immunoglobulinalde domain (IgV-like) and six
domain homologous to the immunoglobulin constamhaio of the C-2 set (IgC2-like)
(Williams and Barclay, 1988). The common structofethe immunoglobulin gene
superfamily is thought to have evolved from a sngincestral unit which has

undergone divergence and duplication (Piggot aridelal993).

4.2 CEA AND CEA FAMILY GENES

As a consequence of the development of moleculanirey techniques, 28 other
genes/pseudogenes related to the CEA gene werevdisd and are clustered on
human chromosome 19q13.2. (Teglund et al.1994). fahely is composed of three
branches identified as the CEACAM (CEA related @alhesion Molecule) subgroup,
PSG (Pregnancy Specific Glycoprotein) subgroupatiurd subgroup containing only
pseudogenes (Teglund et al.1994). The genes haredssigned to the three branches
of the CEA family on the basis of the homology dfeit primary sequences,
characteristics of their membrane anchors and tpaiterns of expressions . The
CEACAM subgroup contains 7 expressed genes CEACAdBiliary Glycoprotein,
BGP), CEACAM3 (or CEA gene family member 1, CGMCEACAM4 (or CGM7),
CEACAMS (or Carcinoembryonic Antigen, CEA), CEACAM6r Non-specific Cross-
reacting Antigen, NCA), CEACAM7 (or CGM2), and CEA®I8 (or CGM6)] and the
PSG subgroup contains 11 expressed genes (PSGBé&auchemin et al., 1999)
(Figure 12). Although CEA was the first gene clomgthin this family, the assignment
of CEACAML1 gene has been attributed to the BGP geméng to its high degree of

conservation across the species. CEACAM2 is a mayenehighly similar to
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CEACAM1 mouse genes, but absent in human and rfa TEACAM subgroup
members are attached to the cell surface membnahde the PSGs are secreted
molecules. The CEACAM subclass are generally arethtw the cell surface either by
transmembrane domains (CEACAM1, 3 and 4 in human)y by
glycophosphatidylinositol (GPI) lipid moieties (CEAM5-8) (Beauchemin et al.,
1999). Fair data on the tissue distribution areilavke for CEACAMS5 (CEA),
CEACAM1 (BGP) and PSG, while only limited informati are available for
CEACAMG6 (NCA), CEACAM7, CEACAMS, and little is know about the tissue
distribution of CEACAM3 and CEACAM4. CEACAM1 hasdlbroadest distribution in
normal tissues, being expressed in a number ofrdifit epithelia (oesophagus,
stomach, colon, liver, kidney, cervix, endometriamd so on), in sweat and sebaceous
gland, in granulocytes and perhaps in endothediéé i some organs (Hammarstrom et
al., 1997). CEACAMG6 has probably also a fairly adistribution being present in
epithelial cells in different organs and in graryfi@s and monocytes (Hammarstrom et
al., 1997). In contrast CEACAMS5 shows a more limitéssue expression in normal
adult tissue, being present in columnar epithatglls and goblet cells in colon, in
mucous neck cells and pyloric mucous cells in thenach, in squamous epithelial cells
of the tongue, oesophagus and cervix, in secregpithelia and duct cells of sweat
glands, and in epithelia cells of the prostate (Heamstrom et al., 1997; Nap et al.,
1988). It would seem that CEACAMY7 has a similetribution to that of CEACAMS5,
being expressed in certain epithelial cells notahlycolon, but not in granulocytes.
CEACAMS3 and CEACAMS are expressed in granulocytgisgoobably not in epithelial
cells (Hammarstrom et al., 1997). Members of PS(goup are abundantly expressed

in the placenta during embryonic development, bsib @t others sites of expression
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such as uterus, pancreas, testis, and foetal IR&6Gs may have immunomodulatory
functions and they are also markers for some deserdf pregnancy (Zhou et al., 1997).
A number of functions have been described for pmetaederived for CEA family
members (Stanners et al., 1998). CEACAM1, CEACAMEACAM6 and CEACAMS8
function as homophilic and heterophilic intercedlubdhesion molecules in vitro. Most
cell adhesion molecule interactions are accompahbiedhe transmission of signals
regulating differentiation or proliferation, andlal the exchange of information
mediated by other cellular components (Johnson119%0 it has been suggested that
CEA family members play a role in cell recognitiand in the regulation of cellular
interaction. Because alterations in cell adhesi@niavolved in cancer invasion and
metastasis, it was further suggested that some f@BEly members may play a role in
these processes (Duffy, 2001). Deregulation of s@Bé related antigens has been
confirmed in different types of tumors. Although vitro data implicate CEACAML1,
CEACAM5 and CEACAMSG6 in cell adhesions, their apitatalization on polarized
cells in normal physiology is difficult to recoreilvith this role (Duffy, 2001). Human
CEACAM1, CEACAM3, CEACAM5 and CEACAMG6 are receptdor Neisseria
gonorrhea and Neisseria meningitis (Bos et al.,719®oreover, in healthy colon
CEACAMS5 and CEACAMG6 are found to bind certain straof Escherichia coli
(Leusch, 1990) by their complex multi-antennary bolwydrate chains. So,
Hammarstrom (Hammarstrom, 1999) suggested that umahs CEACAMS5 and
CEACAMG6 may play a role in innate immunity, in peoting the colon from microbial
attack. These molecules are expressed and releaseel apical glycocalyx facing the
microbial environment in the gut. They may therefbind and trap microorganism,

preventing them from reaching down the microvillitbe epithelial cells and invading
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the epithelial cells. The expression and probaklease of the molecules can be
regulated by inflammatory cytokines. The dynami€édhe system would assure that
new glycocalyx is constantly formed at the apicatface of mature enterocytes
replacing old glycocalyx with bound microorganisiibis process may be speeded up
through signalling via CEACAML1, since CEACAML1 cassaciate with CEACAM5
and CEACAM6. CEACAM1 can then transduce a signadugh phosphorylation of its
cytoplasmatic part containing modified immunoreoept tyrosine based

activation/inhibition motifs (ITAM/ITIM motifs) (Olbink, 1997).

4.3 CEA AS TUMOR MARKER

The Carcinoembryonic antigen is one of the mosemesively used clinical tumor
markers. In fact, although CEA is also present grtain healthy tissues, its
concentration in tumors were found expressed ah Hayels (Duffy MJ 2001,
Hammarstrom S, 1999). CEA is normally expressethdusncofetal development, and
it is expressed in some cells within normal colaniecosa. It is overexpressed in nearly
all colorectal cancers, 70% of non—small-cell lwagcers, and approximately 50% of
breast cancers. It is not expressed in other «#llithe body except for low-level
expression in gastrointestinal epithelium. Thisregpion profile makes it an attractive
TAA for diagnostic and immunotherapeutic purpodesripstein N., 2002; Kass et al.
2002). Benchimol et al. proposed a model of roleACH carcinogenesis of
colonocytes: in the colon and elsewhere CEA is &g®d along the apical border of
normal epithelial cells. In tumour cell instead rthes a reported increase in CEA

expression along both lateral and basal surfac#éh, aytoplasmic CEA expressed in
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poorly differentiated cells. The overexpressiolC&A leads to the disruption of normal
intercellular forces at both the lateral and basafaces, owing to the reduction in
strength of other adhesion molecules. So the ovdymtion of CEA tends to disrupt the
normally operative intercellular adhesion forcdlkyveing more cell movement and the
adoption of a less ordered tissue architecture ¢Biemol, 1989) (Figure 13). In
healthy individuals CEA is principally expressedcwmlon and there it is released from
the apical surface of mature columnar cells int ght lumen and disappears with the
faeces. So very low levels are normally seen irbtbed from healthy individuals ( 2
T1g/L). In colon cancer the malignant cells have asab lamina and are multiplying in
the tissue. Moreover, as it is described above tiimor cells have lost their polarity
and CEA is distributed around the cell surface. tvaponents from plasma membrane
are continually exfoliated from the surface as mplasmembrane —derived vesicles
(Taylor and Black, 1985), which through drainingniyh and blood vessels can end up
in the blood. As a consequence, CEA will accumulatéhe blood in parallel with
tumor size (Duffy, 2001) (Figure 13). For all thisasons CEA continues to be
principally important marker in the diagnosis armaégmosis of cancer (Goldstein and
Mitchell, 2005). In colorectal tumors, preoperatiserum CEA levels assist in the
evaluation of Duke ‘s stage C carcinoma and whesd usa conjunction with flow
cytometry, help to predict the prognosis of pasenith Duke ‘s stage B2 and Duke ‘s
stage C carcinoma (Scott NA 1987). Moreover vemghhpreoperative serum CEA
levels are highly indicative of liver metastasétafimarstrom S, 1999) and non
respectable tumors (Schneebaum S 1993). Serum @EXnuination is also used as
indicator in the post- surgical surveillance ofaoktancer. Increased CEA level was the

first indicator of recurrent disease in 89% of eats (Wanebo et al., 1989). It has
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recently been shown that CEA measurement is the ooss-effective test in detecting
potentially curable recurrent disease (Grahm et #098). Cellular and tissue
distribution pattern of CEA can also be used todjte metastatic potential and
lymphonode status (Lorenzi et al.,, 1997). In thantest CEA can be useful in

determining the primary site of metastatic adencinama (Lagendijk et al., 1998).
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Figure 13. CEA distribution in healthy and tumour colosstile epithelia

In several studies anti-CEA antibodies were useédumor targeting. Murine (CEA)-
specific monoclonal antibodies were successfulyet in animals for their capacity to
localize accurately tumors formed by human col@ectarcinoma cell lines with
various levels of CEA expression and thereforeg@pplicable in radioimmunoguided
surgery (RIGS) (Kim et al., 2000). The immunosgrdaphy analysis with an anti-CEA

monoclonal antibody fragment labeled witi'Tc in patients with colorectal carcinoma
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recurrence was evaluated as effective method ofy edetection of pelvic and
extrahepatic abdominal metastases (Fuster etdfl3)2In clinical studies is also known
the application of recombinant phage-selected smi*CEA antibody fragments in
RIGS for primary or recurrent adenocarcinoma of todon, rectum and pancreas
(Mayer et al., 2000). Finally combined therapeusitategies with humanized anti-CEA

antibodies are currently in phase I/ll clinicabts (Chester et al., 2004).
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MATERIALS AND METHODS

Bacterial strain: TG1, E.coli strain 6upE hsd5 thi A(lac-proAB F [traA36
proAB’ lacl%acZAM15]) was used for phage antibody and yCD pngpeoduction

Cell lines. MelP5 human primary melanoma, LoVo human colaginama

Antibodies and reagents.Recombinant human carcinoembryonic antigen (CEA) an
recombinant glucose oxidase (GO, EC1.1.3.4) fAspergillus nigerwere purchased
from Sigma (St Louis, MO). The scFVES8 anti CEA hatly (Pavoni E et al., 2006), the
scFvGO anti GO antibody (Ascione A et al., 2004)d ahe scFv anti yCD antibody
were isolated from the same ETH-2 antibody phadpaty using an identical
biopanning procedure (Pini A et al.,1998; Siladciet al., 2005). 5-FC was purchased
from Sigma, 5-FU (Fluorouracil Injection Solutionp.5g 50mf, Mayne Pharma,
Naples Italy) was kindly provided by Dr.ssa A. 8@se , IRE, Rome, Italy.

Anti-Flag M2 and anti-polyhistidine antibodies wgrerchased from Sigma (St Louis,
MO). The goat anti-mouse HRP-conjugated polyclargibody was purchased from

Dako (Denmark).

Primers

CEASTU forward:

5-CGTTATTAAGGCCTATGGCCGAGGTGCAGCTG-3

LinCEA reverse:
5TGAGCCGGAAGAGCTACTACCCGATGAGGAAGAGCCTAGGACGGTAGAGC
GT -3

LinyCD forward:
51



5'GGTAGTAGCTCTTCCGGCTCATCGTCCAGCGGCATGGTGACAGGGGGEA
CAA-3

ESyCD reverse:

5'- ATCCGATATCGTCGACCTCACCAATATCTTC-3

BamyCD

5'-CGAATTGGATCCATGGTGACAGGGGGA-3

fdseql

S'-GAATTTTCTGTATGAGG-3

pelBback:

5'-AGCCGCTGGATTGTTATTAC-3

Genetic engineered constructsThe scFVE8 heavy and light chain variable regions
were obtained by PCR amplification of pDN332 (Pavda et al., 2006).
Oligonucleotide primers used in the PCR WeEASTU forward primercontainsStul
restriction enzyme sequence and 18-base(ppjrsequence encoding for first 7 amino
acid of scfvES8;LInCEA reverse primer contains 33 base pair sequencexliagcfor
first 11 amino acid of linker fragment (SSSgQGJ)seful for joining yCD enzyme
sequence, and the sequence encoding for the laaniio acid of scFvVES8. The
nucleotidic sequence of yCD was amplified by PCRrfrcDNA inserted in pQE30Xa
(Qiagen; Madison, WI) with following primetsnyCD forward encoding for the last 11
amino acid of linker sequences and the first 7 anaicid sequence of yCD; tiSyCD
reverse primer containing Sall restriction enzyraguence and the last part sequence
encoding for yCD. Both PCR fragments amplified wiBwo enzyme(Roche

Diagnostics; IN), were agarose-purified (High PWER Product Purification Kit,
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Roche Diagnostics). Portion of the linker presergach PCR product have overlapping
region necessary to assemble chimeric protein Ibggfireaction (5 min denaturation
and 10 cycles 1 min 94°C, 4 min 65°C) Final amgidifion was carried out with primers
CEASTU andesyCD and the product was agarose-purified, digestet vastriction
enzymesStul and Sall, and cloned into the plasmid pQE30Xa (Qiagen),taiamg
6xHis tag sequence for protein purification. Thenegrocedures were carried out for
the construction of an irrelevant fusion proteindmaby the scFvGO, specific for
glucose oxidase (GO) fromAspergillus Niger genetically linked with the gene
encoding for yCD enzyme. All genetic constructs eveequenced by Biofab research,

srl, (Rome, Italy).

Expression and Purification. Plasmid pQE30Xa scFvE8:yCD and scFVE8:GO were
transformed into the strain of E. coli, TG1 and tétures were grown overnight in 2x
TY broth containing 100 pug Mlampicillin and 1% glucose in a 37°C shaker. The
culture was diluted 1:100 in 1 L 2x TY broth lacgiexogenous glucose and shaken at
37°C. When the culture attainedeoh = 0.5, isopropyB-D-thiogalactopyranoside
(IPTG) (Sigma) was added to a final concentratibd M. Cells were harvested 3 h
later. The culture was centrifuged at 10,000 rpm2fd min at 4°C. The fusion proteins
were purified by affinity chromatography on Ni-NTéesin (Qiagen), using native
protocol according to the manufacture instructi6fise QlAexpressionist ). Protein
concentration was determined with Fernandez-Patr@thod. yCD enzyme was
obtained by induction of expression of the encodieguence inserted in pQE30Xa
vector, in TG1E.Coli strain. The proteins were purified by affinity ohratography on

Ni-NTA resin (Qiagen), as above described.
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SDS-PAGE and Western Blot Analysis Purified scFVE8:yCD fusion protein was
analyzed along with scFVE8 on 10 % SDS PAGE gekumeducing conditions. Gel
was either stained with Fernandez-Patron methodransferred to nitrocellulose
membrane in 1X TG buffer (Biorad; CA, USA) with 20%ethanol, for 90 min at 140
Volt. The membrane was blocked in PBS 5 % powdenékl (M/PBS 5%) washed 3
times for 10 min in PBS and incubated for 2 h vatiti-polyhistidine mouse mAb in
2% M/PBS (Sigma-Aldrich, 1:1000), washed 3 timeslasve, and incubated for | h in
polyclonal goat anti-mouse HRP IgG (Dako,Denmadi@0) in M/PBS 2%. After 3
washings in 2% M/PBS, blot was developed with DABfér, one tabelet (10 mg) of
3,3’- diaminobenzidine (Sigma) in 20 ml of PBS &gl of hydrogen peroxide 30%,
for 3 min. The reaction is stopped with( ScfvE8:yCD was also detected with the
supernatant scFv specific for yCD protein, devedmpm our laboratory. As secondary
antibody was used anti antiffag Monoclonal Antibot2 (Sigma) at the final

concentration of 2 pg il

ELISA ! 96-well ELISA plate (Nunc, Maxisorp; Denmark) wasated overnight either
with 50 pl/well of 10 pg mt purified CEA or GO antigen in PBS. Next day a kiog
solution 2% M/PBS was added, and after 2 hourplde was washed with PBS. Then
the plates was incubated for 2 hours a RT with B@ell of 10 ug mf* of both fusion
proteins and 50 pl/well of 5 pg thbf scFVES or scFvGO. After 3 washes with PBS all
well were incubated at RT with 50 pl of antibodiesxture composed by Mouse
Monoclonal Anti-polyhistidine antibody (Sigma, 1@ and polyclonal goat anti-

mouse HRP IgG (Dako,1:500) in M/PBS 2%, for 2 hteAf3 washes the reaction was
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visualized using 3,31-5,51-Tetramethylbenzidinelulsie BM blue POD substrate,

Roche Diagnostics), and read at 450 nm wavelength.

CEA binding specificity of the scFvE8:yCD. The specific recognition of the cell
surface CEA antigen by the scFVE8 and the fusiotepr scFvE8:yCD was determined
by flow-cytometry and western blot analyses.

In the first study Mel P5 and LoVo cell lines inpsnential phase of growth were
trypsinized (we verified that CEA antigen is nohsiéive to the enzymatic treatment),
collected, washed in PBS 1% BSA and pelletted. Ab2i5 x 16 cells were
resuspended with 50L PBS, 1% BSA containing g mi* of scFVE8 or scFVE8:yCD
primary antibodies and incubated for 1 h at RT.eAfseveral washings, cells were
resuspended for 1 h at 4°C in PBS, containing d@nrmause polyhistidine antibody
(Sigma Aldrich, 1:1000). At the end of this procegluthe cells were washed as usual
and incubated again with 6 pg mbf FITC-labelled goat anti-mouse IgG (Pierce,
Rockford, IL) for 30 min at 4°C. In parallel expment, an irrelevant human scFv
antibody directed to glucose oxidase (Ascione Aalet 2004) was used as negative
control. After staining, the cell samples were wakh maintained at 4°C and
immediately analyzed by FACScan (Becton, Dickinaod Company, Franklin Lakes,
NJ) equipped with 15 nW argon laser. Fluorescermmpensation was determined
using samples stained with anti-glucose oxidase scfeél goat FITC-conjugated anti-
mouse secondary antibody.

In the second study, Mel P5 and LoVo cell lineseMearvested by trypsin (EuroClone,
Milan, ltaly), washed with cold PBS, resuspended homogenated in AKT 150mM

NaCl Buffer, 20mM Tris/HCI pH 7.4, 1% NP40, 10% géyol, in presence of inhibitors
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proteases (Sigma Aldrich). After centrifugation 8000 rpm for 15 min, the
supernatant was harvested and the protein totalecdrations estimated with Bradford
assay. 240 g of total proteins were fractionated &% SDS PAGE under reducing
conditions, transferred onto a nitrocellulose meanbrand blocked in 5% M/PBS. After
washing in PBS with 0.05% Tween 20 (T/PBS), the imeme was incubated with 10
g mi* of scFVE8 or scFVE8:yCD fusion protein in 2% M/PRS 1h, washed in
T/PBS, and incubated for 1 h with the mouse mAMi-polyhistidine antibody (Sigma-
Aldrich) in M/PBS 2%. After washing in T/PBS, spkcibinding of scFvE8 or
scFVE8:yCD was revealed with anti-mouse HRP IgGk{)al:500) using ECL kit

(Pierce, Rockford, IL).

Functional assays of the scFVE8:yCD on cell$he ability of the scFvE8:yCD fusion
protein to convert far less toxic substrate 5-faaytosine (5-FC) to 5-FU was tested in
two different investigations using a cell —basedtem. The cells used are Mel P5
derived from a human primary melanoma (Luciani &let2004) and the human colon
adenocarcinoma LoVo cells. Both cell lines werentaned in a basic medium (BM)
constituted by RPMI 1640 (EuroClone) supplementeth 0% fetal bovine serum
(EuroClone) and 1% penicillin-streptomycin in hurfigt atmosphere with 5% CO2 at
37°C.

In the first assay, Mel P5 and LoVo cells were seethto 96-well microtiter plates
(Corning Cable Systems srl, Turin, Italy) at 25@listwell in BM containing 3 pg il

of scFVE8:yCD and different concentrations of 5-F@8e plates were incubated at 37°C
for 4 days and cell viability estimated by WST-1sAg (Takara, VinciBiochem, Vinci,

Florence, Italy ). In the second assay Mel P5 andd_cells were seeded as above and
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allowed to adhere overnight .Then, medium was reaadaand a fresh BM containing
10pg mt* of scFVE8:yCD was added. After 4h incubation, thedium was changed
and a fresh BM containing different concentrations-FC, was added. Cell viability
was determined after 4 days culture using WST-Iap¢$akara).

Different concentrations of 5-FC and 5-FU aloneemgsed respectively as positive and
negative controls of cells vitality. yCD enzyme radowas not cytotoxic so that

scFVES8:yCD alone (data not shown). Results werenian of triplicate samples.

Vector construction. Complete yCD gene sequence (Erbs P et al., 4983 )amplified
by PCR from cDNA inserted in pACCMV 115. The semséener was :BamyCD,
containingBamHlI restriction site and the sequence coding for fix& amino acid of
yCD. The antisense primer wasSyCD described beforePCR was performed using
Pwo enzyméRoche Diagnostics) and the resulting PCR fragmerst agarose-purified
using the High Pure PCR Product Purification Kib¢Re). Then it was digested with
restriction enzyme8amHI and Sall, and cloned into the plasmid pQE30Xa (Qiagen),
containing 6xHis tag sequence for protein purifmat The clone was sequenced by
Biofab Research SRL (Rome, Italy).

Expression and Purification® TG1 E. coli cells transformed with plasmid pQE30Xa
yCD were grown in 100 ml 2x TY broth supplementethwt00 pg mft ampicillin and
0.1% glucose in a 37°C shaker until &= 0.6. IsopropyB-D-thiogalactopyranoside
(IPTG) (Sigma) was added to a final concentratibd M. Cells were harvested 3 h
later, centrifuged at 10,000 rpm for 20 min at 4% lysed with sonication in lysis
buffer (50 mM NaHPQO,, 300 mM NaCl, 10 mM imidazole, pH 8). The yCD miot

was purified by affinity chromatography on Ni-NTAesin (Qiagen), using native
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protocol according to the manufacture instructiof&otein concentration was
determined with Fernandez-Patron method. The pdriyiCD protein was dissolved in

PBS, aliquoted and stored at -80 °C.

NMR. F NMR analyses were performed on BRUKER AVANCE speueter
(Bruker BioSpin GmbH — Rheinstetten — Germany) afyeg at 9.4 T. The spectra were
acquired at 25 °C with a pulse angle of 60°, intée delay of 2 s and 64 transients. In
order to compensate for partial magnetic saturagibect, the correction factors were
determined by comparing the measured peak areasthiase obtained at equilibrium
(flip angle 90°, interpulse delay 30 s). At the exideaction the concentration of 5-FU
was determined by adding a known amount of the .dgectral analyses were
performed utilizing the XWIN-NMR BRUKER suité’F-MRS of 3,5 pmoles of 5-FC
dissolved in 700 ul BD saline buffer was considered the time O of tieaction and
after 70 ul of 25 pg/ml yCD enzyme were added. fHaetion was followed during 1 h
and 30 min. To verify the complete conversion d&F&-+o 5-FU the last spectrum was

acquired at 3 h and 15 min.

ETH-2 library. The ETH-2 synthetic human recombinant antibodigstiy consists of
a large array (more than l@ntibody combination) of scFv polypeptides disptaypn
the surface of M13 phage (Viti F et al., 2000)wHs built by random mutagenesis of
the CDR3 of only three antibody germline gene sedgséDP47 for the heavy chain,
DPK22 and DPL16 for the light chain). Diversity thfe heavy chain was created by

randomizing four to six position, replacing the-esasting position 95-98 of the CDR3.

58



The diversity of the light chain was created byd@mizing six position (96-101) in the

CDR3 (Pini A et al., 1998).

Selection of yCD protein specific antibodies from EH-2 library. Immunotubes
(Nalge Nunc International; NY) were coated overni@@N) at room temperature (RT)
with purified yCD in PBS at the concentration of 1§ mI'. After panning, performed
according to Ascione et al., 2004, phages wereeéluvith 1 ml of 100 mM
triethylamine, and the solution was immediately tradized by adding 0.5 ml of 1 M
Tris-HCI pH 7.4. Eluted phages were used to infEG1E. coli cells and amplified for
the next round of selection. Briefly, 50 ml of 2xWith 100 pg/ml ampicillin and 1%
glucose (2xTY-amp-glu) were inoculated with enolgicterial suspension to yield an
OD 600 nm[ 0.1. The culture was grown to Qigh nm= 0.4-0.5 and infected with KO7
helper phage at a ratio of around 20:1 phage/bact@he rescued phages were
concentrated by precipitation with PEG 6000 andduse the next round of panning.
For soluble scFv preparation, cloned E. coli ceése grown for 2 h at 37°C in 180 pl
of 2xTY-ampicillin (100 pg mf) and 0.1% glucose in 96-well plates and inducetth wi
50 ul of 2xTY-6mM IPTG. The following day the platevere spun down at 1800 g for
10 min at 4°C and the supernatants containing solsiFv were recovered and tested

for specific yCD recognition in ELISA.

ELISA 2. 96-well ELISA plates were coated ON with 50 pl/wedl10 pg mf purified
yCD in PBS at 4°C. Next day a blocking solutio?g 8on-fat milk in PBS (2% MPBS)
was added and after 2 h the plates were washedREiS containing 0.05% Tween 20

(TPBS). Plates were incubated for 2 h at RT withp@0of supernatants containing
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soluble scFv antibodies, anti-Flag M2 antibody aamati-mouse HRP-conjugated
antibody. All antibodies were resuspended in 2% 18PB

The reaction was developed using 3,3-5,5'- tetriduylbenzidin BM blue and POD
substrate soluble (Roche Diagnostics) and stoppeatiding 50 ul of 1M sulfidric acid.
The reaction was detected with an ELISA reader rdlp and the results were
expressed as OD, i.e. the absorbance per unithemngére absorbance (A) is calculated

as A=A (450 nm)- A (620 nm).

DNA characterization and sequencingPlsmidic DNA encoding for selected scFvs
were digested by specific endonucleases and CDEi8n® were sequenced with an
automated DNA sequencer (M-Medical/Genenco, Pomdaly) using fdseqhnd

pelBbackprimers.

Soluble scFv purification The clone scFvH5, was cultured for large-scaEvs
production. TGIE. coliinfected cells were cultured at 30°C in 2xTY camteg 100 pg
mli* ampicillin and 0.1% glucose up to Of, = 0.5. After induction of antibody
expression by adding 1 mM IPTG to culture, cellsevacubated ON at 30°C. Then,
the bacterial culture was centrifugated and anffboohtaining supernatant collected.
Antibody fragments were precipitated with ammonisaoifate and dialyzed in PBS.
His-tagged scFv fragments were purified by immabili metal affinity chromatography
using NF*-nitriloacetic acid agarose (Qiagen). ScFv fragmemere eluted with 250

mM imidazole in PBS, dialyzed, ELISA tested for aifie antigen recognition, and

stored at -80°C.
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SDS-PAGE and Western Blot Analysi€. Purified yCD protein was analyzed on 12 %
SDS PAGE gel under reducing conditions. Gel wabkeeitstained with Fernandez-
Patron method or blotted electrophoretically taauéllulose membrane, which was
blocked in 5% MPBS and then washed three time4®omin in PBS. For detection of
yCD protein, the membrane was incubated either waith-polyhistidine antibody or
with soluble scFvH5. In the first case the membramas incubated for 2 h with anti-
polyhistidine antibody 1:1000 in 2% M/PBS and weshhree times with PBS. In the
other, the membrane was incubated for 2 h with delscFvs, washed with PBS
containing 0.05% Tween 20 and incubated again afitlanti-Flag M2 mouse antibody
1:1000 in 2% MPBS for 1 h at RT. In both cases sipduinding was detected by HRP-
conjugated Goat anti-mouse antibody 1:1000 in M/EB& for | h at RT. After 3
washings in 2% M/PBS, the bound antibodies weraiahized with DAB buffer
obtained by dissolving one tabelet (10 mg) of 3gdaminobenzidine (Sigma) in 20 ml
of PBS and 3 ul of hydrogen peroxide 30%, for 3.nfine reaction was stopped with

H20.

Determination of yCD activity. The deamination activity of purified yCD was
measured by monitoring conversion of 5-FC to 5-Rl$pectrophotometric studies. In
0.5 ml quartz cuvette, 250 pl of 1 pghyiCD was added to solution of 0.36 mM of 5-
FC. The reaction was followed for 30 min by an U\¢/¢pectrophotometer (Beckman
DU-64, Beckman Coulter S.p.A, CA, USA) which registered absorbance values every
30 seconds. The absorbance variation was measu2é® am, wavelength of the 5-FU
maximum UV absorption according to Nishiyama et H85, (Ascione A et al 2004).

Absorbance values were calculated 8gsAt)- Azes (o), (bt=0min); the values were
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converted in concentration of formed 5-FU, dividagsorbance values by 5-FU molar
extinction coefficient at 265 nnmes). The calculated 5-Fldyes was 7 mMt cmi* .
Initial velocity of the enzyme was calculated/®5,6s min™* or asA[5-FU] minZin the
first 9 min when the reaction had linear trend.

The same procedures were used in order to exameregual inhibition of yCD activity
occurred in presence of scFvH5. Brieflypbof 200 pg mi* purified scFvH5 solution
were added into the cuvette with yCD and 5-FC. IRdrexperiments were performed

in presence of the irrilevant scFvGO antibody.

Cytotoxic assay.The ability of purified yCD protein to convert 5-H@to 5-FU was
tested in an vitro cell system. The human colonnadarcinoma LoVo cells were
maintained in a basic medium (BM) constituted by MRP1640 (EuroClone)
supplemented with 10% fetal bovine serum (EuroQlom&d 1% penicillin-
streptomycin in humidified atmosphere with 5% £AD37°C.

In a cell growth inhibition assay 2500 cells/welene seeded into 96-well microtiter
plates (Corning Cable Systems) in BM containing @¢p mi* of yCD and different
concentrations of 5-FC. The plates were incubat&¥&C for 4 days and cell viability
was evaluated by WST-1 assay (Takara). As poséiveé negative controls different
concentrations of 5-FC and 5-FU alone were usedentical in vitro conditions. A cell
growth inhibition assay was also used in orderdtexnine whether the binding with
the specific scFvH5 antibody affects yCD enzymecfiom.

In this experiment LoVo cells (2500 cells/well) weseeded in 96- costar plates in BM

containing 2.5 pg il of yCD and 10 pg rill of 5-FC in presence of scFvH5 or
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scFvGO antibodies at concentrations ranging front6.10 pg mt. All results were

represented as the mean of triplicate samples.
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RESULTS

Genetic engineering of the scFv antibodies for ADERP.

To drive the enzymatic activity of yCD to CEA-expseng tumor cells a fusion protein
was genetically engineered using the cDNA deriveamf CEA—specific antibody
scFVES previously described (Pavoni E et al., 2088)control for ADEPT studies an
irrelevant fusion protein composed by glucose os@d&dG0O) specific scFv antibody
(Ascione et al.,, 2004), and yCD was genetically starcted. Antigen GO from
Aspergillus nigeris not present in mammalian cells. The cDNA cqroesling tothe
open reading frame of yCD (Erbs P et al., 1997) aggended tthe 3' end of the
cDNA encoding for the antibodies scFVE8 or scFvGQalinker of 45 bp (SSSS&)
The cDNA constructs were cloned into the pQE30Xa (Qmgeontaining 6xHis tag
sequence for protein purification (see Figure 1420R bands of the genetic constructs
corresponding to 1300 bp, obtained after fill-irog@dures are shown in Figure 14B.
The clones isolated after transformation of T@&lcoli bacterial strain, were
characterized under genetic-molecular aspect. dhgplete aminoacid sequence of the

genetic constructs scFvE8:yCD and scFvGO:yCD weogvs in Figure 15.
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Figure 14. Schematic representation of the engineed scFvE8:yCD fusion protein.
In the panel (A), the genes encoding for the humelv antibody to CEA (E8) an
cytosine deaminase from yeast (yCD) were asseniijlet (SSSSG)linker, inserted in
the prokariotic vector pQE30Xa and expressed in T&Bain of E.coli to form a
bifunctional protein. In the panel (B) the PCR-DNmgments corresponding to the
expected 1250 bases pair encoding for scFvE8:yGiDthe irrelevant fusion protein
scFvGO:yCD are shown. In (C), it is shown the restilwestern blot (WB) analysis d
the purified fusion proteins scFvE8:yCD (lane 19l aosFvGO:yCD (lane 2). The 50 kDa-
His tagged fusion proteins were detected with @tir@olyhistidine secondary antibod
as described in the text. In the panel (D), thevB8yCD protein was detected with W|
as a band at approximately 50 kDa with an anti y@bbody (in scFv format).

L

—

The fusion proteins scFVE8:yCD and scFvGO:yCD wauefied from the pellebf
TG1 strain E.coli by affinity chromatography. Thielg was about 150 p g Ifor each

fusion protein. The expected 45-50 kDa size of $hEVE8:yCD and scFvGO:yCD
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constructs was confirmed by western blot studiésgusn anti-polyhistidine antibody to
detect the fusion proteins after SDS-PAGE migra{see Figure 14C).

In order to assess the exact expression of the Bty of the scFvE8:yCD construct,
the fusion protein was biochemically investigatgdam antibody specific for yCD in
scFv format. As it is shown in Figure 14D, the ay@iD antibody, reacts with yCD
(lane 1) and scFVvE8:yCD (lane 2) at the expectedration in SDS-PAGE and
corresponding to 18-20 kDa (MW of yCD) or 45-50 kpaW of scFvE8:yCD). This

specific antibody was selected and characterigaspbelow described.

ScFvGO:yCD Aminoacid sequence

MAEVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAIS
GSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKWNNWRNEDYW
GQGTLVTVSRGGGGSGGGGSGGGGSSELTQDPAVSVALGQTVRITCQGDSLRSYYA
SWYQQKPGQAPVLVIYGKNNRPSGIPDRFSGSSSGNTASLTITGAQAEDEADYYCNSS
ELPPVYVVFGGGTKLTVLGSSSSGSSSSGSSSSGVTGGMASKWDQKGMDIAYEEAAL
GYKEGGVPIGGCLINNKDGSVLGRGHNMRFQKGSATLHGEISTLENCGRLEGKVYKDT
TLYTTLSPCDMCTGAIIMYGIPRCVVGENVNFKSKGEKYLQTRGHEVVVVDDERCKKIM
KQFIDERPQDWFEDIGE

ScFvE8:yCD Aminoacid sequence

MAEVQLAESGGGLVQPGGSLRLSCAASGFTFSSDAMSWVRQAPGKGLEWVSAIS
GSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKSNEFLEDYWGQ
GTLVTVSRGGGGSGGGGSGGGGSSELTQDPAVSVALGQTVRITCQGDSLRSSYASW
YRQRPGQAPVPVIYGKNNWPSGIPDRFSGSSSGNTASLTITGAQAEDEADYYWNSSY
AWLPYVVFGGGTKLTVLGSSSSGSSSSGSSSSGVTGGMASKWDQKGMDIAYEEAAL
GYKEGGVPIGGCLINNKDGSVLGRGHNMRFQKGSATLHGEISTLENCGRLEGKVYKDT
TLYTTLSPCDMCTGAIIMYGIPRCVVGENVNFKSKGEKYLQTRGHEVVVVDDERCKKIM
KQFIDERPQDWFEDIGE

Figure 15. Aminoacid sequenceThe complete aminoacid sequences in a single lgtter
code of the scFvE8:yCD and the scFvGO:yCD fusiootgins are shown. In red is
shown Vh and VI CDR3 sequences
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The antigen specificity of the engineered fusion pteins

Flow-cytometry, immunobiochemical and ELISA investiions were performed in
order to assess the specific antigen recognitioth@fengineered scFvE8:yCD. When
tested in flow-cytometry the scFvVE8:yCD shows wediieding profiles on Mel P5 and
LoVo cells in comparison with the original scFvEBtibody (see Figure 16A). This
difference in the antigen recognition may be duarialtered His-tag exposition in the
fusion protein. To this regard, we observed a loeding level of the original scFVE8
on CEA —expressing cells when the scFVES8 reactivias detected with an anti-
polyhistidine secondary antibody in comparison wah anti FLAG-tag secondary
antibody (data not shown). Further, ELISA studiesisiarized in Table 4 demonstrate
that the specific binding activity of the scFVEBY@ retained to a degree comparable
to the parental scFvE8 and that the DNA recombingridcedures utilized for
engineering scFVE8:yCD gave very effective fusionigin (i.e., scFvGO:yCD) as good
as parental scFv antibody. Infact, scFvE8:yCD wary effective in the recognition of
CEA specific antigen either in cellular total extrar in the purified version protein
(see Figure 163B). To note that the high stainihdviel P5 lysates in western blot

corresponds with the high reactivity of the schaa8ibody on melanoma cells.
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scFv antibodied

Antigens”

CEA GO yCD scFvES8-
SCFVES8 ++ N N
4 N N
scFvE8-yCD
- + N N
scFvGO i + N N
SCFVGO-yCD N N A *

Tale 4: (a)The scfv antibodies isolated by bio-panning derived fusion proteins ar
the following: scfvE8 and scfvE8:yCD are specific CEA; scfvGO and scfvGO:yCL
are specific for GO; scfvyCD, is specific for yC(®) CEA and GO are purified protein
yCD is expressed and purified as described ingke c) ELISA signals are indicated:
- ) for equal or low background; (++) or (+++) reothan three and four times t

backaround. respectivelND no disposibl
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Figure 16. Specificity of the scFvVE8:yCD fusion prin. In the upper part of th
figure 3 (panel A), the flow-cytometry profiles regenting the binding level of th
scFVE8:yCD (red line), the irrelevant scFvGO:yCDadl line) and the parentdl
scFVES8 (green line) on living intact/LoVo and Mél &ell lines are shown. In the paniel
(B) total extracts from LoVo and Mel P5 cell linegere runned on SDS-PAGE i
parallel with CEA and GO. After incubation with s&8:yCD or scFvGO:yCD th
specific reactivity was revealed by an anti-poltidise secondary antibody. Bot
fusion proteins retain the binding specificity fespective antigens.

Functional assay of the scFvE8:yCD

ScFvE8:yCD fusion protein was evaluated for théditgtio control tumor cell growth of
CEA—expressing cells by converting the antifunggdrda 5-FC to the highly toxic 5-FU.
Cell sensitivity to 5-FC, 5-FU, and selective cgtat effect mediated by ScFvE8:yCD
in the presence of 5-FC was assessed on tumarMell P5 and LoVan vitro. These
cell lines were cultured in BM for 4 days contaipigither 3ug mI™* of sScFVE8:yCD or

1,5ug mi* of yCD and different concentrations of 5-FC (seguFe 17).
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Figure 17. Functional assay of the scFvE8:yCD fusmoprotein. Cell sensitivity to 5-FC,
5-FU, and the selective cytotoxic effect mediatgdlbFVE8:yCD was assessed on tumor
cells Mel P5 and LoVo. Antifungal agent 5-FC waswerted to the highly toxic 5-FU b
ScFVES8:yCD or free yCD. The cell lines were seg@&@0 cell/well) and cultured in B

for 4 days containing either 3 pg hbf scFVE8:yCD or 1,5 pg mlof yCD (identical
molar concentration for free yCD and yCD fused wi#tFvES8) in presence of the
indicated concentrations of 5-FC. Cell cytotoxicitias evaluated by WST-1 assay and
calculated as a percentage of survived cells. \éaduie reported as the mean of triplicate
samples. The bars indicate SD.

Cell cytotoxicity evaluated by WST-1 assay showat #cFVE8:yCD and yCD exert a
similar cell growth inhibition in the presence @flpg mi* of 5-FC while no effect was
observed either in presence of 5-FC (100 pg)mor scFvE8:yCD fusion protein or
yCD alone. When LoVo and Mel P5 cell lines, were-prcubated with scFvE8:yCD at
10 pg mt* for 4h, washed and then cultured for 4 days wiM &ntaining different
concentrations of 5-FC, we observed that pre-treatrwith scFvVE8-yCD significantly
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inhibited cell growth in comparison with the sanreatment in presence of the
irrelevant scFvGO:yCD fusion protein (see Figurg. IEhe last observation it is of
particular interest since the growth inhibition egd by scFvE8-yCD in presence of 5-
FC depends on the specific binding of the fusiastggn on CEA—expressing cells and

the subsequent conversion of 5-FC to 5-FU at theticell level.
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Figure 18. Cell specificity of the 5-FC activation driven blyet antibody of fusion protein.
The in vitro cytotoxic effect of the prodrug 5-F@ Mel P5 and LoVo cells was evaluated py
pre-incubating the cells (2000 cells/well) withheit scFvE8:yCD or scFvGO:yCD for 4
After washing the cells were cultured for 4 day8M and different concentration of 5-F¢
Antibody binding dependent cell cytotoxicity, wasakiated by WST-1 assay and calculated

as a percentage of survived cells. Values are tegh@s the mean of triplicate samples. The
bars indicate SD.

=

Construction of scFv specific to yCD

A convincing demonstration that this strategy cardbveloped for clinical use requires

knowledge of specific parameters which may incltiie in in vivo monitoring of the
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CD complex. For this reason we have firstly congerd, expressed and produced a
recombinant yCD functionally active. Subsequentlyjuly human antibody in scFv

format not interfering with yCD activity was devpkd and analyzed.

Expression and purification of yCD protein.

A functionally active yCD was generated by recommbinDNA technology. The gene
encoding for yCD was amplified and inserted inte fQE30Xa expression vector
which contained théac promoter for protein induction and 6xHis TAG seqge for
purification (Figure 19A). 500 base pairs band show Figure 19B corresponded to
DNA fragment encoding for yCD obtained by PCR usspgcific primers. After TG1
E. coli bacterial strain transformation, several clonesewsolated and proved suitable

for yCD production.
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Figure 19. Expression of recombinant yCD.In (A), is depicted a schematic
representation of yCD expression vector, constdubteinserting the coding sequenge
for yCD into pQE30Xa plasmid, and expressed in B&ain ofE.coli. In (B) and (C)
are shown respectively, the PCR-DNA fragment cpoading to the expected 500
bases pair encoding for yCD and the immuno-bldhefpurified yCD protein.
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The clone exhibiting the best protein inductiorsviiarther characterized. The yield of
purified protein was about 10 mg, lusing metal chelate affinity chromatography. The
reliability of this novel expression system usedgmtein isolation and purification was
confirmed by biochemical investigation showing tly&D migrated at the expected

molecular weight of about 20 kDa (Figure 19C).

Selection and characterization of scFvH5 antibodypecific for yCD.

To isolate phage-displayed specific antibodiesalaquot of the human synthetic ETH-2
library containing approximately 1 x ¥0cfu phages was panned into Nunc-
immunotubes coated with 10 pg tof purified yCD. Non-specifically absorbed phages
were removed by intensive washing. Specific boulmaiges were eluted, amplified and
used for next panning as previously described (Witet al., 2000). By using this
protocol, we were able to isolate a phage-antiqmojyulation specifically recognizing
yCD protein after only three rounds of selectiotatiRg on agar of TG1 cells infected
with a pool of phage antibodies from third select@diowed individual clones harboring
phagemid to grow. Soluble scFvs derived from IPM@ucted colonies, were screened
by ELISA and several of them proved to be speddicyCD protein (Figure 20). One
of the most reactive scFv antibody clone, named WWas isolated and further
characterized under biochemical and genetic aspects

Western blot studies showed that scFvH5 recograzpsotein band of about 20 KDa
corresponding to the expected molecular weighthefpurified yCD protein (see Figure
20, inserted box). The genes encoding for variedggons of heavy (VH) and light (VL)
chains of the scFvH5 were sequenced, and their CB&tBesponding amino acid

sequence are shown in figure 21
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Figure 2C. Selection of yCD -specific scFvs . IPTG inductettterial supernatants o¢f
individual colonies from the third round of the E-PHselection on yCD protein, were
tested by ELISA in 96-well microtiter plates coateih the antigen. OD values higher
than three fold the value of negative control @@ed as positive. Negative and positive
controls positioned in wells 1-4 reacted as exgkcin the inserted box, the Western
blot of yCD protein detected by scFvH5 (one ofitingst reactive clones) is shown.
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Figure 21 CDR3 aminoacidic sequence of Vh and VI chains
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Determination of yCD activity. In order to determine the functional activity tbe
recombinant yCD, the ability of the enzyme to desate 5-FC was assessed by fluorine
NMR. This approach allowed simultaneous detectibthe substrate and the product
without interference by other compounds. FiguresB@ws thagafter 90 min 5-FC was
completely converted into 5-FU in the presencehefyCD. Absolute quantification of
the product was obtained by adding a known amolibtklJ to the reaction mixture at

the end of the experiment.
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Figure 22. Functional analysis of yCD by*“F NMR study. In (A) and (B) are show
respectively, the 5-FU formation (uImoles) duethie conversion of 5-FC by yCD an
representative spectra during the reaction at32063 and 80 min.

o 5

The specific yCD enzymatic activity was also asedsy spectrophotometric analysis
in order to determine nanomolar concentrationshef reaction product. Figure 23A
shows the initial velocity of the reaction whichrepresented by direction coefficient of

the line plotted placing concentration of forme&8-versus reaction time.
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In order to assess if the enzymatic activity of y@Bs affected by the presence of the
scFvH5 an identical experiment was performed irsgmee of the antibody. Figure 23B
shows that the rate of product formation was simdahat with free yCD, suggesting
that there was no apparent loss in enzyme actastg result of binding with scFvH5.

Identical results were obtained using the irralenscFvGO antibody (see Figure 9C).
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Figure 23. Spectrophotometry of yCD activity. In (A), amported the values of de
novo formed 5-FU (mM) obtained in presence of y@% ug mi*) and 5-FC (0.18
mM) during the first 9 min of the reaction. In (B)id (C) are reported the 5-FU values
obtained with identical reagents but in presenc® a§ mI* of the specific (scFvH5
or irrelevant (scFvGO) antibodies. Slope of linepresents starting speed of the
eaction. Correlation coefficient (R) indicates steength and direction of the linear
relationship between time and formed 5-FU.
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Cytotoxic assay.Using anin vitro model constituted by human LoVo cells, we
measured the enzymatic activity of the recombingD protein in converting the
antifungal agent 5-FC into the highly toxic anticancompound 5-FU. In parallel we
evaluated if co-incubation of the same reagentsh scFvH5 affected yCD function.
Figure 24\ shows that 2.ig mi* of yCD exerted a significative cell growth inhibh

of the human carcinoma LoVo cells in the presarice FC concentration ranging from
1 mg ml* and 10ug mr™*. In contrast, the co-incubation of yCD and 5-FGhwiarious
concentration of scFvH5 did not interfere with tbgtotoxic activity of de novo

generated 5-FU (Figure 24B).
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Figure 24. Inin vivo assay of yCD protein.In (A), LoVo cells were seeded in 96-wgll
plate (2500 cells/well) and cultured in BM for 4ydacontaining 2.5 pg mlof yCD in
presence of the indicated concentrations of 5-lRGB), the cells were culture at same
conditions but in BM containing 2.5 pg tbf yCD and 10 pg rifiof 5-FC in presence of
different concentrations of scFvH5 or the irrelevaeFvGO antibodies. Cell cytotoxicity
(due tode novoformed 5-FU) was evaluated by WST-1 assay andulzdéd as 4
percentage of survived cells. Values are reportetha mean of triplicate samples. The
bars indicate SD.
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DISCUSSION

Previous studies have demonstrated that significavitro andin vivo activities can
be obtained using mAb-yCD conjugates to converC5i#to the antitumor agent 5-FU
(Aboage EO et al.,1998; Wallace PM et al., 1994dwneral works mAb-enzyme fusion
protein was prepared using chemical cross-linkiemgents that react with amino acid
side chains on each individual protein of the cgajas (Bagshawe KD et al., 2006). In
general, the utilization of chemical procedures ttes been largely applied for ADEPT
resulted in reagents having an inherent lack o€ifipgy. The resulting conjugates are
composed of highly complex mixtures presumably wilying degrees of binding and
enzymatic activities. Differently, recombinant DNéchnologies offer the opportunity
to design and produce well defined molecules witariational activities (Glennie MJ
et al., 2003; Holliger P and Hudson PJ, 2005). Huma@noclonal scFvs derived from
phage display antibody library (Hoogenboom HR, 3088ord the opportunity of
developing a recombinant molecules maintainingathiggen-binding characteristics of
the scFv parental antibody together with the coenet of the desired enzyme (Carter
PJ, 2006). Such scFvs antibodies have been shovaiffdo advantages over whole
antibody with respect to tumor penetration andreleee from the circulation (Holliger
P and Hudson PJ, 2005). Furthermore, it is possibiese genetically such single chain
fragment variables to sequences encoding othertifumad domains, providing
molecules having multiple activities with minimate (Halin C et al, 2002; Ebbinghaus
C et al., 2005). Another advantage of geneticatigimeering single chain molecules of
minimal complexity is that such fusion proteins da@ produced using prokaryotic

expression systems which grow rapidly and inexpehgi (Hudson PJ, 2005).
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Recombinant fusion protein for ADEPT based on tlhen&nization of rabbit gene
encoding for scFv but retaining the rodent CDR’sd& C et al., 2000) and catalytic
activity of the monomer of CD has been already dlesd (Dekert PM et al., 2003). In
the present study, we describe that a fully huneiiv $scFvES8) to CEA was genetically
combined with yCD and expressed in E.coli systetis Tecombinant fusion protein
could be readily purified in native conditions bglldysates maintaining the functional
activities of parental molecules. Figure 16 e @¢abl show that CEA is identically
recognized by scFVE8 and scFVE8:yCD both in ELISW avestern blot analysis. In
contrast, flow cytometry investigation shows a dese in the binding level of
scFVES8:yCD in comparison with scFvES8. This diffezenn the CEA recognition on the
cell surface of living/intact cells may be due fachnical reasons, very likely to
different His tag exposition in chimeric proteimsdomparison with scF\WNonetheless,
taken together, the data reported in Figure 16 ianthble 4 demonstrate that the
parental and the conjugated scFVE8 to CEA posseskusspecificity. Thus, none of
the genetic manipulation appear to have impactethiget antigen specificitfhen, we
demonstrated that the simultaneous presence ofEScy@D and 5-FC generated a
toxic effect, resulting in increase in the 5-FC stwvity of human cancer Mel P5 and
LoVo cellsin vitro compared with the incubation of scFvE8yCD and 5af@he. Also
we observed that fusion protein maintained simdaicity of yCD in presence of 5-FC.
Further, pre-incubation of Mel P5 and LoVo cellshwscFVES:yCD followed by cell
washing and 4 days exposure to 5-FC resulted iellagrowth inhibition if compared
with the same treatment in presence of the irrelesaFvGO:yCD fusion protein (see
Figure 5). The yCD monomer of the fusion scFvES8:yiSorrectly expressed in the

E.coli system since the specific monoclonal antibimdyCD recognize the enzyme both
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in western blotting and ELISA studies. The functibactivity of scFvE8:yCD fusion
protein may depends either of the yCD monomer iorets formed after antigen
binding. While the homoexameric and dimeric streesuwof CD from bacteria and yeast
respectively, supports monomer activity (Ireton &G@l., 2002), both hypotheses above
reported would explain the lower catalytic activitiyscFvE8:yCD alone. The data here
reported and discussed indicate that this new By fusion protein meets several
criteria for a potential anticancer compound: & 8tFv antibody is fully human thus
substantially reducing the immunogenicity of theldconstruct, ii) the low molecular
weight (50 kDa) of the scFvVE8:yCD may have favoleatiffusion characteristics in
solid tumors (Christiansen J and Rajasekaran KM®420iii) it binds selectively and
with good affinity to a CEA epitope shared by CEA@A and CEACAMS5 isoforms
which is expressed on several malignancies inctudielanoma (Ebrahimnejad A et
al., 2004). This CEA epitope is a particularly attive target for immunotherapeutic
purposes because of its expression profile in sohabrs and low or absent presence in
normal adult tissues and in various normal humdls,cecluding distinct classes of
lymphocyte subpopulations and neutrophils (PavonetEal., 2006). A convincing
demonstration that such a complex system can bela®ad for clinical use requires
evidence that each of the components of the antibmmmplex functions by the
mechanisms proposed (Napier MP et al., 2000). ¢asbe provided by well defined
measurements including the concentration levelthefantibody-enzyme conjugate or
de novoexpressed enzyme, in plasma, tumour and heallbyeas (Connors TA et al.,
1995; Yazawa K et al, 2002). To allow the detectwdrCD expression at the protein
level, we raised a human monoclonal antibody iglsirthain fragment (scFv) format

against a recombinant CD from yeast (yCD) throadgiuman fagic library ETH2

80



This antibody fragment proved to be functionallyivaein NMR and inin vitro studies
to convert the antifungal drug 5-FC into the antagx compound 5-FU. The specificity
of the human scFv was confirmed by Western blot Bb&SA analysis. With this
antibody, yCD expression can now be monitored withoterfering with its enzymatic
function in ADEPT, in GDEPT (gene direct enzymeditm therapy) and other studies
leading to the effect of the so called tumour afigali protein expression and targeting
(TAPET) to localize in vitro and in vivo generatiasf the anticancer agent 5-FU
(Hedley D et al., 2007). Since its particular generigin, the scFvH5 can be easily
genetically engineered to construct a whole humatibedy with a predefined 1gG
subclass, for selective removal of mAb-yCD conjegabm the circulation, without
interfering with the enzyme function. Differentlyitv other mAbs to CD generated by
hybridoma (Coelho V et al., 2007) or recombinantAtéchnologies (Kerr DE et al.,
1993), the scFvH5 is the first fully human monoebantibody in scFv format so far
described which is able to detect yCD protein iffecent routinary laboratory
techniques. Hence, this antibody may representexaellent candidate for in vivo
detection and measurement of the CD complex iriuthiee development of CD —based
selectively guided tumor therapyin conclusion, in this work we have described aahov

immunoprotein exerting specific catalytic function tumor target cells naturally resistant to
chemotherapy. This recombinant fusion protein, B&FyCD, conosts of the human scFVvES to
CEA and yCD enzyme relying on the ability to coriiar less toxic substrate 5-FC (currently
administrates for the treatment of opportunistitedétions) to 5-FU (Schiel X et al., 2006).
However further studies conducted in in vivo animaddel are necessary to demonstrate the
anti cancer potentiality of such strategy charaxgerby selective delivery of inert prodrug into

potent antin tumor agent.
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