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RESUME SUBSTANTIEL

En dépit des progres considérables apportés au cours des trente derniéres années
au diagnostic et au traitement du cancer, les statistiques indiquent que les thérapies
actuelles ne procurent qu’une probabilité de survie de cinq (5) ans dans environ 40% des
cas. Actuellement, la méthode de choix pour le traitement de la majorité des cas de
cancer est la chirurgie, suivie de la radiothérapie et de la chimiothérapie. Cependant, ces
traitements ne permettent pas de traiter certains des cancers les plus fréquents en plus de
causer des effets secondaires sévéres reliés a leur utilisation. Plusieurs raisons peuvent
expliquer I’échec de ces traitements. D’abord certaines tumeurs ne peuvent étre traitées
en raison de leur localisation ou de leur dispersion métastatique, mais également a cause
de leur faible sensibilité a la radiothérapie ou a la chimiothérapie. En outre, ces méthodes
ne sont certainement pas idéales pour le traitement des néoplasies considérant la
morbidité qui leur est associée.

En conséquence, de nombreuses autres approches ont été tentées dans le but
d’améliorer le taux de survie des patients a haut risque de récidive. Ces approches
incluent I’immunothérapie seule ou en combinaison avec la chimiothérapie.

L’hypothése de I’utilisation du systéme immunitaire pour éradiquer une tumeur
n’est pas nouvelle. Il y a plus de cent ans, William Coley (en 1893) était le premier a
publier une étude montrant qu’une activation non-spécifique du systéme immunitaire a
I’aide de toxines bactériennes pouvait causer une régression tumorale (sarcome
métastatique). Les bienfaits de la «toxine de Coley» demeurent encore controversés mais
il reste que ce chercheur avait clairement démontré une régression tumorale ainsi qu’une
survie prolongée chez certains patients. Les efforts héroiques de Coley lui ont valu le titre
de « Pére de I’'Immunothérapie », bien avant que les principes fondamentaux de
I’immunologie ne soient élucidés.

Avec les progres récents accomplis dans 1’élucidation du mécanisme d’action du
systéme immunitaire et le développement de la technologie des hybridomes, le concept
stipulant que !’immunothérapie représente un outil thérapeutique valable pour le
traitement du cancer est devenu une réalité. L’avénement des anticorps monoclonaux

(AcMo) a permis le développement de thérapies ciblant directement la tumeur, que ce



il

soit par le biais de mécanismes effecteurs anticorps-dépendant ou d’immunoconjugués
(par exemple, une drogue, un isotope ou une toxine couplé a un anticorps). Au cours des
quinze ou vingt derniéres années, les AcMo sont passés du laboratoire aux essais
cliniques pour le traitement d’un grand nombre de cancers variés. Plusieurs AcMo sont
maintenant en phase clinique avancée et pourraient étre introduits sur le marché au cours
des prochaines années. Ces résultats sont sans nul doute impressionnants; toutefois,
I’utilisation des AcMo comporte encore plusieurs contraintes physiques, biologiques et
immunologiques pouvant limiter leur utilité clinique.

Le travail décrit dans cette thése porte sur [’identification de molécules
peptidiques pouvant étre utilisées dans la thérapie anti-cancer. Cette étude a débuté a une
période ou les progrés en biologie moléculaire (banques peptidiques aléatoires ou BPAs)
permettaient de développer des outils permettant de surmonter plusieurs difficultés. Les
BPAs exprimées & la surface de phages filamenteux sont des outils versatiles pour
identifier des épitopes détectés par des anticorps monoclonaux et autres molécules de
liaison. Les séquences d’épitope, obtenues a partir du criblage de ces banques avec des
anticorps, montrant de surcroit une divergence de séquence significative avec I’antigéne
originel, sont appelées mimotopes. Les mimotopes peptidiques sont d’un intérét
considérable a cause de leur utilisation potentielle pour le développement de vaccins anti-
cancer. Toutefois, il y a encore peu de données disponibles sur le potentiel des
mimotopes a induire une réponse humorale pouvant reconnaitre 1’antigéne originel. De
méme, il y a encore peu d’information disponible sur le mécanisme d’action des anticorps
anti-mimotope.

Bien que I’expression sur un phage (phage display) méne a plusieurs applications,
le but de ce projet de doctorat était de découvrir des mimotopes pouvant étre reconnus
par I’AcMo murin BCD-F9 et d’utiliser ces mimotopes comme outil d’immunothérapie
dans un modéle de xénogreffe sur souris nue. Bien que le travail présenté porte
principalement sur le traitement du fibrosarcome humain, les concepts peuvent étre
appliqués a tous les types de tumeurs. Les implications de la découverte des mimotopes
dans la compréhension des mécanismes d’action de la glycoprotéine-P (P-gp) sont aussi

décrites.
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Nous avons démontré que I’épitope reconnu par I’AcMo BCD-F9 n’était pas
restreint aux lignées cellulaires de cancer du sein. Les observations décrites dans cette
étude suggérent que cet épitope est aussi présent en plus ou moins grande quantité a la
surface de plusieurs d’autres lignées cellulaires néoplasiques: carcinome du colon,
sarcome, lymphome et leucémie. Leur réactivité commune avec BCD-F9 implique que
ces lignées cellulaires partagent un antigéne de surface ou expriment différentes
molécules portant des épitopes a réactivité croisée.

La réactivité de I’AcMo BCD-F9 avec le fibrosarcome humain HT-1080 nous a
permis d’utiliser cette lignée cellulaire pour I’étude des propriétés anti-tumorales de
BCD-F9 dans un modéle expérimental animal. Nos résultats ont montré que I’inoculation
i.v. répétée de BCD-F9 a des souris nues CD-1, chez lesquelles les cellules HT-1080
étaient transplantées, réduisait de maniére significative la croissance tumorale chez les
animaux transplantés par voie s.c.. Ce méme traitement abrogeait complétement le
développement de métastases pulmonaires des souris transplantées par voie i.v.. Nos
études in vitro de la lyse BCD-F9-dépendante de cellules HT-1080 ont confirmé que la
cytotoxicité cellulaire anticorps-dépendante (ADCC) et la cytotoxicité anticorps-
dépendante médiée par le complément (ADCMC) peuvent étre impliquées dans I’activité
anti-tumorale observée chez les animaux traités avec le BCD-F9. Le large spectre de
lignées néoplasiques reconnues par BCD-F9 suggére que cet AcMo pourrait étre un agent
immunothérapeutique efficace. A cet égard, il serait intéressant de répéter avec d’autres
cellules tumorales humaines les expériences examinant ’effet de BCD-F9 sur la
croissance du fibrosarcome HT-1080 et les métastases en originant.

Nous avons également utilisé I’AcMo BCD-F9 pour identifier a I’aide des BPAs
des peptides pouvant simuler I’épitope reconnaissant cet anticorps. Le phage choisi
exprimait le peptidle GRRPGGWWMR, qui pouvait se lier & I’AcMo BCD-F9.
L’immunisation de lapins avec ce peptide-mimotope synthétique induisait des anticorps
polyclonaux (AM-F9) capables de bloquer la liaison d’AcMo BCD-F9 aux cellules
tumorales HT-1080. A I’aide d’un modéle de métastases pulmonaires agressives, nous
avons démontré que 1’administration i.v. de I’AM-F9 prolongeait significativement la
survie de souris nues CD-1 inoculées i.v. avec des cellules de fibrosarcome humain HT-
1080.
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Ces observations initiales ont été suivies d’une autre étude examinant les
propriétés de I’antisérum AM-F9. Nous avons démontré que le traitement avec AM-F9
inhibait de maniére significative la croissance des cellules tumorales HT-1080 inoculées
s.c. a des souris nues CD-1. Nous avons aussi étudié 1’activité anti-tumorale de I’AM-F9
in vitro 4 ’aide d’essais ADCMC et ADCC. Nous avons démontré que, dans ce modele,
I’ADCMC jouait vraisemblablement un réle majeur dans la lyse des cellules tumorales.
Ces observations suggérent que les mimotopes peptidiques induisent une réponse anti-
tumorale bénéfique et peuvent ainsi étre utilisés pour I’immunothérapie.

Les mimotopes peptidiques sont aussi importants pour la simulation de la liaison
de substances non-protéiques, telles que des drogues chimiothérapeutiques a faible poids
moléculaire. Nous avons donc utilisé les banques de phages pour identifier des ligands
peptidiques pouvant se lier aux drogues MDR, simulant de ce fait I’activité de liaison de
la P-gp. Nous avons démontré que les phages exprimant des peptides, contenant la
séquence canonique WXXW, se liaient & des drogues de type MDR (vinblastine,
doxorubicine, vérapamil et génistéine) avec la méme sélectivité que la P-gp mais
n’interagissaient pas avec des drogues de type non-MDR, telles que I’arabinosylcytosine
(Ara-C) et le melphalan. Nous avons aussi démontré qu’un anticorps polyclonal obtenu
contre le phage exprimant le peptide VCDWWGWGIC pouvait reconnaitre de maniére
spécifique la P-gp dans la fraction membranaire de cellules MCF-7ADR a phénotype
MDR. Les séquences se liant aux drogues MDR que nous avons identifiées dans ce
travail fournissent un outil important pour le design et le criblage de nouveaux agents

chimiothérapeutiques.
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ABSTRACT

The advent of mAbs has allowed the development of tumor directed therapies
utilizing antibody-dependent effector mechanisms and immunoconjugates (e.g. drug,
isotope and toxin coupled antibodies) against human malignancies. Random peptide
libraries displayed on the surface of filamentous phage are a versatile tool for identifying
protein epitopes detected by monoclonal antibodies and other binding molecules. Epitope
sequences derived by screening these libraries with antibodies, which show significant
sequence divergence from the native antigens, are also referred to as mimotopes. Peptide
mimotopes are of considerable interest because of their potential for use in anti-cancer
vaccine development. However, there are limited data on whether mimotopes so derived
can induce a humoral response that recognizes native antigens. Also, at the present time,
very little information is available on the mechanism of action of any of the anti-
mimotope antibodies. To this end, we constructed phage epitope libraries and screened
them with a mouse monoclonal antibody BCD-F9 (mAb). Hereafter, we report that (1)
the phage that was selected encoded for the unique sequence GRRPGGWWMR
representing the peptide capable of binding to the BCD-F9 mAb. (2) Polyclonal
antibodies (AM-F9) generated by immunization of rabbits with this synthetic peptide
specifically bound to HT-1080 cells and inhibited the binding of the BCD-F9 antibody to
these cells. (3) Using an aggressive lung metastatic model, we demonstrated that AM-F9
administrated i.v. significantly prolonged the life span of CD-1 nude mice inoculated i.v.
with HT-1080 human fibrosarcoma cells. (4) We also showed that the administration of
AM-F9 to CD-1 nude mice inoculated s.c. with HT-1080 cells led to a significant
inhibition of tumor growth. (5) We also investigated the anti-tumor activity of AM-F9 in
vitro in ADCMC and ADCC assays, and demonstrated that, in this model, ADCMC is
likely to be a major mechanism responsible for tumor cell killing. These results indicate
that peptide mimotopes can potentially be used as a novel immunotherapy to induce a
beneficial antitumor response.

Peptide mimotopes are also of importance in mimicking the binding of non-
proteineceous substances such as, for example, low molecular chemotherapeutic drugs.

We used therefore phage display libraries to generate peptide ligands that can bind MDR



Xvi

drugs mimicking, in this respect, the drug binding activity of P-glycoprotein. We showed
that (6) the phages expressing the peptides, which contain the core consensus motif
WXXW, bound MDR type drugs (vinblastine, doxorubicin, verapamil, and genistein)
with the same selectivity as P-glycoprotein and did not interact with non-MDR type
drugs, such as arabinosylcytosine (Ara-C) and melphalan. (7) Most importantly, we
showed that monospecific antibody obtained against the phage expressing
VCDWWGWGIC peptide could specifically recognize P-glycoprotein in the membrane
fraction of MDR phenotype MCF-7ADR cells. The MDR drug-binding sequences
generated during this work could provide an important tool for design and screening of

new chemotherapeutical agents.



INTRODUCTION



Cancer now affects a large percentage of the population and although it can occur
at any stage in the life of individual, most patients are middle-aged or older (1). Despite
considerable advances in the diagnosis and therapy of cancer over the last 30 years, the
statistics indicate that current cancer therapies only provide a 40 % probability that a
patient diagnosed with cancer today will be alive in 5 years time (2).

At the present time, the accepted method for treating majority of the cancer
clinical cases relies on the surgery, following by use of radiation or chemotherapeutic
agents. These approaches fail to cure many of the most prevalent cancers, and often have
serious adverse effects associated with their use. There are numerous reasons for the
failure of these treatments; tumors that cannot be resected because of their location or
metastatic spread, and poor sensitivity to radiation and/or chemotherapy. The severe
morbidity that is often associated with the use of chemotherapy and radiotherapy often
makes them less than an ideal form of therapy. Therefore, a number of other approaches
have been tried in an effort to improve survival rates among patients at high risk for
recurrence of tumor. These include immunotherapy alone or in combination with
chemotherapy.

The idea of using the immune system to eradicate tumor is not new. Over 100
years ago, William Coley (in 1893) first reported on the ability to induce tumor
regressions (metastatic sarcoma) by nonspecific activation of the immune system in
response to bacterial toxins (3). The overall benefit of “Coley's Toxin” remains
controversial, but there were clearly patients who showed tumor regression with
prolonged survival. Coley's heroic efforts earned him the title of “Father of
Immunotherapy”, long before the principles of immunology were recognized.

With recent advances in our understanding of the immune system, and the
development of hybridoma technology (4), the concept of immunotherapy being a useful
therapeutic intervention for the treatment of cancer is becoming a reality. Over the last
two and one half decades, monoclonal antibodies (mAbs) have moved from the
laboratory to clinical trials for the treatment of various malignancies. (5-9). Several mAbs
are currently entering advanced clinical trials and should appear on the market in the next
few years (7,10,11). Indeed, the first mAb for cancer therapy was approved in the U.S. in
1997 (12).



Although these results are undoubtedly impressive, the use of mAbs, however,
revealed many physical, biological, and immunological factors that have limited their
clinical utility. This study was initiated at a time when advances in molecular biology
(phage display) have provided tools to overcome many of these difficulties. While phage
display has many diverse applications, the aim of this doctoral project was the discovery
of mimotopes recognized by mAb BCD-F9 and their use in the immunotherapy in a nude
mouse xenograft model. The work is presented as it relates mainly to the treatment of
human fibrosarcoma, however, the concepts can be readily generalized to all tumor types.
The implications of mimotope discovery in the understanding of the mechanism of action
and function of P-glycoprotein (P-gp) are also described.

This thesis is divided into 6 chapters. The first chapter of this doctoral project
presents a concise literature review concerning therapeutic antibodies, random peptide
libraries (RPLs), and multidrug resistance. The results obtained during the course of this
study are presented as 4 scientific articles, which have been published or submitted for
publication. That replaces the Materials and Methods, Results, and Discussion sections of
the classical doctoral thesis. It should be noted that these 4 chapters are formatted
according to the particular journal's specifications as they were submitted with two minor
exemptions. The position of figure legends and the format of references are presented in
the classical doctoral format as means of standardizing the thesis presentation. Finally,
the thesis ends with a general discussion and conclusion, reflecting a brief analysis of the

major results obtained during the course of this research project.
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CHAPTER 1

Literature Review



1. THERAPEUTIC ANTIBODIES

1.1 Introduction

The discovery by Kohler and Milstein, in 1975, of a method of producing rodent
mAbs of defined specificity by in vitro hybridization of immune spleen cells and
myeloma cells allows the isolation of large amounts of pure and specific antibodies, thus
intensifying the efforts in the use of antibodies for the detection, diagnosis and treatment
of cancer as well as other diseases (1).

Although originally used in their natural form, mAbs are now used as fragments,
chemically modified, chimeric and humanized forms. In addition, mAbs have been
coupled to a variety of “warheads” such as toxins, drugs, enzymes, radionuclides,
cytokines, superantigens, and drug-filled liposomes. Their applications extend to the
fields of immunohistochemistry, isotopic and non-isotopic immunoassays, imaging of
infarcts, atherosclerotic plaques, and cancers, immunotherapy of autoimmune diseases,
graft-versus-host diseases, and asthma, prevention and reversal of allograft rejection, and
most importantly the diagnosis and therapy of cancers (2-8).

The potential use of mAbs as powerful therapeutic tools in the treatment of cancer
lies in their ability to recognize and specifically bind to the target antigens expressed by
tumor cells. The variable regions (Fab) determine their antigen-binding specificity,
whereas their constant regions (Fc) convey their capacity to interact with immune
effector cells and classical pathway of the complement system (9). Since antibodies are
clearly able to function in vivo after passive or active immunization, particularly against
infectious disease, the question may be asked as to the therapeutic efficacy of passively
administered mAbs against cancer. Passive immunization with antibodies may have an
advantage in the initiation of tumor destruction, since it can occur within minutes to
hours of antibody infusion. The use of specific mAbs that are capable of activating
natural killer (NK) cells through antibody-dependent cellular cytotoxicity (ADCC)
appears to be a method of treatment coming into favor. The present review is limited to
antibodies that are used in an unconjugated or “naked” form as passive immunotherapy

Or as vaccines.



1.2 Antigenic Targets

There are a number of terminologies to define tumor antigens. The most accurate
description overall is tumor-associated antigens which involves a number of oncofetal
developmental antigens which may be expressed, e.g. CEA. Some antigens are more
specific to tumors than normal cells, such as tumour specific antigens, which can include
exogenous viruses that drive the tumor e.g. EBV and lymphoma, HPV and cancer of the
cervix. Although a full description of the tumor antigens is beyond the scope of this
review, Table 1 lists some examples from several hundred antigens described to date

(10,11).

Table 1.1. Tumor Antigens

Tumour-associated antigens (wide spectrum of affinity and tolerance)

1. Cancer testes antigens - restricted to primitive germs cells of the testes and following
activation of expression in a number of tumors: MAGE-1-3, GAGE, BAGE, RAGE,
PAGE, NY-ESO-1, ORF1-2, and many similar others

2. Differentiation antigens - normal tissues with altered expression on tumor cells:
MART-1/Melan-A, gp100, tyrosinase, TRP-1-2, HER2/neu, CEA, MUC

Tumour-specific antigens (high affinity and no tolerance)

1. Viral antigens - associated with tumour pathogenesis: EBV - lymphoma, HPV -
cervix, HBV/HCC - hepatoma (liver cancer)

2. Mutation antigens - specific tumor and not other tissues: ras, p53 ber/abl, CDK4,
MUM-1, B-CATENIN, Caspase 8

In oncology, tumor-associated antigens are usually considered as good targets for
the delivery of anti-cancer therapy, and mAbs directed at such antigens are increasingly
being considered as important biological reagents. There is also a general consensus that
most of the target antigens are essentially normal structures that are expressed in higher

density, in an overt fashion, and in an atypical tissular context on tumor cells. A variety



of cell surface proteins have been used as targets for mAbs. In the case of cancer cells,
the only truly tumor-specific antigens described are the clonally expressed receptor
idiotypes on B-cell lymphomas. Unfortunately, the use of anti-Id mAbs to treat lymphoid
cancer is limited by the need to create custom-made mAbs against the tumor for an
individual patient or a small group of patients (12).

Accordingly, most investigators have used differentiation antigens, growth factor
receptors, oncofetal antigens, unique carbohydrate antigens, or altered normal antigens as
targets for immunotherapy (2,13,14). Such antigens are tumor selective rather than tumor
specific, that is, they are present in higher densities on tumor cells when compared to
normal cells. Unfortunately, antigen expression on tumors is neither uniform nor static,
and heterogeneity is the rule rather than the exception. This property of tumor cells
provides a potential mechanism for resistance, mainly because a small percentage of
tumor cells will always lack the target antigen. Moreover, antigenic modulation, or the
down-regulation of antigen expression after mAb binding (via internalization), could also
provide another mechanism for resistance (11). Accordingly, affinity binding, molecular
size, antibody form, and antigen expression on the tumor cells are among the features that
can now be manipulated to increase the effectiveness of these antibodies for tumor

targeting (15).

1.3 Effector Functions

Different unconjugated or “naked” mAbs can induce antitumor activity by
mechanisms that include the activation of the effector cells of the immune system, and/or
the fixation of the complement (Figure 1.1). The former, called ADCC, depends on the
ability of lymphocytes, macrophages, and granulocytes to recognize the Fc region of the
tumor cell-bound antibody (F igure 1.1A). The latter, called antibody-dependent
complement-mediated cytotoxicity (ADCMC), involves activation of the complement
membrane attack complex (MAC, C5b-9) that eventually punches holes in the plasma
membrane of the target cells (Figure 1.1B). Unfortunately, one of the inherent
weaknesses of using murine mAbs to treat humans is their inability to effectively activate
human ADCC or ADCMC mainly because of structural differences between the Fc

portions of the mouse and the human immunoglobulins (16). Of the different subclasses
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Figure 1.1. Mechanisms of mAb-Mediated Killing.

(A) ADCC: After binding to the membrane of the targeted cell, the Fc portion of the mAb
binds to Fc receptors on effector cells such as NK cells, or macrophages. This triggers
their lytic machinery leading to death of the tumor cell. (B) ADCMC: mAbs bind to the
membrane of the tumor cell. The first component of C binds to the Fc portion of the
mAb, and complement activation is initiated. This leads to disruption of the cell
membrane, resulting in lysis of the cell. (C) Negative signaling: Hypercrosslinking of a
membrane component by the mAbs activates intracellular signaling pathways in the
tumor cell that result in CCA or apoptosis.
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of mouse IgG, IgG2a appears to be the most efficient immunoglobulin subclass in
mediating human ADCC, whereas IgG3 mediates potent complement-mediated cytolysis
(17,18). Human IgG1 and IgG3 subclasses are activators of the complement system and
efficient mediators of ADCC (19). However, regardless of its subclass, each mAb has a
potentially different ability in the complement activation (20).

Recently, it has been shown that mAbs can exert antigrowth activity by signaling
Go/G cell cycle arrest (CCA) or apoptosis (Figure 1.1C). The best example of such a
mAb is anti-Fas ligand that signals apoptosis in all Fas+ cells (21,22). However, because
of its ubiquitous expression, administration of anti-Fas antibody is lethal. Tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a more recently identified
member of the TNF superfamily that has been shown to selectively kill neoplastic cells
by engaging two cell-surface receptors, DR4 and DR5 (23,24). Mitsiades et al. have
found that in most cases of thyroid carcinoma cell lines were resistant to Fas cross-
linking, yet sensitive to TRAIL, thus concluding that targeting TRAIL receptors may
provide a potential new therapeutic modality for thyroid cancer (25). Other mAbs can
induce CCA or apoptosis, particularly when used as homodimers that hypercrosslink their
antigenic targets (26). Both anti-CD19 and anti-CD22 induce CCA in several Burkitt
lymphoma cell lines both in vitro and in mice xenografted with human tumors (27,28).
Anti-Id mAbs are also thought to be effective therapeutic agents mainly because of their
ability to negatively signal tumor cells leading to CCA and apoptosis. This was
demonstrated by an increased tyrosine phosphorylation in tumors from responding
patients (29).

A further mechanism of antitumor activity of mAbs is receptor blockade, since
many tumor cells acquire autonomy with respect to growth factor dependence (30).
Cytostatic or cytotoxic effects can result from the binding of a mAb to growth factors or
cellular growth factor receptors. Such binding blocks the relevant receptor and could
interrupt autocrine feedback loops (31). For example, many adult carcinomas depend, in
part, on the autocrine or paracrine effects of epidermal growth factor (EGF) or
transforming growth factor-o. (TGF-a). As a result, a large number of anti-EGF receptor
mAbs demonstrates antitumor activity in cancers of the breast, vulva, cervix, and in

squamous cell carcinomas (31). Other mAbs targeting various cell surface growth factor
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receptors have also been shown to effectively induce CCA or apoptosis in tumor cells
(32-34).

1.4 Types of Monoclonal Antibodies

The majority of mAbs is murine in origin and so are immunogenic to humans
leading to the development of human anti-mouse antibodies (HAMAs) (13,18). The
development of HAMA usually occurs within 1 to 4 weeks and frequently results in an
accelerated clearance of subsequently administered mAb (35). This can also result in
toxic side effects, such as serum sickness or anaphylaxis.

It has proven difficult to generate human mAbs and, as a result, genetic
engineering methods have been applied to construct antibodies that resemble human
immunoglobulins but retain the antigen-binding characteristics of murine mAbs (36). The
genes encoding the murine Fab variable regions were combined with the genes encoding
Fc constant regions of the human immunoglobulins to create chimeric mAbs. Such
molecules maintain the antigen specificity of the murine antibody while displaying the
effector properties of the human Fc portion (37). In order to reduce further the
immunogenicity of the antibody, the murine antigen-binding complementarity-
determining regions (CDRs) have been combined with human V-region framework
determinants to produce molecules that very closely resemble human immunoglobulins
(humanized antibodies) (38,39). However, even when humanized, the Fc region of an
antibody has several disadvantages, including nonspecific uptake by Fc receptors and
poor pharmacokinetics (40).

To overcome these limitations in the use of mAbs, fragments of antibodies can be
prepared by an enzymatic digestion that cleaves off the Fc portion and results in the
creation of a bivalent antigen-binding F(ab’), fragment or a monovalent Fab fragment
that contains intact immunoglobulin-binding sites (41,42). Additionally, single-chain
antigen-binding proteins scFvs, consisting of the variable regions of the heavy Vy and
light Vi chains joined by a peptide linker, can be produced by gene cloning (43). In
general, all these molecules retain the antigen-binding specificity of the parental mAb but
have more rapid plasma clearance and reduced immunogenicity (44). Their significantly

smaller size results in easier penetration of solid tumor sites and more rapid equilibrium
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with the extra-vascular space. Therefore, clinically, antibody fragments appear to be more
appropriate for delivering cytotoxic molecules to the tumor area (45). Various mAb

constructs are diagrammed in Figure 1.2.

1.5 Clinical Applications

Clinical trials with mAbs began in the late 1970s, primarily in patients with
hematological malignancies. The first successful results were obtained using anti-Id
mAbs, where impressive, long-lasting responses were induced in patients with Non-
Hodgkin’s lymphoma (NHL) (12). Other successful results were reported using anti-1L-2
receptor mAbs in T-cell acute lymphocytic leukemia (13,46). A major and important
demonstration of the efficacy of a mAb in minimal residual cancer (MRC) was achieved
using an anti-epithelial cell mAb in patients with Stage III colorectal cancers. Following
surgical resection, mAb therapy reduced the overall death rate by 30% and decreased the
recurrence rate by 27% even in the absence of chemotherapy (47).

Experience with unlabeled mAbs has clearly demonstrated that therapy is rarely
associated with toxicity even when HAMAs are present, although in rare instances
circulating immune complexes can lead to serum sickness and organ damage. Humanized
and chimeric mAbs were much less immunogenic in patients. Murine/human chimeric or
humanized mAbs have been developed for the treatment of NHL, renal cell carcinoma,
ovarian carcinoma, breast cancer, melanoma, and neuroblastoma (48). Efficacy has been
seen in clinical trials using antibodies that target tumor cell surface antigens such as B-
cell idiotypes, CD-20 on malignant B cells, CD33 on leukemic blasts, and HER2/neu on
breast cancer. Unconjugated immunoglobulins directed against CD20 (Rituximab) induce
partial and complete responses in up to 50% of patients with advanced, indolent non-
Hodgkin’s lymphoma. When such antibodies are conjugated to radionuclides, complete
and overall response rates are between 80 and 100% (49). Conjugates composed of anti-
CD33 antibodies and the chemotherapeutic agent calicheamicin, show promising activity
in patients with relapsed or refractory acute myelogenous leukemia. Treatment of patients
with advanced breast cancer using anti- HER2/neu antibody (Transtuzumab) leads to
objective responses in some patients with overexpression of the HER2/neu oncoprotein.

These exciting results provide a basis for further refinement of the existing approaches to
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develop new antibody-based cancer therapy (48). Ongoing Phase II and III trials with a
variety of mAbs should lead to the approval and marketing of several drugs in the next 5

years.

1.6 Conclusion

In summary, mAbs are currently widely used for diagnostic purposes. However,
advances in hybridoma technology and gene-splicing techniques have led to the
formation of chimeric mAbs, which exhibit enhanced antitumor activity, decreased
immunogenicity and a very favorable toxicity profile (50). Radiolabelled mAbs can
induce durable remissions in lymphoma with toxicity limited largely to bone marrow
suppression. Standard treatment options for B-cell lymphoma will soon include antibody-
based therapies. A large number of genetically engineered human mAbs are presently in
phase I, II and III clinical trials for cancer therapy (51). Further basic and clinical
research is needed so we can understand more thoroughly the mechanisms responsible for
the observed antitumor effects, and explore more extensively the best approach for their

clinical use.
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2. RANDOM PEPTIDE LIBRARIES

2.1 Introduction

In the past few years, rapid advances have added new dimensions to the
experimental strategies used to identify and characterize the binding of ligands to
receptors (52,53). These new technologies are based on a common theme: the preparation
of mixtures (repertoires) of very large numbers of molecules (peptides, oligonucleotides,
or others) that have randomized sequences or structures. Among the “genetic”
repertoires, the system that has received most attention, primarily because of its
simplicity and versatility, is the so-called “phage display of peptides”, which is based on
the unique properties of the filamentous phage strains M13, fd, and f1. While phage
display has many diverse applications, the present review describes the construction of
different RPLs and their use in the discovery of mimotopes (peptides that bear no
sequence similarity to the antigen recognized by mAbs). The implications of mimotope
identification with regards to the discovery and the development of novel drugs and

vaccines will also be discussed.

2.2 Epitope Definition

The use of combinatorial repertoires has greatly facilitated the mapping of both
continuous and discontinuous epitopes, and the discovery of novel ligands or mimotopes
(54-56). Classical epitope mapping requires a set of overlapping synthetic peptides
spanning a region of the antigen, or a set of deletions obtained by genetic manipulation of
the antigen-coding gene. If a peptide is found to react with the antibody, the epitope is
declared to be linear or continuous. By contrast, if a reacting peptide could not be
identified, by default, the epitope is declared to be discontinuous, and deemed to be made
up of amino acids that are closely located in space, but far away in the primary sequence.

This distinction, apart from its validity as an operational definition, is clearly an
oversimplification. Actually, epitopes defined structurally on the basis of the three-
dimensional structure of the antigen-antibody complex were found to be composed of
stretches of contiguous amino acids, as well as by amino acids that are distant in the

primary sequences (57). Accordingly, “complete” epitope (i.e., the ensemble of all amino
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acids that make contact with the antigen-binding sites) are probably all discontinuous to
some degree. However, as a result of the indirect techniques used for defining them,
epitopes are classified as continuous if the amount of binding energy involving only
contiguous amino acids is sufficient, by itself, for the formation of an antigen-antibody
complex.

Sometimes, the consensus sequence of selected peptides cannot be found in the
sequence of the natural antigen. In these cases, it is possible that the peptides
(mimotopes) are mimics of discontinuous stretches of natural epitopes (58-60). A new
generation of anti-cancer vaccines could simply consist of a cocktail of mimotopes,
perhaps including peptides that mimic the carbohydrate moiety of glycoproteins or
complex epitopes, selected using tumor-specific mAbs. The phage itself is an excellent
immunogen, even when injected without adjuvant, eliciting a T-cell-dependent response

against the displayed epitope (61,62).

2.3 Display System

Phage display is a biological system that facilitates the cloning and rapid selection
of peptides from RPLs. Filamentous phages are flexible rods about 1 pm long and 6 nm
in diameter, composed mainly (87% by mass) of a tube of helically arranged molecules
of the 50-residue major coat protein pVIIL; there are 2700 copies in wild-type virions,
encoded by a single phage gene VIII. Inside this tube lies the single-stranded viral DNA.
At one tip of the particle there are five copies each of the minor coat proteins plIII and
pVI (genes III and VI, respectively); minor coat proteins pVII and pIX (genes VII and
IX) are at the other tip (63).

In 1985, Smith showed that the genome of a filamentous phage fd could easily be
manipulated to obtain phage particles displaying foreign epitopes on their surface (64).
Foreign peptide sequences can be fused to the N-terminus of either pllI (65-67), a minor
coat protein present as 5 copies at one tip of the virion, or the major coat protein pVIII
(59,68) (Figure 1.3). The displayed epitopes are recognized by the corresponding
antibodies. This observation stimulated further research in this area, and has culminated

in the use of the phage-display technology in a variety of applications (69-71).
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Figure 1.3. Schematic Representation of the Filamentous Phage.

The insert DNA is fused to the N-terminus of gene III resulting in the display of foreign
peptide fused to the phage coat protein pIII. DNA can also be fused to gene VIII to allow
the display of peptides on pVIII (not shown).
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RPLs have been constructed by cloning random oligonucleotide sequences in
frame with the genes encoding the capsid proteins; consequently, each phage displays a
different peptide as a fusion protein on its surface. Displayed peptides are able to bind
their ligand and are thus selectable by affinity purification. In contrast to the chemical
combinatorial approach, the power of the biological system lies in the ability to propagate
clones through multiple rounds of selection. This is particularly useful since modified
selective pressure or additional diversity can be introduced in each round, Moreover,
once made, biological libraries can be endlessly regenerated. As noted by George Smith,
phage display is a practical realization of “in vitro evolution of chemicals” (63).

A wide range of RPLs has been constructed. These libraries differ in the length
and in the form of displayed peptides. In “linear” libraries, no structural constraints are
imposed on the peptide, allowing the peptide to adopt many different conformations.
Peptide flexibility can also be improved by engineering constant residues into the
flanking regions of the peptide. For example, glycine, alanine or proline residues have
been introduced as peptide linkers to optimize the peptide presentation on the phage (65-
67,72,73). To increase the diversity of the library, peptides ranging from 6-mer to 43-mer
have been displayed (65,67,74,75). Long peptides are more likely to assume a folded
structure that may be required for binding to a target molecule. A long peptide can also
be considered as a series of overlapping smaller peptides with variable adjacent amino
acids, thus increasing the structural diversity. For example, a 38-mer peptide contains 32
overlapping 7-mer sequences, each with different flanking regions. This further means
that all possible 7-mer can now be represented in a 38-mer library whose size is only 10®
which is 32-fold smaller than that required for a normal 7-mer library (75).

In an earlier review of epitope mapping of mAbs using RPLs, it was reported that
approximately half of all the mAbs used failed to select specific sequences (76,77). The
major cause of this problem was attributed to the difficulty of mimicking discontinuous
epitopes with linear, unconstrained peptides. To overcome these problems, “constrained”
RPLs were constructed by placing two cysteine residues on both sides of the random
peptide sequence (59,78,79). This results in the formation of a disulfide bond and the
presentation of peptide in a loop form. It is also possible to place the cysteine residues at

different sites within the random peptides to introduce internal constraints (75,80).
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There are several advantages in using conformationally constrained peptides.
Firstly, a constrained peptide may allow a more rigid presentation of an epitope and thus
more closely mimics its state in the native molecule. Secondly, the entropic costs of
binding are lowered, therefore increasing both the affinity and selectivity of peptide to its
target molecule. Additionally, useful information about the structure of the selected
peptide can be easily obtained, as constrained peptides possess a more defined
configuration. A number of studies demonstrated that the addition of appropriate
constraints to a peptide sequence might favor specific and high affinity binding (81-83).
One possible drawback in the use of constrained libraries is that a peptide might be held
in a conformation not suitable for high affinity binding. Although this could lead to a
negative result in identifying a specific peptide from RPLs, alternative ligands or

mimotopes can often be selected (84).

2.3 Affinity Selection

The probability of finding a ligand in RPLs is a function of its affinity for the
selector molecule, as well as its frequency in the library. There are three key elements
which determine the success of the combinatorial epitope discovery process: (1) the use
of diverse RPLs; (2) the use of a target molecule that is specific and highly selective, for
instance a mAb; and (3) the use of an efficient selection and screening procedure so that
positive clones can be readily isolated and identified. Several detailed procedures
regarding the affinity selection of peptide has been previously published (63,85,86).

The basic strategy of affinity selection is illustrated in Figure 1.4. Factors such as
the concentration of the ligand, the stringency of washes, and the elution method, all have
a great influence on the efficacy of the selection. They should be carefully chosen since it
is necessary to obtain a sufficiently diverse set of positive clones for deriving a consensus
sequence. Usually ELISA or colony blotting assays are used as a final screen procedure
to identify reactive clones.

The use of RPLs to determine the epitope recognized by an antibody is
technically simple, and if successful, it usually requires about two weeks of experimental
work. This involves the identification of a consensus sequence derived from positively

selected phage clones and then the comparison of this sequence to the original antigen to



I

(A)
Affinity selection ij
(D)
S A
(C)

L DNA sequencing

C ———
)

Consensus sequence

Figure 1.4. The Principle of Epitope Mapping Using Phage RPLs.

Affinity selection (A-D): Phage particles are allowed to bind to the immobilized mAb in
the presence of blocking proteins (A). Following binding, the matrix is washed
extensively to remove unbound phage (B) and bound phage are eluted from the mAb ©.
The recovered phage can be used directly to infect fresh bacterial host and are amplified
(D). The amplified phage can be used in a new round of affinity selection and this
procedure is repeated several times. After the last round of affinity selection,
immunological screening methods were used to identify the positive clones. Consensus
sequence is then derived by sequencing the reactive clones.
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detect similarities. Both linear and discontinuous epitopes have been successfully
identified. Mimotopes that share no sequence homology to the antigen can also be

discovered using this approach.

2.4 Epitope Discovery

In 1990, Cwirla et al. and Scott et al. almost simultaneously reported the
construction and use of RPLs for epitope mapping of mAbs. As a model system, the two
groups used mAbs with known linear epitope specificity as probes and successfully
selected clones displaying consensus sequences that resembled the original epitopes
(65,66). The power of phage RPLs in defining an unmapped native linear epitope was
demonstrated by Stephen and Lane in 1992. In their study, the authors localized the
epitope of the anti-p53 mAb to a cryptic region comprising the residues RSHVYV in wild
type p53 (87). Subsequently, linear epitopes of mAbs, against a range of different
antigens, have been identified using this method (53,88-92).

Despite these successes, a number of mAbs known to recognize linear epitopes
has failed to select reactive clones from RPLs (93). Different studies reported that phage
clones were only selected from long RPLs (for example 20-mer) while short RPLs
yielded only mimotopes with no sequence similarity to the original antigen (94-96).
These findings may be due to the fact that important contact residues could lay further
apart than what is allowed by a short peptide. Alternatively, appropriate flanking residues
may be needed to stabilize the conformation (94). Nevertheless, success cannot be
ensured mainly because of the incompleteness of these libraries, and it may sometimes be
difficult to interpret the sequence data and to unambiguously locate the epitope site.

Mapping of discontinuous or conformational epitopes represents a much more
difficult task than the mapping of linear epitopes. The major problem is that in most
cases, it is extremely difficult to identify homology between the selected phage clones
and the antigen. Despite these difficulties, there are several successful examples of the
use of RPLs to identify discontinuous epitopes. For example, Luzzago et al. successfully
mapped the conformational epitope of the anti-human ferritin mAb H107 by combining
the information provided by the phage sequence with the antigen structural data, thus

confirming the hypothesis that the epitope recognized by the mAb H107 is composed of
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two discontinuous regions (59). Similarly, Ravera et al. mapped a discontinuous epitope
on p53 by comparing information provided by the phage sequence to the crystal structure
of p53 (96).

When the three-dimensional structure of the antigen is not available, mapping
usually depends on the alignment of the consensus sequences to two or more linear
regions of the primary sequence of the antigen. When successful, this information
provides valuable insights into the folded structure of the antigen. Poloni et al. identified
the epitope of the anti-P-gp mAb MC57 by using RPLs (97). The authors found that the
epitope was formed by regions localized on the predicted two extracellular loops of the P-
gp, as well as by a third region, postulated to be intracellular in the current structural
model. Their finding supports the existence of a new structural model of P-gp. Using
similar methodology, Orlandi et al. partially mapped the conformational epitope of the
mAb MGr6, which recognizes the extracellular domain of the HER2/neu oncoprotein
(98).

2.5 Mimotope Discovery

Epitope mapping using RPLs can, in many cases, lead to the isolation of
mimotopes that bear no sequence similarity to the antigen. These peptides can interact
with mAbs that recognize either linear or discontinuous epitopes of protein. For example,
peptides that mimic a linear region of the Plasmodium vivax merozoite surface protein 1
were selected using RPLs (91). There are also numerous examples where mimotopes of
conformational epitopes were identified (58,60,99-101).

Peptides can mimic native epitopes, either because of conformational or amino
acid sequence similarity. In the latter, the peptide mimotope could contain residues
corresponding to those brought together by proper folding of the protein. This folding
may only involve 4-6 residues, and without the three-dimensional structure of the protein,
it may be impossible to precisely assign these residues to the corresponding antigen (58).

In the majority of cases, peptides seem to mimic the binding properties of the
native antigen, mainly because of sufficient similarity in chemistry and shape. For
example, hydrophobic residues have been found to be important in the binding of several

mAbs. Orlandi et al. isolated two consensus sequences that mimic the epitope of the
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HER2/neu reactive mAb MGr2. However, this consensus sequence could not be found in
the amino acid sequence of the neu polypeptide chain. Residues of the consensus
Sequences were all hydrophobic and the Sequence contained a conserved proline and
leucine residue (100).

Actually, proline and hydrophobic residues were shown to be involved in the
interaction of mAbs with Na, K-ATPase and the guanylyl cyclase C receptor (102,103).
In the latter, Nandi et al. reported that both mimotopes and native epitopes contained
hydrophobic and proline residues, thus supporting the hypothesis that peptides might
mimic the mode of interaction between the native epitope and the mAb. In fact, when
epitope sequences contain proline residues, it is likely that a turn motive is required for
the interaction with the antibody. Interestingly, by using a 6-mer phage display library,
Deroo et al. isolated several mimotopes all containing a consensus proline residue instead
of a serine. The authors suggested that the proline residue could be important in placing
peptides into the correct spatial orientation so that it could mimic the helical turn of the
native antigen sequence ( 104). In other cases, the presence of aromatic or basic residues
was shown to be important for the binding of mAbs (60,101).

Even though it seems unlikely that peptides can mimic non-peptidic structures,
different groups have successfully isolated peptides that mimic carbohydrate or
oligonucleotide epitopes. In fact, several studies have shown that peptide mimotopes can
be found for most, if not all, anti-carbohydrate mAbs (80,105,106). For example, the
mAb B3, which reacts with the Lewis Y antigen found on the surface of a number of
tumor cells, was used to select peptides that mimic the carbohydrate structure. The
selected mimotope was found to specifically inhibit the binding of B3 to tumor cells, thus
demonstrating the efficacy of peptides in mimicking complex carbohydrate epitopes 7).
Peptide epitopes have also been shown to mimic glycosphingolipids and oligonucleotides
structures (106-109).

Mimotopes are usually of little value in mapping natural epitopes, but they may
have several important uses. For example, mimotopes selected from random repertoires
could provide alternative ligand structures with functiona] effects. Mimotopes could also

replace the original antigen for vaccine development (106,110,111). The Iatter is
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particularly important in cases where the antigen is toxic or crossreactive with host

proteins. These potential applications will be discussed in the following section.

2.6 Immunogenic Mimics and Vaccine Design

Phage display technology has considerable potential in the area of vaccine design
development. Immunogenic peptides can be identified by screening RPLs against
antibodies with reactivity to the antigen of interest. Furthermore, the phage itself is an
excellent immunogen and can be used as a carrier, thus potentially obviating the need for
conjugation of peptides to carrier particles. A peptide ligand that has been isolated in
vitro by phage display can be subsequently screened in vivo, greatly reducing the time of
discovery and the cost involved in evaluating a potential vaccine.

De la Cruz et al. were among the first to investigate the possibility of using
phages to present peptides to the immune system. They cloned the repeats of the
circumsporosite protein of the human malaria parasite Plasmodium Jalciparum into the
plII gene of a filamentous phage, and reported that an immune response to the displayed
peptide could be elicited in both rabbits and mice (112). Other groups displayed foreign
peptides on the major coat protein pVIII. In this case, because of the high copy number of
protein present, peptides displayed in this way appear to have greater immunogenicity
(61,62,113-115). By acting as carriers, phage particles are able to present the peptide
epitopes to the immune system more efficiently than a range of other carrier proteins
(116). Furthermore, animals immunized with phages produce specific antibodies against
both the phages and the peptide antigen without the use of adjuvants (117,118).

Phage display also facilitates the discovery of immunogenic epitopes or
mimotopes. Motti et al. used two mAbs against the Hepatitis B surface antigen (HBsAg)
to select peptides from RPL. When injected into mice, one of the selected peptides was
able to elicit antibodies directed against HBsAg (119). Other groups have successfully
used peptides selected from RPLs to induce immune response against viral antigens
(120), tumor antigens (100) and pollen allergens (121). The ability of peptides to elicit
antibodies that recognize the original antigen is particularly useful when large quantities

of the native antigen is not available for use as a vaccine.
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The examples cited above clearly demonstrate the close correlation between the
ability of a peptide to recognize the antigen-binding site of an antibody (antigenic
mimicry) and its ability to induce an immune response (immunogenic mimicry). Based
on this concept, Zhong et al. used phage display to improve the immunogenicity of a
peptide sequence that had previously failed to elicit antibodies cross-reactive with a
native antigen. The authors constructed a RPL in which random conformational
constraints were imposed on the known epitope sequence. The library was then screened
against a mAb that recognized the epitope only in its native conformation. Phages
selected in this manner displayed native-like peptides and hence elicited immune
responses against the native antigen. More importantly, because this approach does not
require the previous knowledge of the native conformation of the epitope, it may be used
to improve the immunogenic profile of existing peptide vaccines (122).

Despite the successes described above, there are also reports in which peptides
selected from phage RPLs only behaved as antigenic mimics, and not as immunogenic
mimics. For example, Felici et al. reported that when mimotopes of a discontinuous
epitope of Bordetella pertussis toxin (PTX) were used to immunize mice, the immune
response was directed only to the peptide sequences, but not to PTX (58). In another case,
peptides were found to have lost their Immunogenicity, when separated from their phage
carrier (121). These apparent failures may reflect the fact that phage structures can
contribute to the epitope formation. It is also possible that peptides in solution are
conformationally heterogeneous, and that only a portion of the peptides mimics the native

epitope. The latter hypothesis is supported by data from NMR spectroscopy (121).

2.7 Conclusion

In summary, phage RPLs have certainly provided a rapid means for epitope and
mimotope discovery. The indisputable advantage of this technology is its simplicity,
minimal cost, ease of manipulation, power, and robustness. Peptides identified using this
approach have a number of potential uses; including epitope mapping, drug design and

vaccine development (1 23).
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3. MULTIDRUG RESISTANCE

3.1 Introduction

Resistance to cytotoxic chemotherapy is a common problem in patients with
cancer and a major obstacle to the effective treatment of disseminated neoplasms.
Resistance can be intrinsic or acquired. Intrinsic resistance seems to be associated with
malignancies of specific tissues. Acquired resistance generally results from exposure of
initially responsive malignant cells to various antineoplastic agents. In both cases, when
tumor cells develop drug resistance, they become resistant not only to the treated drug,
but also to a variety of structurally and functionally unrelated drugs of natural origin.
Therefore, the tumor cell resistance is often referred to as multidrug resistance (MDR). A
great variety of structurally and functionally diverse drugs, such as Anthracyclines,
Epipodophyllotoxines, Actinomycin D, Vinca alkaloids, Colchicine and even Taxol are
able to induce this type of resistance (124).

Several proteins have been found to be overexpressed in multidrug resistant
human cancer cells, including the multidrug resistance MDR] gene product P-gp (125-
128), the multidrug resistance-associated protein MRP (129-131), the lung resistance
protein LRP which has been identified as the major vault protein (132,133), the drug
resistance-associated protein DRP (134), the breast cancer resistance protein BCRP
(135), the adenosine triphosphate-binding cassette protein ABCP (136), and several
enzymes associated with the glutathione system (137-139). Moreover, atypical multidrug
resistance has been ascribed to alterations in activity of DNA Topoisomerase II (140-
142).

Clinical studies have shown that a number of these mechanisms can be detected in
human tumors, and most of them have been associated with poor prognosis in particular
types of cancers (143-147). Although clinical resistance to chemotherapy is likely to be
multifactorial in most cancer patients, this review focuses on recent data generated by
molecular genetics and biochemical analyses performed to understand the topology and
structure of P-gp and to identify functionally important domains and amino acid residues

within the P-gp molecule that could be involved in drug binding.
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3.2 Structure of P-gp

P-gp was discovered 25 years ago by Juliano and Ling as an ubiquitous marker in
multidrug-resistant cells (125). P-gp is a membrane bound P-ATPase encoded by the
MDRI gene, and it is overexpressed in a wide variety of multidrug resistant cancer cell
lines (148). This trans-membrane protein functions as an ATP-dependent efflux pump for
a large number of drugs, thus leading to suboptimal intracellular concentrations of drugs
or toxins (149). Overexpression of P-gp causes cancer cells to become resistant to a
variety of anticancer drugs (e.g. Vinblastine, Vincristine, Doxorubicin, Daunorubicin,
Etoposide, Teniposide, and Paclitaxel), as well as many other drugs and cytotoxic agents
(150)

Ten years ago, it was recognized that the MDR gene family belongs to a larger
superfamily of ATP-binding cassette (ABC) transporters or traffic ATPases (151-152).
More than 100 ABC transporters have been identified from different organisms,
including archebacteria, bacteria, yeast, plants, insects, animals and humans (153-155).
Although the mechanism of the inhibition of P-gp on a molecular level is still unclear,
different hypotheses have been formulated. According to Gottesmann and Pastan, P-gp
extrudes the toxins mainly by trapping them during their diffusion through the
phospholipid bilayer, thus acting like a hydrophobic vacuum cleaner (156). The
alternative hypothesis states that P-gp eliminates positively charged molecules from the
cytosol by channel formation (157).

Mammalian P-gps are single chain proteins and consist of approximately 1280
amino acid residues ( 158-160). P-gps are composed of two homologous halves each of
which contains a hydrophobic, membrane-associated domain (approximately 250 amino
acid residues) followed by a hydrophilic nucleotide binding fold (approximately 300
amino acid residues). A working model for the topology of human P-gp (based entirely
on hydropathy calculations) is schematically illustrated in Figure 1.5. According to this
model, both the N- and C-terminal membrane-associated domains harbor six predicted
trans-membrane (TM) regions (128,161). The N- and C-terminus, as well as the two
nucleotide binding folds are located intra-cellularly and the first extracellular loop is
glycosylated. This twelve TM region model of P-gp is supported experimentally by

cellular epitope localization data obtained from several mAbs that specifically recognize
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Figure 1.5. Schematic Model of the Human P-gp and its Functional Domains.

A twelve-TM domain model is predicted by computer-assisted hydropathy profile
analysis and amino acid sequence comparison of P-gp with bacterial transport proteins.
Two putative ATP binding sites are circled and putative N-linked carbohydrates are
represented as wiggly lines.
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(a) the N- or C-terminus of P-gp, (b) its first and fourth extracellular loop, or (c) the two
ATP-binding sites (162-165). The predicted position of the glycosylated loop has been
confirmed by site-directed mutagenesis and deletion analyses (166). However, the exact
number of membrane-spanning regions and the orientation thereof has been a matter of
many debates and several alternative models have been proposed for P-gp.

Based on the analyses of truncated P-gp molecules that were translated in vitro
and translocated into microsomes, a topological P-gp variant was suggested that contains
only four TM segments in each half (167). Moreover, expression studies in Xenopus
oocytes of truncated P-gp fused to a reporter gene suggested a six TM domain
configuration for the N-terminal half, and a four TM domain configuration for the C-
terminal half (168). Analyses of the membrane polarity of bacterially expressed P-gp-
alkaline phosphatase (mdr-phoA) hybrids suggested that the N-terminal half of P-gp
spans the membranes six times, but in a different manner from the model presented in
Figure 1.5 (169). Finally, results obtained by Poloni et al. using phage RPL to isolate
antigenic mimics of P-gp for mAb MC57, indicated that one of the three distinct P-gp
regions, postulated as intracellular, is a putative part of the extracellular MC57 binding
domain, thus confirming the ten TM model proposed by the Germann group (97,170).
Conversely, all studies performed with full-length, functional P-gp mutants or epitope-
tagged P-gp variants in intact mammalian cells have corroborated the twelve TM model
shown in Figure 1.5 (171,172). The reasons for the discrepancies have been hypothesized
by Zhang et al. to be due to the fact that alternate topological forms of P-gp reflect
different functional phenotypes (167).

Twelve TM domains and two nucleotide-binding folds constitute a minimal
functional unit for many mammalian ABC transporters and, generally, it has been
assumed that the multidrug transporter acts as a monomer. However, the existence of
oligomeric forms of P-gp has been demonstrated in multidrug resistant cells. This raises
the possibility that the functional activity of P-gp may be modulated via its incorporation
into homo-oligomeric complexes. Indirect evidence for P-gp dimers in the plasma
membranes has been obtained from radiation inactivation and freeze fracture studies
(173-175). Data from chemical cross-linking studies are also consistent with the

occurrence of P-gp dimers in multidrug resistant cells (176). The hypothesis that the
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formation and dissociation of P-gp oligomers may modulate its functional activity is

attractive, but clearly requires support by additional experiments.

3.3 Drug-Binding Site

The identification of protein domains and/or amino acid residues implicated in
recognition, binding, transport through the membrane lipid bilayer, and release of drugs
or MDR modulators by P-gp are a necessary prerequisite to the understanding of its
structure, function and mechanisms of action. Major questions include the number,
location and nature of the drug interaction sites. If both halves of the P-gp molecule are
involved in drug binding, can they operate independently of each other? On the other
hand, if drugs and/or modulators bind to different sites within the P-gp molecule, are
there allosteric interactions between these sites? Are there central amino acid regions
and/or residues within the P-gp polypeptide chain that are essential for the interaction
with all substrates for transport? In particular, the exact determination of the
conformation of membrane bound proteins is extremely difficult to demonstrate and to
date has only been possible in the case of few selected molecules. Thus, two major
approaches towards this goal have involved (1) ligand-based design of analogues of
MDR drugs and modulators that can be photoactivated, and (2) site specific mutagenesis
of the P-gp molecule that might demonstrate altered substrate specificity.

Attempts to map putative drug-binding sites within the primary structure of the P-
gp molecule have involved the immunological identification of radioactive P-gp peptides
obtained by enzymatic or chemical degradation of P-gp labeled with 121 _Jodoaryl
azidoprazosin. Two major labeling sites have been identified within the mouse mdrib P-
gp: one in a region near or within TM6, and the other near or within TM12, suggesting
that both halves of the P-gp molecule could contribute to drug binding (177).

Based on the observation that *H-azidopine equally labels both halves of the
human P-gp molecule, it has been suggested that amino acid residues from the N- and C-
terminal halves of P-gp interact and could cooperate to form one major drug interaction
pore (178). This model is also supported by the findings that both halves are required for
the drug-stimulated ATPase activity of P-gp (179). However, this model still allows

multiple sites for drug recognition, hence it might rather constitute a three dimensional
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structural pocket within the P-gp molecule through which drugs pass during the transport
process and from which they are released again.

Many different radioactive photo-affinity analogues of drugs and MDR-reversing
agents have been used to prove the drug-binding capacity of P-gp, including derivatives
of Vinblastine, Colchicine, Verapamil, Daunomycin, Azidopine and other drugs (180-
186). Results generated from such analyses suggested that different drugs bind to
separate, possibly overlapping, or allosterically coupled sites. Alternatively, P-gp harbors
a common drug-acceptor site that displays variable affinity for different agents (1 87).

Data obtained from mutational analyses provided further evidence of the
importance of the TM5-6 and TM11-12 regions for drug interactions. Substitution of
Phe335 in TM6 by Ala strongly altered the substrate specificity of human P-gp and
impaired its ability to confer resistance to Vinblastine or Actinomycin D, while the ability
to confer resistance to Colchicine and Doxorubicin was retained (188).

More dramatically, mutation of Ser344 in TM6 to Ala, Thr, Cys, or Tyr
completely abrogated the ability of human P-gp to confer drug resistance (179). A human
P-gp mutant carrying a Phe to Ala or Ser mutation at position 978 in TM12 was shown to
lower the capacity to confer resistance to Vinblastine and Actinomycin D and conferred
no detectable resistance to Colchicine and Doxorubicin (188). Moreover, an MDRI
mutant in which the extra-cytoplasmic loop between TM11 and TM12 was replaced with
that of MDR2 conferred increased resistance to Actinomycin D, Colchicine, and
Doxorubicin, but not to Vincristine (189). Thus, several key amino acid residues are
present within the TMS5-6 and TM11-12 regions, which when altered, could change the
drug substrate specificity of P-gp. Additional amino acid residues within other
membrane-spanning segments may also play a role in determining the cross-resistance
pattern conferred by P-gp. A mutational analysis of thirteen proline residues implicated
two of these, Pro223 in TM4 and Pro866 in TM10, as being critical for the drug substrate
specificity of human P-gp (188).

Taken together, point mutations that are scattered throughout the primary
structure, but reside within or in close proximity to membrane-spanning segments,
contribute to the drug substrate specificity of P-gp. It remains to be determined which one

of these amino acid residues interact with drug and/or modulator substrate(s) and which
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ones act indirectly, for example by contributing to conformational changes upon binding

of drug and/or ATP, or upon ATP hydrolysis.

3.5 Conclusion

MDR has been one of the more intensely investigated fields of cancer research
during the last three decades, mainly because of its close association with the failure of
chemotherapy leading to increased morbidity and mortality in cancer patients. Molecular
investigations in MDR have identified many drug transporter genes and established the
role of these marker genes in the refractory status of cancer patients. Although the true
clinical relevance of” MDR is still heavily debated, P-gp is believed to be one of the key
molecules which cause MDR in cancer (190,191). Many eftorts have been made to
understand its mechanism and develop specific inhibitors. Recent observations have
challenged the notion that P-gp has evolved merely to efflux xenotoxins out of healthy
cells and raised the possibility that P-gp and related transporter molecules might play a
fundamental role in regulating cell differentiation, proliferation and survival (192).
However, additional research including clinical trials is needed before molecular

diagnostic assays of MDR are translated to clinical oncology.
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RESUME TRADUIT

BCD-F9 est un anticorps monoclonal murin de type 1gG2a qui reconnait un
¢pitope conformationnel présent a la surface de plusieurs cellules tumorales. Le but de ce
travail était de caractériser ’habilité de I"anticorps BCD-F9 4 reconnaitre une variété de
lignées cellulaires néoplasiques et de tester in vivo I’activité anti-tumorale de BCD-F9
sur des modéles de tumeur sous-cutanée et métastatique. L’administration intraveineuse
de BCD-F9 a des souris nude CD-1 auxquelles des cellules HT1080 ont été
préalablement inoculées a entrainé une inhibition significative de la croissance tumorale.
Nous avons démontré que BCD-F9 administré i.v. prolongeait de manijére significative la
vie des souris CD-1 auxquelles étaient inoculées des cellules HT-1080 pouvant induire le
développement de métastases pulmonaires agressives chez des souris non-traitées. Nous
avons aussi étudié I’activité anti-tumorale in vitro de BCD-F9 au moyen d’essais de
cytotoxicité cellulaire anticorps-dépendante (ADCC) et de cytotoxicité anticorps-
dépendante médiée par le complément (ADCMC). Les sous-populations de cellules
effectrices ont été obtenues par stimulation des macrophages (thioglycollate) ou par
enrichissement des cellules Natural Killer (NK) (sélection négative). BCD-F9 s’est révélé
efficace dans la médiation de la lyse in vitro de cellules tumorales, tel que démontré par
les techniques d’ADCC et d’ADCMC. Ces résultats suggerent que le mAb BCD-F9

pourrait étre utile dans le traitement immunothérapeutique de tumeurs d’origine diverse.
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ABSTRACT

BCD-F9 is a murine IgG,, monoclonal antibody (mAb) that recognizes a
conformational epitope found on the surface of many tumor cells. The aim of this study
was to investigate the ability of BCD-F9 to recognize a variety of neoplastic cell lines
and to test BCD-F9 in vivo for anti-cancer activity in subcutaneous and metastatic tumor
models. Intravenous administration of BCD-F 9 in CD-1 nude mice xenografted s.c. with
human HT-1080 cells led to a significant inhibition of tumor growth. We demonstrate
that BCD-F9 administrated i.v. significantly prolonged the life span of CD-1 nude mice
inoculated i.v. with the same tumor cell line that induces an aggressive lung metastasis
development in untreated mice. We also investi gated the antitumor activity of BCD-F9 in
vitro in antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent
complement-mediated cytotoxicity (ADCMC) assays. The effector cell subpopulations
were obtained by macrophage stimulation (thioglycollate) or natural killer (NK) cell
enrichment (negative selection). BCD-F9 was found to be effective in mediating tumor
cell killing in vitro by ADCC and ADCMC mechanisms. These results suggest that the
mAb BCD-F9 can have a potential use in immunotherapy for treatment of tumors of

different origin.

Keywords: cancer, immunotherapy, mAb, in vivo animal models
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INTRODUCTION

In oncology, tumor-associated antigens are considered as good targets for the
delivery of anti-cancer therapy, and mAbs directed at such antigens are increasingly
being seen as important immunotherapeutic reagents. There is a consensus that target
antigens in general are essentially normal structures that are expressed in higher density,
in an overt fashion, and in an atypical tissular context on tumor cells (1). A variety of cell
surface proteins have been used as targets for mAbs. In the case of cancer cells, the only
truly tumor-specific antigens are the clonally expressed receptor idiotypes on B
lymphoma cells. Unfortunately, the use of anti-Id mADs to treat lymphoid cancers is
limited by the need to create custom-made mAbs against the tumor from each patient or
small group of patients (2). Thus, most investigators considered other targets such as
differentiation antigens, growth factor receptors, oncofetal antigens, unique carbohydrate
antigens, or altered normal antigens (3-5). Such antigens are tumor selective rather than
tumor specific, that is, they are present in higher densities on tumor cells when compared
with normal cells.

Whatever is their specificity, mAbs in general rarely have the capacity to
eradicate large tumor masses. Several factors such as affinity and the number of binding
sites on the target cell, antigen expression on tumor versus normal tissue, tumor size and
the degree of vascularisation can limit the access of mAbs to the target cells and therefore
affect their cytotoxic potential in vivo (6). Moreover, immunotherapy requires injection
of relatively high doses of mAb, which leads in most patients to the development of an
immune response against the injected rodent mAb with possible side effects 4,7).
Targeting a highly expressed cell surface antigen, preferentially present on a wide range
of neoplastic cells, might improve the efficacy of mAbs in therapy.

Most of the unconjugated mAbs displaying anti-neoplasic properties require the
contribution of either complement (6,8) or Fcy receptor (FeyR)-expressing effector cells
(9,10) in order to achieve tumor cell killing. The presence in tumors, surgically removed
from mAb-treated patients, of infiltrating NK cells and macrophages (1 1,12) as well as of
complement deposits (11) are consistent with ADCC and ADCMC playing a role in

tumor cell destruction in vivo, However, because most tumor cells express large amounts
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of complement-inhibiting regulators, which protect the cells against lysis by autologous
complement (13,14), the main antitumor mechanism of therapeutic antibodies in Vivo is
considered to be ADCC.

The murine mAb BCD-F9 was obtained by immunizing BALB/c mice with the
human breast carcinoma cell line BT-20 (15). This mAb recognizes an antigen localized
on the surface of most neoplastic, and to a lesser extent, normal mammary epithelial
cells. In previous studies, BCD-F9 was shown to be a useful tool for the preoperative
detection of axillary lymph nodes metastasis in over 30 breast cancer patients with
minimal cancer (16). Moreover, BCD-F9 was shown to be a potential plasmatic marker
that correlates with Ki 67 immunoreactivity and tumor aneuploidy (17). The antigen
recognized by BCD-9 has not been identified yet.

In this study, the ability of BCD-F9 to recognize a wide variety of neoplastic cell
lines was investigated. The reactivity of the mAb with the human fibrosarcoma HT-1080
enabled us to use this cell line to investigate the antitumor properties of BCD-F9 in an
experimental animal model, where either subcutaneous or metastatic tumors can be
induced depending on the site of injection (18). Our results show that repeated j.v.
inoculation of BCD-F9 in HT-1080-transplanted CD-1 nude mice significantly reduced
tumor growth rate in animals transplanted s.c. and completely abrogated the development
of lung metastases in mice transplanted intravenously. In vitro studies of BCD-F9-
dependent killing of HT-1080 cells confirm ADCC and ADCMC as two potential
mechanisms for the antitumor activity observed in BCD-F9-treated animals. These
properties, together with the reactivity of BCD-F9 with several tumor cell lines of
different lineages, identify this mAb as a potentially useful immunotherapeutic reagent.
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MATERIAL AND METHODS

Antibodies. The BCD-F9 antibody-producing hybridoma was derived from the
fusion of NS-1 myeloma cells with spleen cells from BALB/c mice hyperimmunized with
the human breast carcinoma cell line BT-20 (15). The mAb BCD-F9 is an IgG2a that was
purified from ascitic fluid collected from BALB/c mice inoculated i.p. with the
hybridoma cell line. A protein-G Sepharose column (Pharmacia, Uppsala, Sweden) was
used for that purpose. The mAb BCD-F9 was biotinylated according to a conventional
procedure (19). Fluoroisothiocyanate (FITC)-labeled mouse anti-human CD3 (IgG2a),
CD14 (IgG2a), CD15 (IgM), CD40 (IgG1), and all FITC-labeled mAbs used for isotype
controls were purchased from Cedarlane (Hornby, Ontario). The anti-human HLA-ABC
class I mAb and the guinea pig complement were also purchased from Cedarlane. FITC-
conjugated sheep anti-mouse IgG antibody was purchased from Roche Diagnostics
(Laval, Quebec). The anti-PLCy1 rabbit polyclonal IgG was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Normal rabbit IgG was purchased from CALTAG
Laboratories (Burlingame, CA). The anti-B-Galactosidase mAb (mouse IgG2a,
Calbiochem, Cambridge, MA) was used as isotype control for BCD-F9 in flow cytometry
analysis and immunoprecipitation assays.

Mice and Tumor Cells. Female athymic CD-1 nude mice were obtained from
Charles River, Canada. The mice were maintained in sterilized cages under sterile filter
top conditions and were handled in a laminar airflow. They were 6-week old when
transplanted with the human fibrosarcoma cell line, HT-1080, that was purchased from
the American Type Culture Collection (ATCC, Rockville, MD) and maintained in
DMEM supplemented with 10% of fetal bovine serum (FBS). Cells were cultured at 37°C
in a 5% CO, humidified atmosphere. Other human tumor cell lines, BT-20, MCEF-7,
MDA/MB-231, SW480, LoVo, Mes-sa, U937, HL-60, Jurkat, and Raji used for the cell
distribution analysis of the antigen recognized by BCD-F9 were also purchased from
ATCC and were maintained in culture according to supplier recommendations.

Metabolic Labeling of HT-1080 Celis. For metabolic incorporation of
radioactive precursors into proteins, confluent HT-1080 cells were harvested by
incubation with phosphate-buffered saline (PBS) containing 0.5 mM EDTA. Cells were
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washed twice in conical tube with 50 ml of methionine-free DMEM by centrifugation.
Cells were placed (@) in 20 ml of methionine-free DMEM (2 x 10° cells) containing 5%
of complete DMEM and 5% of dialized FBS, in the presence of [**S]-Methionine (80
pCi/ml, ICN Pharmaceuticals, Irvin, CA), for 20 h at 37°C or () in 20 ml of complete
DMEM (2 x 10° cells) containing 10% of dialized FBS, in the presence of [3H]-
glucosamine (12.5 pCi/ml, ICN Pharmaceuticals, Irvin, CA), for 72 h at 37°C. After
metabolic labeling, the cells were harvested and washed twice with PBS by
centrifugation. The cell pellets were resuspended by Vortex mixing at room temperature
in 1 ml of lysis buffer (25 mM Tris-HC] pH 8.0, 0.15 M NaCl, 5 mM MgCl,, 0.5% NP-
40 (vol/vol), 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 14
500 x g for 10 min. The supernatants were incubated with 20 pl of a 50% suspension of
protein G-Sepharose beads (vol/vol) and 10 pg of anti-B-Galactosidase control mAb for 1
h at 4°C on a rotary wheel. The beads were removed by centrifugation and kept as a
control for non-specific adsorption. Aliquots of the supernatants (250-500 ul) were
incubated with 25 ug of mAb BCD-F9 or 10 ul of anti-PLCy1 positive control polyclonal
antiserum and 30 pl of protein G-Sepharose beads for 4 h at 4°C on a rotary wheel. The
beads were collected by centrifugation and washed four times with lysis buffer and twice
with 50 mM Tris-HCI. pH 8.0/0.15 M NaCl. The immunoadsorbed proteins were released
from the protein G-Sepharose by boiling for 10 min in 60 ul of 1% NaDodS0,/2% 2-
mercaptoethanol and analyzed by 12% polyacrylamide gel electrophoresis and
autoradiography according to Mahony et al. (20).

In vivo Tumor Growth. Confluent cultured HT-1080 cells were harvested by
incubation with PBS containing 0.5 mM EDTA. Viable cells were counted by trypan blue
exclusion. Fractions containing over 95% of viable cells were used in this study. Cells
(1.5 x 107 cells/ml) were suspended in PBS, and 0.2 ml of the suspension was inoculated
s.C. into right flanks of 2 groups of 5 CD-1 nude mice on day 0. Normal rabbit IgG (100
pg) or mAb BCD-F9 (100 Hg) was administrated i.v. in 0.2 ml of PBS on days 1-4, 7-10,
and 13-14. The resulting tumor was measured over the skin in two dimensions using a
slide caliper, and the tumor volume was calculated according to the following formula,
(width)? x length/2. All animals were sacrificed after 30 days, their tumor dissected and
weighted.
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Experimental Metastasis. For the experimental metastasis model, HT-1080 cells
2 x 107 cells/ml) were harvested in PBS containing 0.5 mM EDTA, centrifuged and
resuspended in PBS, and 0.1 ml of the suspension was inoculated i.v. into the taj] vein of
2 groups of 5 CD-1 nude mice (day 0). Normal rabbit IgG (100 pg) or mAb BCD-F9
(100 pg) was administrated i.v. in 0.2 ml of PBS on days 1-2, 5-9, 12-16, and 19-21 and
the lungs were recovered from recently deceased animals or from sacrificed survivors on
day 61. Lungs were fixed in 10% buffered formalin, embedded in parafin, sectioned, and
stained with H&E for routine histological examination by light microscopy.

Preparation of Effector Cells. Splenic NK cells from nude mice were enriched
by a single filtration through nylon wool column. Effector cells for macrophage-mediated
cytotoxicity were thioglycollate-elicited peritoneal exudate cells harvested from CD-1
nude mice (21).

Antibody-Dependent Cytotoxicity Assays. For use as targets in ADCC assays, 3
x 10° HT-1080 cells were labeled with 150 KCi of Na,*'CrO, (ICN Biomedical, Costa
Mesa, CA) for 1 h at 37°C and washed 4 times in DMEM. Fifty ul of >'Cr-radiolabeled
HT-1080 cells (2 x 105/ml) were distributed into U-bottomed 96-well microtiter plates
and incubated for 1 h at 37°C with 50 pl of protein G-purified mAb BCD-F9 at the
concentration of 80 pg/ml. Then 100 pl of various concentrations of murine effector cells
prepared as described above were added in quadruplicates to each well. After plates were
incubated in CO, incubator at 37°C for 8 h, they were centrifuged for 5 min at 250 x g
and supernatants were collected with the Titertek supernatant collection system (Skatron,
Oslo, Norway). Radioactivity was measured in a Beckman 7000 gamma counter. Percent

specific lysis was calculated with the following formula:

% specific lysis = cpm (test) — cpm (spontaneous) x 100

cpm(max) — cpm (spontaneous)
in which spontaneous release (12-17%) was measured by incubating radiolabeled cells in
the absence of effector cells and maximum release was obtained by adding 1% Triton X-
100 to radiolabeled cells.
For ADCMC, 50 ul of *'Cr-radiolabeled HT-1080 tumor cells (2 x 10%ml) and
50 pl of various concentrations of protein G-purified mAb BCD-F9 were distributed in
triplicates into U-bottomed 96-wel] microtiter plates. Then 100 ul (1:5 dilution) of Low-
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Tox guinea pig complement was added to each well and plates were incubated for 45 min
at 37°Cina 5% CO; humidified atmosphere. Plates were centrifuged for 5 min at 250 x g
and culture supernatants were harvested as described above for the ADCC assay.
Spontaneous release was measured by incubating radiolabeled cells in the absence of
complement and maximum release was obtained by adding 1% Triton X-100 to
radiolabeled cells. The anti-human HLA-ABC class I mAb was used as a positive control
in the ADCMC assay.

Flow Cytometry. Various tumor cell lines were stained with protein G-purified
mAb BCD-F9. Binding of mAb BCD-F9 was detected with FITC-conjugated sheep anti-
mouse IgG antibody. Control samples were incubated with anti-B-Galactosidase mAb
(mouse IgG2a) as primary antibody.

Fresh heparinized blood samples were obtained from healthy donors and
processed immediately. First, unwashed blood samples (100 ul) were incubated with
biotin-conjugated mAb BCD-F9 (1 pg total) for 20 min at room temperature and washed
once in PBS containing 0.1% BSA. Then, 10 pl of each undiluted FITC-labeled CD3,
CD14, CD15, and CD40 antibody were added to different tubes, Binding of biotinylated
mAb was detected with phycoerythrin (PE)-labeled streptavidin (Beckton Dickinson,
Moutain View, CA). For each mAb, control samples were stained with a non-reactive
FITC-labeled primary mAb of the same isotype, and the biotinylated anti-f-
Galactosidase 1gG2a mAb was used as negative control for PE-labeled streptavidin
staining. Samples were incubated for 20 min at room temperature and washed once in
PBS containing 0.1% BSA. Then, 0.5 ml of OptiLyse C solution (Immunotech, Marseille,
France) was mixed with pelleted cells and samples were incubated for 15 min at room
temperature. Finally, 0.5 ml of PBS containing 0.5% formaldehyde was added to each
sample.

Stained samples were analyzed on a Epics XL-MCL flow cytometer (Coulter,
Hialeah, FL) equipped with a 488 nm argon laser. Tumor cell populations were gated on
the basis of forward and side scatter parameters. T and B blood lymphocytes were gated
on the basis of CD3 and CD40 fluorescence and side-scattering characteristics, whereas
monocytes and granulocytes were gated on the basis of CD14 and CD15 fluorescence,

respectively. Data analysis based on collection of 10 000 events/sample was performed
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using XL software. The degree of reactivity of tumor cells or blood leukocyte populations
with BCD-F9 is expressed as the mean fluorescence intensity (MFI) of the positive cells
after substraction of nonspecific binding of anti-B galactosidase isotype control on the
same cell population.

Statistical Analysis. Unpaired two-tailed Student’s r-test and Cox-Mantel logrank

test were performed using INSTAT software. A P-value < 0.05 was considered

significant.
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RESULTS

BCD-F9  Recognition of Neoplastic Cell Lines and  Peripheral Blood
Mononuclear Cells (PBMC). Eleven human cell lines harvested when confluent were
examined by flow Cytometry analysis for the binding of the mAb BCD-F9. As shown in
Figure 2.1A, BCD-F9 recognizes an epitope expressed on the surface of all cel] lines
tested. Low reactivity was detected in almost half of them including the BT-20 cell line
used for BALB/c immunization, Significant binding of BCD-F9 was observed with
MDA/MB-231, SW480, HT-1080, and HL-60, the highest reactivity being found in
LoVo and Raji. No obvious correlation was observed between the level of BCD-F9
staining and neoplastic cell origin. No fluorescence was detected when human blood cells
were stained with BCD-F9 and FITC-conjugated antj-mouse IgG antibody (data not
shown).

In order to obtain greater sensitivity, human PBMC were stained with FITC-
conjugated mAbs specific for leukocyte populations and biotinylated mAb BCD-F9
followed by incubation with PE-labeled streptavidin for the detection of BCD-F9
binding. Under these conditions, BCD-F9 positively stained monocytes (CD14") while
weak staining was observed in lymphocytes (CD3%, CD40") and no staining on
granulocytes (CD15%) (Fig. 2.1B). The human colon carcinoma cell line SW480
expressing the BCD-F9 epitope at intermediate leve] was used for positive control
staining with the biotinylated mAb. The MFI observed with the tumor cells was more
than 4 fold higher than with monocytes.

data, lysates from metabolically labeled HT-1080 cells were immunoprecipitated with
mAb BCD-F9. A predominant band with molecular mass of about 57 kDa was detected
(Fig. 2.2, lanes 2). The antigen in HT-1080 cell lysates is a glycoprotein, since it was
labeled by both [**S]-Methionine and [’H]-Glucosamine. In addition, mAb BCD-F9
precipitated two secondary proteins with molecular masses of about 80 and 25 kDa,
respectively (Fig. 2.2, lanes 2). All other bands were nonspecific reactions with negative
control mAb and /or Protein G-Sepharose beads (Fig. 2.2A, lane 1). PLCy1, a 145 kDa

intracellular signal transduction protein was used as a positive control (F ig. 2.2, lanes 3).
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It remains to be determined whether 80 and 25 kDa coprecipitates are physically
associated with the 57 kDa BCD-F9 antigen or if they are cross-reactive with mAb BCD-
F9.

Antitumor Activity of BCD-F9. Among cell lines stained with mAb BCD-F9, the
fibrosarcoma HT-1080 was selected for in vivo model because of the rather short time for
tumor growth and metastasis development (three weeks), and its ability to produce
tumors in all injected animals (18). In order to evaluate the antitumor efficacy of BCD-F9
for in vivo tumor cell eradication, CD-1 nude mice were injected s.c. on day 0 with 3 x
10° HT-1080 cells into the right flank, followed by 10 i.v. administrations of the mAb
BCD-F9. The mean tumor size of all treated mice was monitored from day 9 to 30 after
which all mice were sacrificed mainly because of large tumor volumes. As depicted in
Figure 2.3 all injected animals developed palpable tumors within 9 days; however,
starting from day 12, a reduced tumor growth rate in the BCD-F9-treated group was
observed when compared to control group. Repeated inoculation of BCD-F9 in mice
bearing HT-1080 tumors resulted in significantly lower tumor sizes as compared with the
control group, which had been treated with normal rabbit IgG (P <0.01, from days 15 to
30 versus control). Starting from day 15, in all of the BCD-F9-treated mice, clear signs of
tumor necrosis were visible in the center of the tumor, surrounded by a rim of viable
tumor cell mass. These signs of necrosis were only observed in the BCD-F 9-treated mice
but not in the control group. Moreover, one tumor in the BCD-F9 treated animals showed
clear signs of regression and totally disappeared within 18 days. Tumor weights, as
determined after sacrifice of all animals on day 30 after tumor cell inoculation, were
compared. In the group given BCD-F9, the mean tumor weight was 0.25 + 0.] g as
compared to 1.16 + 0.22 g in the contro] group, a finding that corresponds to a 78.45%
reduction in tumor growth in the BCD-F9 treated group (P <0.001 versus control). These
data rule out the possibility that the antitumor activity of BCD-F9 could be due to
nonspecific action of the administration of IgG. At no time during the period of
observation, side effects such as a loss of body weight were observed in mice treated with
either antibody.

Effect of BCD-F9 on the Experimental Metastasis. We also examined the
antitumor activity of BCD-F9 in an experimental metastasis model. I this case, HT-1080
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cells were injected i.v. into CD-1 nude mice for the formation of metastatic foci in the
lung. Survival curves show that animals treated with rabbit IgG started to die at 21 days
after tumor cell inoculation, apparently due to lung colonization inducing difficulties in
breathing. Mean survival time for the group of mice treated with rabbit IgG was 25 + |
days (Fig. 2.4). All animals treated with BCD-F9 survived the experimental period thus
confirming the antitumor activity of BCD-F9 even in an aggressive tumor model.
Survivors were sacrificed after 60 days of observation. Histological examination of the
lungs of all animals showed diffuse metastases in the case of control animals (Fig. 2.5A)
and no metastatic foci at all in the case of BCD-F9-treated animals (Fig. 2.5B). No toxic
reactions were observed in mice treated with BCD-F9 throughout the experimental
period, thus suggesting that no serious side effects were caused by the i.v. injection of
BCD-F9.

BCD-F9 Antibody-Dependent Complement- or Cell-Mediated Cyrotoxycity. Two
potential effector mechanisms that might contribute to the efficacy of BCD-F9 in vivo
were investigated in vitro. We first examined the ability of mAb BCD-F9 to kill HT-1080
tumor cells by ADCMC. Figure 2.6 shows that mAb BCD-F9 produced substantial
Cytotoxicity against HT-1080 cells in the presence of guinea-pig complement. Significant
lysis of tumor cells was observed at an antibody concentration between 6 and 50 pg/ml.
As ADCMC is not detected at lower antibody concentration, it suggests that a minimal
number of antibody molecules had to be bound to its epitope to induce ADCMC, There
was no direct Cytotoxicity of BCD-F9 for HT-1080 tumor cells, which were not killed by
the mAb at the concentration of 50 pg/ml in the absence of complement. Complement-
dependent lysis of HT-1080 tumor cells by anti-human HLA-ABC class I mAb was the
positive control in the ADCMC assay.

Another mechanism through which antibodies can destroy tumor cells is ADCC.
Experiments with splenic NK cells and peritoneal cells from nude mice were performed
against BCD-F9 antibody-coated HT-1080 cells at different effector-target ratios. The
results show that the HT-1080 tumor cell line is not susceptible to spontaneous killing by
these effector cells, which however lysed BCD-F9-coated targets in a dose-dependent

manner (Fig. 2.7)
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DISCUSSION

The use of mAbs in immunotherapy was demonstrated previously for various
types of tumors (3-5); however, major improvement is still needed before this therapy
reaches its full potential. Selection of the optimal mAb for the treatment of some cancers
is still in its early phases and depends on many factors, notably its specificity, affinity and
avidity for the target antigen (22). Access to a homogeneously expressed cell surface
antigen as a target is also of good prognostic for successful mAb-mediated therapy.

The mAb BCD-F9 raised originally against breast carcinoma (BT-20) was
originally shown to recognize a cell surface antigen of mammary tumors and, to a lesser
extent, of normal breast tissue (23). The present data demonstrate that the epitope
recognized by the mAb BCD-F9 was not restricted to the breast cancer cel] lines. It is
also present to various degree on other neoplastic cell lines from different origin: colon
carcinoma, sarcoma, lymphoma, and leukemia. A common reactivity with BCD-F9
implies that these cell lines share a common surface antigen or express different
molecules with common or cross-reactive epitopes.

The ability of BCD-F9 to recognize the human fibrosarcoma cell line HT-1080
enables us to use it for experimental antibody-mediated therapy in a xenograft tumor
model. Although BCD-F9 was reacting more strongly with LoVo and Raji cell lines, HT-
1080 was prefered for in vivo studies because of the rapid tumor growth in nude mice
transplanted subcutaneously and the production of lung metastases when the tumor was
injected i.v. The antitumor activity of the mAb BCD-F9 is supported by the reduced
growth rate of the tumor in BCD-F 9-treated mice transplanted s.c., the survival of ajl
mice inoculated i.v. with tumor cells, and the absence of detectable metastatic focj
following histological examination of the lung of sacrificed animals at 60 days post
tumor transplantation. As in vitro analyses showed that BCD-F9 has the ability to kill
HT-1080 tumor cells by ADCC or ADCMC, these mechanisms may contribute to the in
vivo antitumor activity of the mAb. These same mechanisms can explain the presence of
necrosis in the center of subcutaneous tumors in BCD-F9-treated group. Usually, rapidly
growing masses show central necrosis due to insufficient neovascularisation (24), while

in our study only smaller subcutaneous tumors had necrotic foci and only when treatment
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with BCD-F9 was administrated. This suggests that BCD-F9 can elicit a specific
Cytotoxic response that is not observed following the inoculation of nonspecific IgG. As
no killing was observed after tumor cells were incubated for up to 9 h with BCD-F9 in
the absence of effector cells or complement, the mAb alone is unlikely to be efficient in
inducing tumor cell apoptosis.

The mechanism of tumor eradication mediated by antibodies in vivo is thought to
be mainly ADCC, because macrophage and NK cell depletion resulted in 100% increase
in tumor take in mAb-treated xenografted nude mice (9). Although mAb BCD-F9 elicits
ADCC by murine effector cell in vitro, this finding does not imply that ADCC is the only
important mechanism for the inhibition of tumor growth in vivo. Another possible
mechanism of Cytotoxicity in a xenograft model is complement activation. Considering
the strong complement-mediated cytotoxicity of BCD-F9 in vitro, the participation of
complement-mediated mechanism in the antitumor activity of this antibody in vivo
cannot be ruled out. Usually, autologous cells wil] not be killed by complement-mediated
mechanisms because they express complement down-regulating factors (13,25,26).
However, this tumor evasion mechanism should not occur in nude mice as xenografted
human cells lacks inhibitors of murine complement. Therefore, although ADCMC may
be involved in contro] of HT-1080 tumor growth in nude mice, the capacity of BCD-F9
to activate complement component cascade would probably be of limited interest for
clinical use.

The immunoprecipitation of cel] lysates after metabolic staining with
radiolabelled methionine or glucosamine allowed the identification of a 57 kDa
glycoprotein as the major molecule expressing the BCD-F9 epitope. Although less
intensively, the mAb reacts with other proteins, for instance with some of 25 and 80 kDa,
respectively. Whether the detected proteins coprecipitate with the predominant protein of
57 kDa or share with it a common epitope has to be established. It js conceivable that
different band patterns might even be detected after immunoprecipitation of lysates from
the other tumor cell lines that reacted with BCD-F9 in flow cytometry analysis. However,
the fact that the mAb binds to several proteins does not limit its interest for
immunotherapy. A good example for that is the mouse mAb 17-1A, a reagent well known

for its therapeutic effect in colorectal cancer patients with minimal residua] disease (27).
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This mAb not only detects an epithelial cell adhesion molecule of 33-40 kDa but also
immunoprecipitates other proteins of 50 and 65 kDa from different cell lysates (28).
Whether these secondary antigens play a role in antitumor activity of mAb 17-1A has not
been determined yet.

Taken together, findings reported in this study suggest that broad recognition of
neoplastic cell lines from different origin identifies mAb BCD-F9 as a potentially useful
immunotherapeutic reagent. It is worthwhile to study whether mAb BCD-F9 will be
capable to suppress the tumor cells growth and metastasis of other human tumor cells as
it did against HT-1080 fibrosarcoma. Should this be the case, the contribution of ADCC
to the in vivo antitumor activity of the mAb will have to be confirmed and the effector
cells involved will have to be identified. It will then be possible to consider combine
treatment with mAb and cytokines to improve the therapeutic effect of BCD-F9.
Successes with such a strategy were recently reported for different mAbs, in particular,
mAb 14.G2A (29), which reacts with the GD2 ganglioside expressed on several tumors
including neuroblastoma and melanoma, and mAb 17-1A (30-32) already used for

treatment of minimal residual disease of colon cancer patients.
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Figure 2.1. Reactivity of mAb BCD-F9 with Various Neoplastic Cell Lines and
PBMC.

Expression of BCD-F9 epitope on cultured tumor ce]] lines (A) and on freshly collected
PBMC (B) was analyzed by flow Cytometry as described in Materials and Methods. Data
correspond to the MFI of positive cells after staining with unconjugated BCD-F9 and
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Figure 2.2, Characterization of the BCD-F9-Reactive Antigen.

Aliquots of lysates of HT-1080 cells labeled metabolically with [”S]-Methionine (A) or
[3H]-Glucosamine (B) were immunoprecipitated with anti-B-Galatosidase IgG2a isotype
control mAb (lanes 1), mAb BCD-F9 (lane 2), or anti-PLCy1 rabbit polyclonal IgG (lanes

3) and analyzed by electrophoresis in 12% polyacrylamide slab gels under reducing
conditions, followed by autoradiography as described in Material and Methods,
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Figure 2.3. Antitumor Activity of BCD-F9 in HT-1080-Xenografted Nude Mice.

Cultured HT-1080 cells were inoculated s.c. into CD-1 nude mice on day 0. Normal
rabbit IgG (®) or mAb BCD-F9 (O) was administrated i.v. according to a schedule
described in Material and Methods. Results expressed as mean tumor volume + SD were
calculated from 5 growing tumors/group measured at 3-day intervals from 9 to to 30 days
post-grafting. Statistical significance: P < 0.01 versus normal IgG, calculated using the
the Student’s - test.
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Figure 2.5. Tumor Histology.
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Figure 2.6. Capacity of mAb BCD-F9 to Kill HT-1080 Cells by ADCMC.

Lysis of radiolabeled tumor cells was measured in a standard >'Cr-release assay after
cells were incubated for 45 min at 37°C with various concentrations of protein G-purified

mAb BCD-F9 with or without guinea-pig complement. The values shown are means of
triplicate samples + SD
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Figure 2.7. Capacity of mAb BCD-F9 to Kill HT-1080 Tumor Cells by ADCC.

The capacity of protein G-purified mAb BCD-F9 to lyse radiolabeled HT-1080 tumor
cells by ADCC was evaluated in a standard *'Cr-release assay using as effector cells NK-
enriched spleen cells (hatched bars) or thioglycollate-elicited peritoneal cells (lined bars)
harvested from CD-1 nude mice. Open bars and solid bars show the resistance of HT-
1080 target cells to lysis by splenic NK-enriched cells and peritoneal cells in the absence

of antibodies, respectively. The values shown are mean of quadruplicate samples + SD
containing cells at indicated E:T ratios.




CHAPTER 3

Epitope-Specific Antibody Response to HT-1080 Fibrosarcoma

Cells by Mimotope Immunization
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RESUME TRADUIT

indiqué que la présence de trois résidus, PXXWW, était cruciale pour la liaison au BCD.-
F9. Des anticorps polyclonaux produits par immunisation de lapins avec Je peptide
synthétique GRRPGGWWMR (antisérum anti-mimotope ou AM-F 9) se sont liés de
maniére spécifique aux cellules HT1080 et ont inhibé 1a liaison de Ianticorps BCD-F9 3

ces cellules. Un modéle expérimental murin dans lequel des souris CD-1 nues sont

qu’un  mimotope peptidique pourrait &tre utilisé en tant que nouvel outil

immunothérapeutique pour susciter une réponse anti-tumorale bénéfique.
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ABSTRACT

The mouse mAb' BCD-F9 that recognizes an unknown antigen found on the
surface of many tumor cells was used to screen a phage display library expressing
random peptide decamers. The phage that was selected encoded for the unique sequence
GRRPGGWWMR representing the peptide capable of binding to the BCD-F9 mAb. The
peptide was synthesized and found to specifically inhibit the binding of mAb to HT-1080
fibrosarcoma cells. Alanine mutagenesis of the sequence encoding for this peptide
indicated that three residues, PXXWW, were critical for its binding to the BCD-F9 mAb.
Polyclonal antibodies generated by immunization of rabbits with the synthetic peptide
GRRPGGWWMR (anti-mimotope antiserum or AM-F9) specifically bound to HT-1080
cells and inhibited the binding of the BCD-F9 antibody to these cells. Using an
experimental animal model where CD-1 nude mice are inoculated i.v. with HT-1080 cells
develop lung metastasis and die within 30 days, we have shown that AM-F9 could
significantly prolong the life span of these animals. Our results suggest that a peptide
mimotope can be potentially used as a novel immunotherapy to induce a beneficial

antitumor response.
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INTRODUCTION

Since the development of the hybridoma approach (1), a large number of rodent
mAbs with specificity for antigens of therapeutic interest have been generated and
characterized. However, the fact that rodent antibodies are highly immunogenic in
humans severely limits their clinical applications, especially when repeated
administrations are required. It was therefore suggested that passive immunization using
humanized or reshaped mouse mAbs could have clinical application, and several of these
mAbs are now in clinical trials (2). Ideally, antibody humanization should not diminish
their specificity and affinity toward the antigen, whereas immunogenicity must be
completely eliminated. However, it has become apparent that the accomplishment of both
aims is usually time-consuming and costly. Another approach is the use of synthetic
peptides (mimotopes) corresponding to the sequence of the native antigen that can induce
antibodies in vivo (3-5). Furthermore, protective immune reactions were elicited by
mimotope immunization for several infectious agents (6-8). Therefore, the use of peptide
mimotopes might be a valuable approach to develop vaccines for the induction of a
defined antibody response to cancer antigens.

Phage display technology is a powerful tool for identifying peptide structures that
mimic natural epitopes, including both linear and conformational epitopes expressed on a
variety of cell types (9-13). Phage peptide libraries consist of filamentous phages
displaying random peptides of defined length on their surface. The peptides are usually
fused to the phage minor coat protein pIII (14-15), which is expressed at low density (3-5
molecules per phage particle) or to the major coat protein pVIII (16), which is
represented at a higher copy number. Such libraries have been successfully screened with
a variety of mAbs, and the peptides selected have been shown to mimic linear, assembled
and nonpeptidic epitopes (12,13,17). In all these methodologies, the selection of
mimotopes (molecules of the repertoire able to bind to the ligate) does not necessarily
require that the original ligand be known. The mimotopes have been shown to effectively
induce a specific immune response directed against the epitope recognized by the mAb
used for the affinity selection of phage clones (4,7), which has suggested a new way to

induce epitope-specific antibody responses against unknown epitopes (5,18,19).
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However, there are limited data on whether the antibodies generated by mimotopes can
recognize native antigens on tumor cells and much less is even known about the
antitumor activity of anti-mimotope antibodies.

Recent findings in a nude xenograft mouse model have shown that mAb BCD-F9
(20), when administrated i.v. is able to reduce growth and metastasis of human HT-1080
tumor cells®. Because of the ability of BCD-F9 to recognize a wide variety of neoplastic
cell lines as opposed to normal tissues (21), this mAb could potentially be used for
antitumor immunotherapy. In this study, we used phage-displayed peptide libraries to
identify ligands mimicking an epitope for BCD-F9, presented on the cancer cells, and we

analyzed the anti-cancer activity of antiserum generated against the discovered ligand.
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MATERIAL AND METHODS

Cell Line and Monoclonal Antibody. The human fibrosarcoma cell line, HT-
1080, was purchased from the American Type Culture Collection (ATCC, Rockville,
MD) and maintained in DMEM supplemented with 10% FBS. The cells were cultured at
37°C in 5% CO, under a humidified atmosphere.

The mAb BCD-F9 was obtained from the fusion of NS-1 myeloma cells with
spleen cells from BALB/c mice hyperimmunized with the human breast carcinoma cell
line BT-20 (20). BALB/c mice were inoculated L.p. with hybridoma, and the BCD-F9
mAb was purified from ascetic fluid using a protein-G Sepharose column (Pharmacia,
Baie-Durfe, Quebec).

Phage Libraries and Biopanning. BCD-F9 ligands were selected from random
phage libraries expressing linear (pIlI-10aa) or circular (pIll-10aa.Cys) decapeptides
fused to plII filamentous bacteriophage fd (22).

The mAb BCD-F9 was biotinylated by incubation of 100 pg of the antibody with
5 pg of NHS-LC-Biotin in 50 ul of 0.1 M NaHCO; for 2 hr at room temperature followed
by dialysis against PBS! (23). For panning, Nunc Maxisorb microtiter plates were coated
with streptavidin at 20 pg/ml in 0.1 M NaHCOj; overnight at 4°C and then blocked with
350 pl of blocking solution (1% powdered milk in PBS) for 1 hr at room temperature.
The biotinylated mAb BCD-F9 was diluted to 10 pg/ml in blocking solution, and 25 pl
were added to each well. The mAb was bound to the plate for 2 hr at room temperature,

and the wells were washed six times with PBS. Then, 10" phages were added in 50 pl of

0.1% milk/PBS and bound to the mAb for 1 hr at room temperature. The plates were
washed twelve times with PBS to remove non-specific phages while bound phages were
eluted by treatment with 50 pl of 0.1 M glycine/HCL buffer, pH 2.2, containing 1 mg/ml
of BSA. Neutralization of the eluate, titration and amplification on agar medium were
carried out essentially as previously described (15). The binding and elution steps were
repeated four times. Viral DNA was sequenced with fUSE 3?p primer 5'-
TGAATTTTCTGTATGAGG-3' (kindly provided by Dr. George Smith) by using the

Sequenase T7 kit (Pharmacia, Baie-Durfe, Quebec) as recommended by the supplier.
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Alanine Substitutions and Phage Attachment Assay. Mutants of the phage
selected for its binding to the BCD-F9 mAb were produced as previously described (18).
Briefly, a series of complementary oligonucleotides in which a given non-Ala residue of
DNA encoding for the peptide was changed so as to encode for Ala were used in the
construction of mutant phages. Complementary  oligonucleotides y2Pr  (5-
TGGCTTCTAAAGAGCCGGGGGGGTGGTGGAAGGGGGCGGCCTCTG-3’) and
y2" (5’-AGGCCGCCCCCTTCCACCACCCCCCCGGCTCTTTAGAAGCCACGT—3’)
were used in the construction of the phage y2. All mutants were purified and verified by
DNA sequencing as described above.

To test the ability of each phage to be recognized by the BCD-F9 mAb,
approximately 10 virions of a given mutant were incubated for 1 hr at room temperature
with the biotinylated antibody previously immobilized on microtiter plates as described
above. Following ten washes, phages were eluted with 0.1 M glycine/HCL pH 2.2,
neutralized, and tittered on strain K91 (15). The percentage of attachment was calculated
as the number of the eluted phages divided by the input phages x 100.

Synthetic Peptides. The mimotope sequence GRRPGGWWMR (designated M-
F9) was synthesized as linear free peptides by standard solid-phase method Fmoc
chemistry and TGA (24). The purity of peptides was assessed by reverse-phase high-
pressure liquid chromatography and mass spectrometry. The complete peptide
GRRPGGWWMRAASYC contains five additional residues at the C terminus. Three of
them (AAS) represent the linker fusing the peptide and gIII protein as expressed on the
phage, a Tyr residue was added for possible radiolabeling, and a Cys residue for coupling
to KLH' P-y2 peptide was synthesized as a NVSKEPGGWWKGDYC sequence
corresponding to the native PLC-y2 sequence with the exception of the C-terminal Cys
residue added for coupling. For immunization, the peptides were conjugated to KLH via
the carboxyl terminus as previously described (3).

Rabbit Immunization. New Zealand white female rabbits were given a primary
i.m. immunization with 100 ug of the peptide-KLH solution emulsified 1:1 in Freund’s
complete adjuvant and subsequently boosted with 150 ng of antigen emulsified 1:1 in

Freund’s incomplete adjuvant at biweekly intervals. The rabbits were boosted three times
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and bled 5 days after the last boost at week 7. The serum samples from rabbits were
tested by ELISA as previously described (3). The synthetic peptides M-F9 and P-y2 were
used as capture antigens (1 pg per well). All ELISA experiments were performed at least
twice in triplicates.

Cell Binding and Inhibition Assays. For the preparation of cells, 10 ml of PBS
were added to HT-1080 cell culture, and the cells were washed, harvested by incubation
with PBS containing 0.5 mM EDTA and transferred to 15-ml centrifuge tubes. Viable
cells were then counted using the Trypan Blue dye exclusion technique. The
concentration of cells was adjusted to 107 cells per ml, and 100 pul were used for each
sample. The BCD-F9 mAb (1 pg) was then added to the sample tubes and incubated on
ice for 45 min, washed twice with 2 ml of BSA/PBS and centrifuged for 5 min at 1,500
rpm. A total of 10 pl of antibody [goat anti-mouse IgG FITC'-labeled (Roche
Diagnostics, Laval, Quebec) diluted 1:25 with PBS] was added to the sample and
incubated on ice for 45 min and again washed twice with BSA/PBS. The cells were fixed
using 0.5 ml of 1% paraformaldehyde in PBS and the percentage of cells binding the
antibody was analysed on a Epics XL-MCL flow cytometer (Coulter, Hialeah, FL)
equipped with a 488 nm argon laser.

For phage inhibition assay, 0.5 pg of the BCD-F9 mAb was preincubated for 2 hr
at room temperature with 100 pl of BSA/PBS containing various concentrations of phage

particles: F9, y2, and W7 expressing the VCDWWGWGIC peptide. Aliquots were then
added to HT-1080 cells (106 cells/sample), and the cells were treated as described above,

For peptide inhibition assay, 0.5 pg of the BCD-F9 mAb was pre-incubated for 2
hr at room temperature with 100 pl of BSA/PBS containing various concentrations of the
synthetic peptides: M-F9, P-y2, and VCDWWGWGIC. Aliquots were then added to HT-

1080 cells (106 cells/sample), and the cells were treated as described above.
For antisera inhibition assay, HT-1080 cells (1 0® cells/sample) were pre-incubated

for 45 min on ice with different dilutions of antisera: AM-F9, AP-y2, or pre-immune
rabbit serum. Then, 1 pg of the BCD-F9 mAb was added to the sample tubes and

treatment proceeded as described above.
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Experimental Metastasis. Confluent monolayers of HT-1080 cells were
harvested by incubation with PBS containing 0.5 mM EDTA. Viable cells were counted
by the Trypan Blue exclusion dye method. Aliquots containing over 95% of viable cells
were used in this experiment. The cells (2x107cells/ml) were suspended in PBS, and 0.1
ml of the suspension was inoculated i.v. into the tail vein of CD-1 nude mice (Day 0).
Rabbit pre-immune serum (100 pul), or AM-F9 polyserum (100 pl) was administrated i.v.
in 0.2 ml of PBS on days 1 and 2, 5 to 9, 12 to 16, and 19 to 21, and the lungs were
recovered from recently deceased animals. The lungs were fixed in 10% buffered
formalin, embedded in paraffin, sectioned and stained with H&E for routine histological
examination by light microscopy.

Statistical Analysis. Cox-Mantel logrank test was performed using INSTAT

software. A P-value of < 0.05 was considered significant.
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RESULTS

Identification of BCD-F9-Specific Mimotopes. To search for a peptide that is able
to bind with BCD-F9, we screened two phage peptide libraries. One of these libraries
displays linear decapeptides that are fused to the minor coat protein plII, while the second
has additional two cysteines flanking the random decapeptide sequence, leading to
formation of circular peptides through the creation of a disulfide bridge. After four
rounds of biopanning using mAb BCD-F9 as a target, we observed an approximately
33,000-fold increase in the number of eluted phages in the case of the linear library (Fig.
3.1). The circular library showed a marginal enrichment of about 100-fold following the
third round of selection. Therefore, no further manipulations were continued with this
library.

After the fourth round of selection with the linear library, sixteen independent
phage isolates were amplified and sequenced. All isolates yielded the identical DNA
sequence encoding for the amino acid sequence GRRPGGWWMR. Additional eight
independent isolates were chosen from the second round and were sequenced. All the
phages from the second round encoded for the same sequence as was obtained from the
fourth round isolates. The comparison of the identified peptide sequence with protein
sequences available in Gene Bank showed the homology of five amino acid residues
(PGGWW) to six SH3 domain-containing proteins (NCBI accession no. AAD29953,
AAC78610, Q15811, AAD29952, NP 003015, NP_002652). These proteins are all
intracellular signal transducers and therefore, it is unlikely that they contain the BCD-F9
reactive epitope.

Determination of Critical Amino Acids Necessary for Binding to the BCD-F9
mAb. In order to determine which residues were critical for the binding, a series of
mutant phages were constructed in which residues inside the PGGWW block were
individually changed to Ala. Phage y2 expressing the sequence corresponding to that of
PLC-y2, one of the six proteins identified in the Gene Bank (NCBI accession no.
NP_002652), was also constructed in order to determine the effect of the remaining
residues N- or C-terminal to this block. Each of the resulting phages was then tested for
its ability to bind to the BCD-F9 mAb. Results shown in Figure 3.2 indicate that
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mutations of three residues Pro (4" position), Trp (7 position), and Trp (8" position) led
to a significant reduction in binding of the peptide to the BCD-F9 mAb. The remaining
residues had no effect on the peptide binding when changed all at once in phage y2. We
did not change two Gly residues inside the PGGWW block, mainly because it was
previously shown that Gly residues do not usually contribute directly to the binding but
rather serve as structural linkers to position the critical residues (18).

Binding of Phage F9 and Mimotope (M-F9 ) to the BCD-F9 mAb. To confirm the
specificity of the peptide represented on phage F9, we analyzed its ability to inhibit
binding of the BCD-F9 mAb to HT-1080 cells i.e., cells that express a high level of the
BCD-F9-specific antigen. Phages y2 and W7 were used as controls mainly because they
show the highest and the lowest binding to the BCD-F9 mAb, respectively (Fig. 3.2).
BCD-F9 was incubated with the serial dilutions of phages and then assayed for its ability
to bind to HT-1080 cells. The results shown in Figure 3.3A demonstrate that phage F9
induced a 47% inhibition at the 10" virions/ml concentration while phage y2 was less
potent inducing 38% inhibition at the same virion concentration. The phage W7 did not
show any specific binding to the BCD-F9 mAb.

A peptide corresponding to the sequence presented on phage F9 (M-F9 peptide)
was then synthesized and tested for its binding to the BCD-F9 mAb. We also synthesized
a peptide corresponding to the phage Y2 (P-y2 peptide) and an unrelated
(VCDWWGWGIC) peptide. These three peptides were tested for their ability to bind to
the BCD-F9 mAb. Briefly, BCD-F9 was incubated with the peptides at various
concentrations of the synthetic peptides and then assayed for its ability to bind to HT-
1080 cells. Figure 3.3B shows that the M-F9 bound specifically to the antibody and
blocked its subsequent binding to HT-1080 cells. The highest potency of the M-F9
peptide was ICsp of 2 x 10 M, as compared to the P-y2 peptide that showed inhibitory
effect only at concentrations higher than 100 uM. The peptide VCDWWGWGIC had no
inhibitory effect (Fig. 3.3B).

Induction of an Epitope-Specific Immune Response. To investigate whether the
mimotope represents an immunogenic structure corresponding to the natural epitope
expressed on cancer cells, rabbits were immunized either with the M-F9 peptide or the P-

Y2 peptide conjugated with KLH. After a primary immunization and three boosts, the sera
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from individual rabbits were separately collected and tested for anti-peptide antibodies
using an ELISA technique. All the sera collected showed an ability to bind to peptides at
1:2000 dilution, whereas the pre-immune serum showed no anti-peptide reactivity. We
then investigated the specificity of the rabbit anti-mimotope antisera by inhibiting the
binding of the BCD-F9 mAb to HT-1080 cells. As shown in Figure 3.4, serum from the
rabbit immunized with M-F9 peptide (AM-F9) inhibited the binding of BCD-F9 to HT-
1080 cells by 75%, suggesting that the rabbit anti-mimotope antiserum was directed
against the epitope of these tumor cells. In contrast, the serum from rabbit immunized
with the P-y2 peptide, as well as rabbit pre-immune serum, did not inhibit the binding of
the BCD-F9 mAb to HT-1080 cells.

Effect of AM-F9 on Experimental Lung Metastasis. Finally, we examined the
antitumor activity of AM-F9 in an experimental metastasis model. In this model, HT-
1080 cells injected i.v. into CD-1 nude mice induce the formation of metastatic foci in the
lung, and 100% of the animals die within 30 days after inoculation. After 50 days of
observation, the MST values were calculated for groups of mice injected with AM-F9
and mice treated with pre-immune serum. These were 47+2 and 251, respectively (Fig.
3.5). The animals treated with AM-F9 had significantly prolonged life span (T/C =
188%), suggesting that the antitumor activity of AM-F9 was not dependent on the
nonspecific action of the rabbit serum. Histological examination of the lungs showed
diffuse metastasis in the case of control animals and more localized metastatic foci in the
case of animals treated with anti-mimotope antisera. In-life observations showed that
mice treated with AM-F9 appeared as healthy as the control mice during the duration of

the experiment, suggesting that no severe side effects were caused by AM-F9.
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DISCUSSION

Several authors have previously demonstrated that peptide mimotopes can be
obtained from phage epitope libraries (9-11) or by chemical synthesis (25-27) and that
these sequences bind antibodies raised against native structures. In fact, several studies
have shown that peptide mimotopes can be found for most, if not all, anti-carbohydrate
mAbs (28-30). Peptide epitopes have also been shown to mimic glycosphingolipids and
oligonucleotides structures (30-32). In the case of mimotope immunization, several
investigators showed that synthetic peptides could induce an epitope-specific immune
response in vivo (3-5). Furthermore, protective immune reactions by mimotope
immunizations have been shown for several infectious agents (6-8), viral antigens (33),
and pollen allergens (34). The larger issue of whether such mimotopes can be exploited
to elicit functional antibody response against tumor cells has yet to be fully resolved.

In this study, we chose a well-characterized functional mAb, BCD-F9, and used it
to identify peptides that mimic the epitope recognized by this antibody. The BCD-F9
mAb is a murine mAb (IgG2a) that recognizes an antigen present on the surface of many
tumor cell lines. Because of its high selectivity towards tumor cells as opposed to normal
tissues, this mAb could be potentially used for killing tumor cells (35). Whereas the
tumor antigen that is recognized by BCD-9 has not been isolated, our unpublished data
demonstrates that this mAb recognizes a conformational epitope on 57 kDa
glycoprotein®.

Although we expected to identify several mimotopes, only one sequence was
selected from a linear random decapeptide library while a circular library did not generate
any specific phages. Despite the great number of independent clones in these libraries
(>10%), they cover only a small percentage of all theoretically possible decapeptides.
Therefore, it is possible that the circular library does not contain peptides mimicking the
most optimal structure of the native epitope. It is also possible that there is a bias against
particular sequences because the need to maintain phage infectivity, resulting in the
absence of those sequences from the library.

Mutational analysis indicated that specificity is likely to reside in the PGGWW

block of the amino acids (Fig. 3.2). This block is common to several SH3 domain-
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containing regulatory proteins involved in signal transduction (36). The intracellular
localization of these signaling proteins suggest that the F9 peptide mimics the native
tumor-specific epitope despite the fact that they have different amino acid sequences.
Binding studies and immunization experiments confirmed the specificity of the mimotope
for the BCD-F9 mAb. In addition, the mimotope was specifically recognized by BCD-F9
without the phage carrier, indicating that the mimotope alone is responsible for the
interaction with BCD-F9 without the involvement of structure entities from the phage
particle. Another indication for the correct mimicking of the epitope by F9 peptide was
obtained by the immunization experiments. We demonstrated that rabbits immunized
with peptide-KLH could elicit an IgG response to the natural antigen on tumor cells.

On the other hand, results obtained with the peptide y2 were surprising and we
cannot reasonably explain their poor binding. However, it cannot be excluded that the
amino acid residues flanking the PGGWW block can interfere with the binding when the
peptide is isolated from the phage carrier. A similar situation has been previously
reported in which the peptides were able to mimic the natural epitope only when
presented on the phage surface (19,34).

In summary, this report describes the isolation of mimotope corresponding to the
epitope of the BCD-F9 mAb. Inhibition studies either with mimotope-displaying phage
particles or with synthetic peptides proved the specificity of the isolated mimotope.
Immunization of rabbits with the mimotope induced polyclonal antibodies capable of
blocking the binding of the BCD-F9 mAb to HT-1080 tumor cells. Finally, we assessed
the effect of AM-F9 serum on tumor metastasis in an experimental animal model and
showed that i.v. treatment with anti-mimotope antisera (15 injections of 100 pl/mouse)
significantly prolonged the life span of nude mice (Fig. 3.5). However, the beneficial
effects of this passive immunotherapy are only achieved if relatively large amounts of
antibody are applied, making this treatment very expensive. Thus, it would be an
advantage to replace or combine the passive treatment with an active immunization using
a mimotope. The success of such an approach has already been demonstrated with the use
of mimotopes as experimental oral anti-IgE vaccines (37).

The properties of AM-F9 were further investigated in a separate study’. It was
found that (a) treatment with AM-F9 significantly inhibited the growth of HT-1080 tumor
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cells inoculated s.c. into CD-1 nude mice, (b) AM-F9 elicited ADCC! by splenic NK
cells and by peritoneal cells, and (c) AM-F9 mediated complement-dependent
cytotoxicity.

The results of this study suggest that phage epitope libraries may have broad
application for the design of anti-cancer vaccines. We believe that this strategy may allow
the design of immunogenic peptides without prior knowledge of the target antigen. A
new generation of anti-cancer vaccines could consist of a mixture of mimotopes,
including peptides that mimic the carbohydrates and complex epitopes, selected using

tumor-specific mAbs.
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1. Abbreviations used: mAb, monoclonal antibody; PBS, phosphate-buffered saline;
Fmoc, 9-fluorenylmethhoxycarbonyl; KLH, keyhole limpet haemocyanin; FITC,
fluoroisothiocyanate; ADCC, antibody-dependent cellular cytotoxicity

2. Popkov, M., Sidrac-Ghali, S., Lusignan, Y., Lemieux, S., and Mandeville, R.
Inhibition of Tumor Growth and Metastasis of Human Fibrosarcoma Cells HT-
1080 by Monoclonal Antibody BCD-F9. Submitted for pulication.

3. Popkov, M., Lusignan, Y., Lemieux, S., and Mandeville, R. Immunotherapy with
Anti-Mimotope Polyclonal Antibodies in a Nude Mouse Xenograft Model:
Mechanisms of Action. Submitted for publication.
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Figure 3.1. Selection of Phages that Bind to mAb BCD-F9.

Phages from linear (®) or circular (O) decapeptide libraries were bound to mAb-coated
microtiter wells as described in Materials and Methods and eluted with glycine/HCl
buffer, pH 2.2. Enrichment (n/ n;) was calculated as the total number of phages
recovered after elution (n;, number of transducing units recovered after ”i” round of
selection) divided by the number of transducing units recovered after the first round of
selection (n;). Data represent mean values from plating in triplicate.
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Figure 3.2. Binding of Ala Phage Mutants and Phage y2 to mAb BCD-F9.

The effect is shown of Ala substitutions of three residues the peptidle GRRPGGWWMR,
starting with Pro in the fourth positions from the N terminus, following with Trp in the
seventh position and ending with Trp in the eight position. F9 phage served as a positive
control for binding to mAb BCD-F9. The percentage of attachment is the number of
eluted phages divided by the input phage x 100. Data represent mean values from plating
in triplicate.
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Figure 3.3. Inhibition of BCD-F9 Binding to HT-1080 Cells by Phages and by
Synthetic Peptides.

Binding of BCD-F9 to HT-1080 cells was studied in the presence of the competing
phages (A) F9 (@), y2 (W), and W7 (O) or in the presence of the competing peptides (B)
M-F9 (@), P-y2 (W), and VCDWWGWGIC irrelevant peptide (O) as described in
Materials and Methods. The Y-axis shows inhibition (%) of binding of BCD-F9 to HT-
1080 cells as a function of the phage (A) or of the free peptide (B) concentration (X-
axis). The data represents means + SD from three independent experiments.
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Figure 3.4. Inhibition of Binding of the BCD-F9 mAb to HT-1080 Cells by
Polyclonal Antisera.

Inhibition of binding of the BCD-F9 mAb to HT-1080 cells by polyclonal antisera. The
binding of BCD-F9 to HT-1080 cells was studied in the presence of the competing
polyclonal antisera AM-F9 (solid bars), AP-y2 (lined bars), and pre-immune serum (open
bars) as described in Materials and Methods. The Y-axis shows inhibition (%) of binding
of BCD-F9 to HT-1080 cells as a function of the rabbit polyclonal antiserum dilution (X-
axis). The data represents means + SD from three independent experiments.
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Figure 3.5. Survival Analysis of HT-1080 Tumor-Bearing Nude Mice.

HT-1080 cells were inoculated i.v. into CD-1 nude mice on day 0. Rabbit pre-immune
serum (O) or AM-F9 (®) was administrated i.v. on days 1-2, 5-9, 12-16, and 19-21. Each

group comprised 5 mice. Statistical significance: P < 0.05 versus pre-immune serum,
calculated using the Cox-Mantel test.



CHAPTER 4

Immunotherapy with Anti-Mimotope Polyclonal Antibodies
in a Nude Mouse Xenograft Model
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RESUME TRADUIT

BCD-F9 est un mAb murin de type IgG2a reconnaissant un epitope
conformationnel present a la surface de plusieurs cellules tumorales. Nous avons
précédemment identifié un mimotope de BCD-F9, appelé M-F9, 4 partir d’une banque de
phages exprimant des décaméres peptidiques de maniére aléatoire; ce mimotope a par la
suite été utilisé pour générer des anticorps polyclonaux (anti-mimotope ou AM-F9) chez
le lapin. Nous avons démontré a I’aide d’un modéle de tumeurs métastatiques agressives
que ’administration i.v. de¢ AM-F9 prolongeait de maniére significative la vie de souris
CD-1 nues inoculées i.v. avec des cellules de fibrosarcome humain HT1080. Dans le
présent travail, I’activité anti-tumorale de AM-F9 a été testé a I’aide d’un modéle de
tumeur sous-cutanée. L’administration de AM-F9 a des souris CD-1 nues auxquelles des
cellules HT1080 ont été inoculées par voie s.c. a provoqué une inhibition significative de
la croissance tumorale. Nous avons aussi étudié I’activité anti-tumorale in vitro de AM-
F9 a I’aide d’essais ADCMC? et ADCC >. Les populations de cellules effectrices ont été
obtenues par déplétion des macrophages (adhérence au plastique) ou par enrichissement
des cellules NK (sélection négative). AM-F9 s’est montré efficace dans la médiation de la
lyse des cellules tumorales in vitro par ADCMC et ADCC. L’utilisation de différentes
populations de cellules effectrices suggére que le mécanisme d’action préférentiel de
I’ADCC est vraisemblablement médié par les cellules NK. Cependant, 1’activité
protectrice de AM-F9 dans le modéle tumoral in vivo n’a pas été abrogée par la déplétion
des cellules NK provoquée par un antisérum anti-asialo GM1. Il semble donc que dans ce
modeéle, ’ADCMC représente un acteur important dans la lyse des cellules tumorales.
Ces résultats indiquent aussi qu’un peptide mimotope peut potentiellement étre utilis€ en

tant qu’agent immunothérapeutique pour induire une réponse anti-tumorale bénéfique.
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ABSTRACT

BCD-F9 is a murine IgG2a mAb, which recognizes a conformational epitope
found on the surface of many tumor cells. We have previously selected a mimotope of
BCD-F9, designated M-F9, from a phage display library expressing random peptide
decamers and used it to generate polyclonal antibodies (anti-mimotope or AM-F9) by
immunization of rabbits. Using an aggressive lung metastatic model, we demonstrated
that AM-F9 administrated i.v. significantly prolonged the life span of CD-1 nude mice
inoculated i.v. with HT-1080 human fibrosarcoma cells. In this study, we report that AM-
F9 also inhibited tumor growth in CD-1 nude mice inoculated s.c. with HT-1080 cells,
thus further supporting the potential usefulness of a peptide mimotope as a novel
antitumor immunotherapy. In vitro assays, AM-F9 was found to be effective in mediating
tumor cell killing by both antibody-dependent complement-mediated cytotoxicity
(ADCMC) and antibody-dependent cellular cytotoxicity (ADCC). Splenic NK cells were
more efficient effector cells than peritoneal cells in ADCC assay. Furthermore, only low
lysis of AM-F9-coated HT-1080 cells was observed when effector cells were plastic-
adherent thioglycolate-elicited peritoneal macrophages. These findings suggested a
putative contribution of NK cells in AM-F9-dependent inhibition of tumor cell growth in
vivo. Surprisingly, the protective activity of AM-F9 in the s.c. tumor model was
enhanced rather than abrogated in NK cell-depleted mice. AM-F9-dependent tumor cell
killing in this model would thus either be complement-mediated or require the

implication of of another cytotoxic effector cell population yet to be identified.
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INTRODUCTION

Peptide libraries displayed on filamentous phages have proven to be powerful
tools to define specific epitopes for mAbs, polyclonal sera, or receptor molecules on
various cell types [1-4]. Phage display-derived peptides isolated by affinity selection
from linear or circular libraries are often called mimotopes, mainly because they show
significant sequence divergence from the native antigens and only mimic their
conformation [5,6].

Peptide mimotopes are of considerable interest because of their potential use in
vaccine development. Upon immunization, mimotopes have been shown to induce an
antigen-specific immune response directed against the epitope recognized by the mAb
used for affinity selection of phage clones [7,8]. Mimotope immunizations could
therefore be a novel way to induce epitope-specific Ab responses in vivo especially when
the original antigen is unknown or induces Ab of undesired specificity. However, there
are limited data on whether anti-mimotope Ab so derived can be effective against tumor
cells expressing the original antigen and less is known about the mechanisms of their
anti-tumor activity.

Antibody-mediated effector mechanisms against tumor cells, of which the activity
has been shown in vitro, are ADCMC [9,10] and ADCC [11,12]. The presence, of
infiltrating NK cells, macrophages, and complement deposits in tumors removed from
mAb-treated patient, suggests that both ADCMC and ADCC may play a role in tumor
cell destruction in vivo [13,14]. However, as many tumor cells express increased amounts
of complement-inhibiting regulators which protect them against lysis by autologous
complement [15,16], the main anti-tumor mechanism of therapeutic antibodies in vivo is
considered to be mediated by ADCC [17].

BCD-F9 is a murine mAb (IgG2a) which recognizes an antigen present on the
surface of many tumor cell lines and in 100% of breast cancer biopsies [18]. BCD-F9
also reacts with an integral membrane glycoprotein highly expressed on colon, ovary, and
lung carcinomas. Radiolabeled BCD-F9 was successfully used for the detection of
axillary lymph node metastasis in over 30 breast cancer patients with minimal cancer

[19]. Recent findings in a nude xenograft mouse model have shown that BCD-F9, when
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administrated i.v. is able to reduce growth and metastasis of human HT-1080 tumor cells
(). Because of the ability of BCD-F9 to recognize a wide variety of neoplastic cell lines
as opposed to normal tissues, this mAb could potentially be used for killing tumor cells.
We have previously shown that a peptide mimic of the tumor antigen recognized
by the BCD-F9 mAb can induce antibodies (AM-F9) that react with the HT-1080 tumor
cell line and prolong the life span of mice inoculated i.v. with HT-1080 cells [20]. The
objectives of the present study were to evaluate the capacity of anti-mimotope antibodies
AM-F9 to inhibit the subcutaneous growth of HT-1080 tumor cells in nude mice, and to
determine the polyclonal anti-mimotope antibody capacity to induce ADCMC and ADCC
by NK cells or macrophages. We report that the polyclonal anti-mimotope antibodies,
AM-F9, significantly reduced tumor cell growth in vivo. AM-F9 is efficient in both
complement-mediated and NK cell-mediated killing of HT-1080 tumor cells in vitro.
However, because of the lack of effect of NK cell removal by anti-asialo GM1, ADCC
mediated by NK cells does not appear to contribute to the reduced tumor growth
observed in vivo. Whether the therapeutic effect of AM-F9 depends only on ADCMC or

may involve ADCC by other effector cell populations is discussed.

* Popkov, M., Sidrac-Ghali, S., Lusignan, Y., Lemieux, S., and Mandeville, R. Inhibition of Tumor Growth
and Metastasis of Human Fibrosarcoma Cells HT-1080 by Monoclonal Antibody BCD-F9. Submitted for
publication.
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RESULTS

Anti-tumor activity of AM-F9. We have recently shown that the peptide
GRRPGGWWMR, which was selected from a random decapeptide phage library that
mimics a conformational epitope found on tumor cells, induces rabbit antiserum AM-F9
that is specific for tumor cells [20]. To evaluate the efficacy of AM-F9 in mediating anti-
tumor activity, CD-1 nude mice were injected s.c. on day 0 with 3 x 10® HT-1080 celis
into the right flank, followed by 10 i.v. injections of the AM-F9 antiserum. Control
animals were injected with pre-immune serum. The mean tumor size was monitored daily
in all mice starting at day 9 post-inoculation (first sign of tumor growth) until sacrifice
(day 30). Tumors grew very rapidly; however, at day 12, we observed a reduced growth
rate in the AM-F9-treated group as compared to control group. As depicted in Figure 4.1,
treatment of HT-1080 tumor-bearing mice with the AM-F9 antiserum resulted in a
significantly lower mean tumor size compared with the control group treated with rabbit
pre-immune serum (p < 0.01, versus control from days 15 to 30). On day 15, in all AM-
F9-treated mice, clear signs of tumor necrosis were visible at the tumor center. This area
was surrounded by a rim of viable tumor cell mass. Tumor necrosis persisted until animal
sacrifice but these tumors did not disappear completely. Signs of necrosis were totally
absent in the control group. On day 30 after tumor cell inoculation, mean tumor weights
in the experimental and in the control groups were 0.46 + 0.1 g and 1.16 £ 0.22 g,
respectively demonstrating a 60% reduction in tumor growth in the AM-F9 treated group
(p < 0.001 versus control). This finding suggests that the anti-tumor activity of AM-F9
was not a nonspecific effect due to the administration of a rabbit serum. Throughout the
observation period, side effects such as loss of body weight and moribundity were not
observed in all groups of animals.

Complement-mediated cytotoxycity by AM-F9. Two of the potential effector
mechanisms (ADCMC and ADCC) that could mediate the anti-tumor activity of AM-F9
were investigated in vitro. We first examinated the ability of AM-F9 to mediate ADCMC
of HT-1080 human fibrosarcoma cells. As shown in Figure 4.2, rabbit AM-F9 polyclonal
antiserum and the BCD-F9 mAb (used as a positive control) induced significant

complement-dependent lysis of HT-1080 cells. In the absence of complement, neither
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BCD-F9 nor AM-F9 could induce lysis of HT-1080 cells at all the antibody
concentrations tested (data not shown).

Phenotypic characterization and control of cytotoxic activity of splenic NK cells.
NK-enriched spleen cells from CD-1 or CD-1 nude mice were analyzed by flow
cytometry after labeling with biotin-conjugated anti-NK1.1 mAb and FITC-conjugated
anti-TCRop mAb. As shown in Figure 4.3, the majority of NK cells enriched from the
spleen of CD-1 mice express NK1.1 (82%). Low expression of TCRaf was detected on a
small population of freshly harvested NK1.1% cells, corresponding to the recently
discovered NKT cell population mostly constituted of CD4'CD8" and CD4'CDS§" cells
[21]. In the spleen, the size of the CD4'CDS" cell subset is three times less than double
negative CD4'CD8" cells [22]. Therefore, even though CD4'CD8" NKT cells are
expected to have been depleted along with T cells during the NK cell enrichment
procedure, the residual CD4'CD8” NKT cells remain in sufficient number and they should
have been enriched with NK cells. TCRap was also detected on a small population of
NK cells isolated from CD-1 nude mice. This is an unexpected finding since nude mice
have been shown not to express NKT cells [23]. Even more surprising was the fact that
NK 1.1 was not detected on NK cells in CD-1 nude mice (Fig. 4.3).

In order to evaluate whether the NK cell phenotype would change after
stimulation, NK-enriched spleen cells from normal and nude CD-1 mice were incubated
for 5 days with IL-2. Equivalent numbers of LAK cells were harvested from cultures of
both normal and nude NK cell suspensions (data not shown). Flow cytometry analysis
revealed that in the cell suspension from normal CD-1 mice, the growth of NK1.17 cells
was preferentially stimulated as their numbers increased from 82% to 95%. However,
when NK-enriched spleen cells from nude mice were incubated with IL-2, the expression
of NK1.1 was not induced on these cells. At the same time, a loss of TCRap" cells was
observed in suspensions from both mouse strains.

Having observed that NK and LAK cells from normal and nude mice do not share
similar phenotypic characteristics, it was of interest to compare the efficacy of these cell
subsets in mediating target cell lysis. The capacity of NK and LAK cells from normal and
nude CD-1 mice to lyse HT-1080 target cells was thus tested (Fig. 4.4). Even though both

NK cell suspensions were efficient in lysing susceptible YAC-1 target cells, normal NK
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cells were undoubtedly more lytic than nude NK cells (Fig. 4.4A). Unstimulated NK cells
from normal and nude CD-1 mice were unable to lyse HT-1080 target cells, but both
LAK cell suspensions were active in lysing the same target cells (Fig. 4.4A and B). These
results indicate that nylon wool-filtered populations of cells harvested from the spleen of
nude CD-1 mice indeed contain LAK cell precursors, thus NK cells, although their
percentage in the suspension remained unknown.

Antibody-dependent cellular cytotoxicity by AM-F9. ADCC experiments with
splenic NK cells and peritoneal cells from nude mice were performed using both AM-F9
and BCD-F9-coated HT-1080 cells at effector-target ratios (E:T) of 6.25, 12.5, and 25:1.
In all experiments, the increase of E:T ratios enhanced tumor cell killing (Fig. 4.5). These
results indicate that both AM-F9 and BCD-F9 could induce NK and peritoneal cell-
mediated killing of HT-1080 tumor cells, although the percentage of lysis obtained with
peritoneal cells was lower for AM-F9 than for BCD-F9 (Fig. 4.5B). Splenic NK cell-
mediated ADCC with AM-F9 and with BCD-F9 was equivalent, however, in this
experiment splenic NK cells showed higher spontaneous (i.e. Ab-independent) cytotoxic
activity than peritoneal cells (Fig. 4.5A).

Peritoneal cell fractions, either depleted or enriched in plastic-adherent
macrophages, were used as effector cells against AM-F9-coated HT-1080 cells. The
labeling with F4/80 mAb confirmed that the percentages of macrophages was enriched in
the adherent cell fraction and that the non-adherent cell fraction recovered contains a
mixture of F4/80 and F4/80" cells (Fig. 4.6). Results shown in Figure 4.7 indicate that
AM-F9 could trigger lysis of HT-1080 target cells by any peritoneal cell fraction.
However, the percentage of lysis obtained with unfractioned cells was lower than with
non-adherent cells, possibly due to macrophage depletion in the non-adherent cell
fraction. Macrophage-rich effectors exerted only weak anti-tumor AM-F9-dependent
cytotoxicity.

Effect of NK cell-depletion on anti-tumor activity of AM-F9. In vitro experiments
reported in the above sections suggested that NK cells could be the major effectors in the
mediation of AM-F9-dependent cytotoxicity towards HT-1080 tumor cells. To evaluate
the contribution of this mechanism to the in vivo anti-tumor activity of AM-F9, NK-cell-

depleted animals were used. Our results show that depletion of NK cells did not abrogate
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the protective activity of AM-F9 antiserum. Furthermore, the reduced growth rate of HT-
1080 tumors in AM-F9-treated mice was even more pronounced in mice inoculated with
rabbit anti-asialo GM1 antiserum (Fig. 4.8). The absence of asialo GM1 on HT-1080
cells was confirmed in flow cytometry assays under conditions where this molecule was
detected on 90% of NK-enriched spleen cells. Furthermore, unlike NK cells, HT-1080
cells were totally resistant to killing when incubated with anti-asialo GM1 antiserum and
guinea pig or mouse complement (data non shown). At necropsy, tumor weights
determined on day 33 after tumor cell inoculation in the groups treated with AM-F9, anti-
asialo GM1/AM-F9, and pre-immune serum were 0.57 £ 0.14 g, 0.33 + 0.08 g, and 1.40
+ 0.37 g respectively, leading to a 59% and 76% reduction in tumor growth during AM-
F9 and anti-asialo GM1/AM-F9 treatments (p < 0.01 and p < 0.001 versus control,
respectively). Anti-asialo GM1/AM-F9 treatment significantly reduced the weight of the
tumors not only when compared to controls, but also with tumors from AM-F9 treated
mice (p < 0.01). This finding excludes NK cell-mediated ADCC as a major mechanism of

anti-tumor activity of AM-F9 in vivo.
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DISCUSSION

In a previous study, we described the generation of rabbit anti-mimotope
antiserum AM-F9 by immunization with the synthetic peptide (GRRPGGWWMR)
selected from a decapeptide phage display library using the BCD-F9 mAb. We also
demonstrated that AM-F9 inhibited the binding of BCD-F9 to the HT-1080 human
fibrosarcoma cells and prolonged the life span of CD-1 nude mice injected i.v. with HT-
1080 [20]. The properties of AM-F9 were further investigated in the present study. It was
found that (a) treatment with AM-F9 significantly inhibited the growth of HT-1080 tumor
cells inoculated s.c. into CD-1 nude mice, (b) AM-F9 elicited ADCC by both splenic NK
cells and peritoneal cells, (c) AM-F9 mediated complement-dependent cytotoxicity, and
(d) the in vivo depletion of NK cells did not abrogate the protective activity of AM-F9 in
this experimental animal model. These properties of AM-F9 antibodies are of importance
mainly because they suggest that anti-mimotope antiserum may be a potential
immunotherapeutic agent.

The use of experimental animal models to study treatment of established tumors
with antibodies is not ideal. For efficient tumor take in our model, mice were inoculated
with high numbers of cells using an aggressively growing tumor HT-1080. In this model,
within a month, tumors reach about 1.2 g; this is approximately 1/15 of the total weight
of the mice. This type of aggressiveness is seldom observed in humans and mean tumor
growth rates in this model are clearly different from those observed in cancer patients.
This accelerated growth rate might overwhelm the host defense system, such as ADCMC
and ADCC. However, in CD-1 nude mice the immunologic defect is limited to T
lymphocytes; accordingly, NK cells and macrophage functions including the capacity to
mediate ADCC are intact [24,25]. Therefore, both effector cell populations could
contribute to tumor cell lysis in our experimental model.

Because macrophage and NK cell depletion severely abrogates mAb-mediated
lysis of xenograft tumor uptake in nude mice, it is a general agreement that the major
mechanism of tumor eradication by antibodies is through ADCC [11,26]. Although AM-
F9 antiserum elicited ADCC by murine effector cells in vitro, it is rather an unexpected

finding that depletion of NK cells did not increase tumor growth in vivo. This
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observation may suggest an important role for non-NK cells in the induction or
enhancement of ADCC, probably because of the release of promoting cytokines [27,28].
For example, the ability of normal neutrophils, which express various FcyR on their cell
surface, to exert ADCC towards certain human tumor cells is well-documented [29-31]. It
has also been shown that in vitro IFN-y-activated neutrophils as well as neutrophils
derived from patients treated with G-CSF efficiently kill tumor cells by ADCC through
inducible FcyRI [32-34]. Our in vivo experimental conditions do not exclude that IFN-
vy and/or G-CSF-activated neutrophils might be used, through FcyRI recruitment by AM-
F9 antibodies, as effector cells for immune intervention.

Another possible mechanism of cytotoxicity in a xenograft model is complement
activation. Autologous cells are usually not killed by complement since they express
complement down-regulating factors [15,35]. However, xenografted human cells lack
inhibitors of murine complement; this property would therefore allow ADCMC upon
treatment with antibodies in the mouse. The strong complement cytotoxicity of AM-F9 as
well as the depletion studies of NK cells are consistent with the anti-tumor effects of this
antiserum in vivo being by a complement-dependent mechanism.

It is also possible that AM-F9 could enhance the tumoricidal properties of effector
cells through unknown mechanisms different from the tested ADCC and ADCMC. It is
well documented that NK1.1" T cells could mediate anti-tumor effects under certain
experimental conditions [36-38]. However, the number NK1.1" T cells are very low in
nude mice; moreover, these cells demonstrate low expression of CD16 in the absence of
activation [39,40]. These observations suggest that the population of NK1 17 T cells may
contribute very little to AM-F9-dependent cell-mediated killing of HT-1080 tumor cells
in this model. On the other hand, it is also possible that the NKI1.1" T cell population may
have expanded in tumor-bearing mice as a consequence of IL-12 production by antigen-
presenting cells, such as macrophages or dendritic cells, activated by antibody-coated
tumor cells. It has been previously shown that the presence of IL-12 in the environment
of NK1.1* T cells induces these cells to produce IFN-y [41] that could act as a Killing
factor. Such a mechanism was recently reported to participate in the control of the growth
of solid tumors [42]. Therefore, NK1.1* T cells remain a putative effector cell population
in our experimental model. It is also possible that NK cells and NK1.17 T cells affect
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each other and that activation of NK1.1" T cells may be enhanced in the absence of NK
cells (anti-asialo GM1 depletion).

Furthermore, data generated in a nude mouse model could possibly underestimate
or overestimate what may be achieved with this antibody in humans. The use of nude
mice, necessary to avoid rejection of human cells, does not allow for a direct interaction
of the injected antibodies with all the effectors of an intact immune system. For example,
no anti-idiotypic antibody response is expected to be generated in a nude mouse model,
which might also be correlated with the clinical outcome [43]. Finally, in the ADCC
assay human effector cells are more cytotoxic to human tumor cells than those of nude
mice, suggesting that eradication of human xenografts from mice is biased by species
differences [44]. Accordingly, there are several limitations inherent to the nude mouse
xenograft model: nevertheless, this experimental animal model has provided a functional
system in order to elucidate some of the in vivo anti-tumor properties of the AM-F9 anti-

mimotope antibody.
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MATERIAL AND METHODS

Antibodies. The AM-F9 rabbit anti-mimotope antiserum was produced as
previously described [20]. The anti-asialo GM1 antiserum was purchased from Wako
(Richmond, VA). The mAb BCD-F9 was obtained from the fusion of NS-1 myeloma
cells with spleen cells from BALB/c mice hyperimmunized with human breast carcinoma
cell line BT-20 [18]. Hybridomas producing anti-NK1.1 (mouse IgG2a, clone PK136),
anti-TCRap (hamster IgG), anti-CD8 (rat [gG2a), anti-CD24 (rat IgG2b, clone M1/69),
and anti-macrophage (rat IgG2b, clone F4/80) mAbs were purchased from the American
Type Culture Collection (ATCC, Rockville, MD). Hybridoma producing anti-CD4 (rat
IgG2b) was kindly provided by Dr. EF. Potworowski (INRS - Institut Armand-
Frappier). All mAbs were purified on Protein G Sepharose column (Pharmacia Biotech,
Baie d’Urfé, Quebec). The PK136 and F4/80 mAbs were biotinylated and anti-TCRa3
was FITC-conjugated using conventional procedures described in Goding et al. [45].
FITC-labeled goat anti-rabbit IgG (Fc specific) and FITC-labeled goat anti-mouse IgG
(Fc specific) antibodies were purchased from BIO/CAN Scientific (Mississauga,
Ontario).

Mice and tumor cells. Five-week-old female CD-1 mice and age-matched
athymic CD-1 nude mice were obtained from Charles River Canada (St-Constant,
Quebec). The nude mice were maintained in sterilized cages under sterile filter top
conditions and were handled in a laminar flow. Normal mice were kept under standard
conditions. The human fibrosarcoma cell line HT-1080 was purchased from ATCC and
maintained in DMEM supplemented with 10% Fetal Bovine Serum (Canadian Life,
Burlington, Ontario). The YAC-1 cell line, a mouse lymphoma of A/Sn origin also
purchased from ATCC, was maintained in RPMI 1640 medium supplemented with 10%
FBS, 100 U/ml Penicillin, 100 pg/ml Streptomycin, and 25 mM HEPES (thereafter
indicated as complete medium). Cells were grown at 37°C in a humidified 5% CO,
atmosphere. When used as targets in cytotoxicity assays, 3 x 10 HT-1080 or YAC-1
cells were labeled with 150 pCi of Na,”'CrO4 (ICN Biomedical, Costa Mesa, CA) for 1 h

and washed 4 times before mixing with effector cells.
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In vivo tumor growth. The cultured HT-1080 cells were harvested with PBS
containing 0.5 mM EDTA. Fractions containing over 95% of viable cells as assessed with
Trypan Blue were used in this study. Six-week old CD-1 nude mice were inoculated s.c.
into the right flanks with 3 x 10° cells in 0.2 ml of PBS on day 0. Treated and control
mice were injected i.v. with 0.2 ml of AM-F9 antiserum or rabbit pre-immune serum
diluted 1:2 in PBS on day 1-4, 7-10, and 13-14. One group of AM-F9-treated mice was
depleted of NK cells by injecting i.p. 50 pl of rabbit anti-asialo GM1 antiserum (diluted
in 0.2 ml of PBS) 1 day prior to tumor cell inoculation and thereafter on day 5, 10, and
15. Tumor growth was monitored daily by measuring tumor size over the skin in two
dimensions using a slide caliper. Tumor volume was calculated according to the formula:
(width)® x length/2.

Effector cells preparation. Splenic NK cells were enriched by negative selection
according to a previously described procedure [46]. Briefly: spleen cells from normal
mice were depleted of erythrocytes by osmotic shock, filtered twice through a nylon wool
column (Fisher Scientific, Montreal, Quebec) and then depleted of T cells and residual
non-NK cells using a mixture of rat anti-CD4, anti-CD8 and anti-CD24 (Heat Stable
Antigen) mAbs and sheep anti-rat IgG-coated magnetic beads (Dynal Inc, Great Neck,
NY). Splenic NK cells from nude mice were enriched by a single filtration through a
nylon wool column. For the production of LAK cells, NK-enriched cells at 1 x 10°
cells/ml were cultured for 5 days at 37°C in a humidified 5% CO, atmosphere in
complete RPMI 1640 medium supplemented with 300 U/ml of mouse recombinant IL-2
(Roche Diagnostics, Laval, Quebec) and 50 mM 2-Mercaptoethanol (Fisher Scientific,
Montreal, Quebec). For macrophage-mediated cytotoxicity, effector cells were
thioglycollate-elicited peritoneal exudate cells harvested from CD-1 nude mice. The
macrophage-rich fraction was separated by adherence to plastic culture flask for 1 h at
37°C and subsequent detachment [47]. Accordingly, non-adherent cells represented a
macrophage-depleted fraction of peritoneal cells.

Cell cytotoxicity assays. Susceptibility of HT-1080 tumor cells to lysis by NK-
enriched spleen cells or LAK cells was measured at different effector:target ratios in a
standard *'Cr-release assay using radiolabeled YAC-1 cells as control targets. Briefly,

different concentrations of effector cells in 100 pl of complete medium were distributed
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in quadruplicate into U-bottomed 96-well microtiter plates and then 100 pl of
radiolabeled target cells (1 x 10°/ml) were added. After 4 h incubation of the co-cultures
at 37°C in a 5% CO, humidified atmosphere, the plates were centrifuged for 5 min at 250
x g and culture supernatants were harvested using the Titertek Supernatant Collection
System (Skatron, Oslo, Norway). Radioactivity was measured in a Beckman 7000
gamma counter. Specific lysis (%) was calculated using the following formula:
% specific lysis =  cpm (test) — cpm (spontaneous) x 100

cpm(max) — cpm (spontaneous)
in which the spontaneous release (12-17%) was measured by incubating radiolabeled
cells in the absence of effector cells and the maximum release was obtained by incubating
radiolabeled cells with 1% Triton X100.

For ADCC, 50 pl of radiolabeled HT-1080 tumor cells (2 x 10°/ml) were
distributed in triplicate into U-bottomed 96-well microtiter plates and incubated for 1 h at
37°C with 12.5 pg/ml of protein G-purified AM-F9 or BCD-F9. Then, 100 pl of various
concentrations of murine effector cells were prepared as described above and added to
each well. The plates were then incubated in a CO, incubator at 37°C for 8 h, and the
radioactivity released in the supernatant determined with a gamma counter. The percent
specific lysis was calculated as described above.

For ADCMC, 50 pl of radiolabeled HT-1080 tumor cells (2 x 10°/m1) and 50 pl
of various concentrations of protein G-purified AM-F9 antibodies, BCD-F9 mAb, or 50
pul of 1:50 dilution of anti-asialo GM1 antibodies were distributed in triplicate into U-
bottomed 96-well microtiter plates, and then 100 pl of Low-Tox guinea pig complement
(Cedarlane, Hornby, Ontario) diluted 1:5 in DMEM was added to each well. The plates
were incubated in a CO, incubator at 37°C for 45 min, and the radioactivity released in
the supernatant determined in a gamma counter. The specific lysis (%) was calculated as
described above.

Flow cytometry analysis. NK and LAK cells from normal and nude mice were
labeled with FITC-conjugated anti-mouse TCRaf and biotin-conjugated anti-NK1.1
(PK136). Biotin-conjugated F4/80 mAb was used for the evaluation of the percentage of
macrophages in thioglycollate-elicited peritoneal cell suspensions. Binding of

biotinylated mAbs was detected with phycoerythrin-labeled Streptavidin (Beckton
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Dickinson, Mountain View, CA). Lymphocytic and monocytic cell populations gated on
the basis of forward and side scatter parameters were analyzed on a Epics XL-MCL flow
cytometer (Coulter, Hialeah, FL) equipped with a 488 nm argon laser. Data analysis
based on collection of 10 000 events/sample was performed using XL software.
Statistical analysis. Unpaired two-tailed Student’s -test was performed using

INSTAT software. A p-value of < 0.05 was considered significant.
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Figure 4.1. Inhibition of Xenograft Tumor Growth in CD-1 Nude Mice Inoculated
with AM-F9 Anti-Mimotope Antiserum.

HT-1080 human tumor cells were grafted s.c. into CD-1 nude mice inoculated i.v. with
rabbit pre-immune serum (O) or AM-F9 antiserum (®) according to a schedule described
in Material and Methods. Results expressed as mean tumor volume + SD were calculated
from five growing tumors/group measured at 3-day intervals from 9 to to 30 days post-
grafting.
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Figure 4.2. Susceptibility of HT-1080 Cells to ADCMC.

Lysis of radiolabeled tumor cells was measured in a S!Cr-release assay after cells were
incubated for 45 min at 37°C with various concentrations of protein G-purified AM-F9
(®) or BCD-F9 (O) antibodies in the presence of guinea-pig complement. The values
shown are means of triplicate samples + SD.
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Figure 4.3. Phenotypic Characterization of NK and LAK Cells from Normal and
Athymic CD-1 Mice.

NK-enriched spleen cells from 10-week old CD-1 mice and nylon-wool non-adherent
spleen cells from age-matched CD-1 nude mice were stained for NK1.1 and TCRaf
using a 2-color standard staining procedure. Cells were stained immediately after
enrichment (NK) of after 5 days in culture in the presence of IL-2 (LAK). Numbers in the
figure represent the percentage of stained cells in the corresponding quadrants.
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Figure 4.4. Susceptibility of HT-1080 Cells to NK and LAK Cell-Mediated Lysis.

Radiolabeled HT-1080 tumor cells (—) were used as targets in a standard S1Cr-release
assay using as effector cells splenic NK (A) or LAK (B) cells from CD-1 (0O) or CD-1
nude (®) mice. The radiolabeled YAC-1 prototypic target cell line (-----) was used to
control NK cell activity in NK cell suspensions from normal and immunodeficient mice.
The values shown are means of quadruplicate samples + SD containing cells at indicated
E:T ratios.
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Figure 4.5. Susceptibility of HT-1080 Tumor Cells to ADCC.

The capacity of protein G-purified AM-F9 (hatched bars) or BCD-F9 (solid bars)
antibodies to lyse radiolabeled HT-1080 tumor cells by ADCC was evaluated in a
standard *'Cr-release assay using as effector cells (A) NK-enriched spleen cells or (B)
thioglycollate-elicited peritoneal cells. Open bars in (A) and (B) show the resistance of
HT-1080 target cells to lysis by splenic NK-enriched cells and unfractionated peritoneal
cells in the absence of antibodies. The values shown are means of quadruplicate samples
+ SD containing cells at indicated E:T ratios.
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Figure 4.6. Flow Cytomectric Analysis of Thioglycollate-Elicited Peritoneal Cells.

Macrophages in unfractionated, non-adherent, and adherent cell populations were
identified by staining with F4/80 mAb.
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Figure 4.7. Identification of Peritoneal Cells Mediating Antibody-Dependent Lysis
of Tumor Targets.

The capacity of protein G-purified AM-F9 antibodies to lyse radiolabeled HT-1080
tumor cells by ADCC was evaluated in a standard SICr-release assay using as effector
cells thioglycollate-elicited peritoneal cells, either unfractionated (lined bars) or
fractionated into non-adherent (hatched bars) and adherent (solid bars) cells. Open bars
show the resistance of HT-1080 target cells to lysis by unfractionated peritoneal cells in
the absence of AM-F9 antibodies. The values shown are means of quadruplicate samples
+ SD containing cells at indicated E:T ratios.
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Figure 4.8. Effect of NK Cell-Depletion on AM-F9-Mediated Inhibition of Xenograft
Tumor Growth in CD-1 Nude Mice.

One group of five CD-1 nude mice (M) were inoculated i.p. with 50 pl of anti-asialo
GM1 antiserum 1 day before and 5, 10 and 15 days after tumor grafting. These mice and
another group of five mice (®) were then inoculated i.v. with AM-F9 antiserum
according to the schedule described in Material and Methods. Control mice (O) were
inoculated with rabbit pre-immune serum. Cultured HT-1080 were grafted s.c. in all mice
on day 0. Tumor growth was followed over a 33-day period. Results are expressed as
mean tumor volume + SD.
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Multidrug Resistance Drug-Binding Peptides Generated
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RESUME TRADUIT

Une banque de phages exprimant des décapeptides de maniére aléatoire a été
utilisée pour générer des ligands peptidiques pouvant se lier 4 des drogues MDR et ce, de
maniére a simuler Pactivité de liaison de drogue de la P-glycoprotéine. Sept séquences
peptidiques pouvant se lier spécifiquement a la doxorubicine ont été identifiées. Cinq de
ces séquences contenaient la séquence canonique WXXW. Des essais de déplacement ont
montré que les phages exprimant ces peptides se liaient aux drogues de type MDR
(vinblastine, doxorubicine, verapamil et genistéine) avec la méme sélectivité que la P-
glycoprotéine; de plus, ces phages n’interagissaient pas avec des drogues de type non-
MDR, telles que I’arabinosylcytosine (Ara-C) et le melphalan. Le peptide possédant la
plus haute capacité de liaison (VCDWWGWGIC) a été synthétisé et a pu compétitionner
avec le phage pour la liaison a la doxorubicine. Le modelage structurel suggére que
toutes les séquences sélectionnées contiennent une enveloppe hydrophobique dans
laquelle les drogues MDR peuvent se réfugier avec une substantielle minimisation
d’énergie. Des tests d’immunobuvardage ont montré que ’anticorps monospécifique au
phage exprimant VCDWWGWGIC pouvait spécifiquement reconnaitre la P-
glycoprotéine dans la fraction membranaire de cellules MCF-7ADR a phénotype MDR.
Les séquences se liant aux drogues MDR que nous avons trouvé pourrait constituer un

outil important pour le design et le criblage de nouveaux agents chimiothérapeutiques.
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SUMMARY

A phage display library of random decapeptides was used to generate peptide
ligands that can bind MDR drugs mimicking, in this respect, the drug binding activity of
P-glycoprotein. Seven peptide sequences were identified that specifically bound
doxorubicin. Five of these sequences expressed the core consensus motif WXXW. The
displacement assay showed that the phages expressing these peptides bound MDR type
drugs (vinblastine, doxorubicin, verapamil, and genistein) with the same selectivity as P-
glycoprotein and did not interact with non-MDR type drugs, such as arabinosylcytosine
(Ara-C) and melphalan. One of the selected peptides that showed a highest capacity for
the binding (VCDWWGWGIC) was synthesized and displayed competition with the
phage for doxorubicin binding. The structure modeling suggested that all the selected
sequences contained a hydrophobic envelope in which MDR drugs could be docked with
substantial energy minimization. Western-blot analysis showed that monospecific
antibody obtained against the phage expressing VCDWWGWGIC peptide could
specifically recognize P-glycoprotein in the membrane fraction of MDR phenotype MCF-
7ADR cells. The MDR drug-binding sequences generated during this work could provide

an important tool for design and screening of new chemotherapeutical agents.

Key words: MDR, drug-binding peptides, P-glycoprotein, phage display library.
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INTRODUCTION

The acquisition of multidrug resistance (MDR) by cancer cells is a major clinical
problem in tumor chemotherapy. This phenomenon is generally defined as selection and
outgrowth of pre-existing or newly developing subpopulations of chemoresistant cells
[1]. The usual pattern of cross-resistance includes a large number of lipophilic and
positively charged molecules, such as anthracyclines, Vinka alkaloids, taxanes,
epipodophylotoxines and some other structurally unrelated compounds (for review
see[2]). An important role in mediation of MDR belongs to the ATP-Binding Cassette
(ABC) family of transporters, such as P-glycoprotein [3], that can mediate drug resistance
by acting as a drug efflux pump. The amino acid sequence analysis and hydropathy
profiling indicate that P-glycoprotein is formed by two homologous halves, each
composed of six transmembrane (TM) segments and one nucleotide-binding domain
[4,5].

The ability of P-glycoprotein to recognize many structurally unrelated cytotoxic
drugs that form the MDR drug group remains a puzzling aspect of P-glycoprotein
function. In the absence of three-dimensional structural information, the identification of
structure/function relationships in P-glycoprotein has relied on the scrutiny of P-
glycoprotein primary sequence and on biochemical and genetic analyses. Although the
exact topology of P-glycoprotein remains to be fully defined, considerable evidence
indicates that the hydrophobic TM domains are intimately associated with drug binding.
Indeed, the energy transfer experiments with doxorubicin have indicated that
hydrophobic drug molecules are likely recognized by P-glycoprotein within the context
of the membrane bilayer [6]. Furthermore, the epitope mapping studies of P-glycoprotein
proteolytic fragments labeled with photoactivable drug analogs have identified two major
drug-binding sites symmetrically located within or immediately C-terminal to TM6 and
TM12 domains, respectively [7,8,9]. The study of naturally occurring human and hamster
P-glycoprotein mutants with altered drug resistance profiles have indicated that discrete
mutations near TM3 or within TM6 domains alter the substrate specificity of P-
glycoprotein [10,11]. Finally, the studies of Loo and Clark, in which they used alanine-

scanning mutagenesis of P-glycoprotein, have identified several residues within TM4,
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TM6, TM10, and TM12 domains and in the intervening cytoplasmic loops where
mutations differentially affect the capacity of P-glycoprotein to confer resistance to
vinblastine, doxorubicin, colchicine, and actinomycin D [12,13,14].

However, despite numerous efforts, the precise mechanism by which P-
glycoprotein recognizes a variety of structurally diverse compounds still remains unclear.
In this connection, mimicking the P-glycoprotein drug-binding activity by generating
functional analogues of P-glycoprotein and analysis of their interactions with MDR drugs
could provide important information for design of new anticancer agents that would be
effective against MDR tumors. One of the most effective ways to mimic biologically
active entities such as antigenic sites, enzyme inhibitors or receptor ligands is a
combinatorial phage display approach [15,16,17]. For example, a phage display
technology has been recently successfully used to reveal the conformational antigenic site
of P-glycoprotein that is recognized by MC57 monoclonal antibody [18], as well as to
generate single-chain antibody that specifically recognizes doxorubicin [19]. In this work,
we have applied the phage display technology to identify the peptide sequences that

possess similar to P-glycoprotein drug-binding activity.
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MATERIAL AND METHODS

Construction of Phage Display Library. The decapeptide library used in this
study was constructed essentially as previously described [15] using a phage vector
fUSES (a generous gift from Dr. George Smith, University of Missouri, Columbia, MO).
The fUSES vector was prepared for ligation by digesting 100 pg of RF DNA with 100
Units of Sfil {Boehringer Mannheim Biochemica (BMB)} in 200 pl of the buffer, as
recommended by the supplier. After extraction with phenol and chloroform [20], the
volume was brought to 810 pl with 10 mM Tris/HCl pH 8.0, 1 mM EDTA buffer
(Tris/EDTA), and DNA was precipitated with 90 pl of sodium acetate buffer (3 M
sodium acetate pH 6.0) and 540 pl of isopropanol. The mixture was incubated for 20 min
on ice, then centrifuged for 30 min at 4°C. The pellet was washed with 70% (v/v)
ethanol, redissolved in Tris/EDTA, ethanol-precipitated [20] and dissolved in 120 pl of
Tris/EDTA (final yield 60 pg). The DNA obtained could not be self-ligated, indicating
complete removal of the 14 bp spacer sequence that lies between the Sfil sites. The insert
was prepared essentially as previously described [21]. Briefly: (i) a collection of
oligonucleotides encoding all possible decapeptides was synthesized with self-
complementary 3’-terminus {5’-CGCTGGCCGACGTGGCC(NNG/T)(GCGGCCTCTG
AGGCCTCTGAGGCCACGTAATACACGTGGCCTCAGAGGCCGC-3’; where N
indicates that an equimolar mixture of all four nucleotides was used in the position during
oligonucleotide synthesis}. The complementary strand was synthesized by extension of
the 3'-end with Klenow fragment (BMB); (ii) the Sfil compatible ends were generated by
restriction of 5 pg of fill-in product with 400 units of Bg/l (BMB) in 50 ul, as
recommended by the supplier; (iii) the desired fragment was electrophoresed on 15%
(w/v) polyacrylamide gel. The DNA of the correct size was then excised, recovered and
purified according to conventional techniques [20]. A total of 20 pg of Sfil digest of
fUSES was then ligated with 200 ng of the purified oligonucleotide insert (molar ratio
1:2) by overnight incubation at 15°C in the volume of 1 ml using 4000 units of T4 DNA
ligase (New England Biolabs). The product was extracted with phenol/chloroform,
precipitated with ethanol, washed twice with 70% (v/v) ethanol, dried and resuspended in

40 pl of water. The transformation of 4 pl of the ligation mixture into 80 ul of
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electrocompetent MC1061 cells was performed by electroporation using a Gene Pulser
electroporation apparatus (Biorad) at 1.8 kV/cm, 200 ohms, 25 mF in 0.2 cm cuvettes for
a total of 10 transformation mixes [22]. Ten transformation mixtures were separated into
5 pairs, and each pair diluted in 1 L of LB medium (with 20 mg/ml tetracycline and 100
mg/ml streptomycin) and allowed to grow for 18 h at 37°C at 300 revs/min. Phages from
liquid culture were obtained by clearing the supernatant twice by centrifugation at 8000
revs/min for 10 min at 4°C, precipitating phage particles twice with polyethylene glycol
(3.3% PEG 8000 in 0.4 M NaCl) and recentrifuging as described above. The phage
pellets were resuspended in 50 mM Tris/HC] pH 7.5, 150 mM NaCl buffer (Tris/NaCl)
and stored at 4°C. This linear library consisted of 1.4x10° independent recombinant
phages recovered as tetracycline-resistant colonies. The majority of these phages (>90%)
contained inserts as was indicated by sequencing of randomly selected clones.

Selection of Doxorubicin-Binding Phage. Doxorubicin was conjugated with
BSA by using the glutaraldehyde method [20], diluted to a final concentration of 100
pg/ml in 15 mM Na;HPOy, 1,5 mM KH,PO4, 150 mM NaCl, 2,5 mM KCI pH 7.4 buffer
(NaCl/P;) and placed on Nunc Maxisorb microtiter plates (50 ul per well). The conjugate
was allowed to bind to the plates overnight at 4°C, the wells were then washed with
NaCl/P; and blocked with 1% BSA in NaCl/P; (NaCl/P/BSA) for 1 h at room
temperature. After blocking, the wells were washed six times with NaCl/P; and the
primary decapeptide library was then added to the plates (10'® phage particles per well in
50 pl of NaCl/Pi/BSA). To allow the binding with doxorubicin, the plates were incubated
for 1 h at room temperature. The unbound phages were washed 12 times with NaCl/P;,
and the bound phages were eluted with 50 pl of 0.1 M glycine/HCI buffer pH 2.2,
containing 1 mg/ml BSA, or with 50 pl of 50 mM of verapamil in NaCl/Py/BSA, a
competitive inhibitor of doxorubicin binding with P-glycoprotein. Neutralization of the
eluate, titration and amplification on agar medium were carried out essentially as
previously described [23]. The binding and elution steps were repeated several times.
Viral DNA was sequenced with the fUSE **P primer 5-TGAATTTTCTGTATGAGG-3'
(kindly provided by Dr. George Smith) by using the Sequenase T7 kit (Pharmacia) as

recommended by the supplier.
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Phage Attachment Assay. To characterize binding of the individual clones,
doxorubicin-BSA was immobilized on microtiter plates as described above. The purified
phages [23] were then added (10'° phage particles per well in 50 pl of NaCl/PyBSA) and
incubated for 1 h at room temperature. After extensive washing with Tris/NaCl
containing 0.05% Tween20 (Tris/NaCl/T), 100 pl of rabbit wild-type fd phage antiserum
{generated by immunization following standard procedures [20]}, diluted at the ratio
1:1000 in the blocking solution (Tris/NaCl/T containing 5% dry fat-free milk) was added
to the wells and allowed to react overnight at 4°C. The plates were washed seven times
with Tris/NaCl/T and once with Tris/NaCl and incubated for 2 h at room temperature
with 100 pul of peroxidase-conjugated goat anti-rabbit immunoglobulin [Kirkegaard &
Perry Labs (KPL)], diluted at the ratio 1:1000 in the blocking solution. The plates were
then washed seven times with Tris/NaCl/T and once with Tris/NaCl, incubated for 30
min at room temperature with 100 pl of 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonoc
acid) solution (KPL), and the absorbance (A) was read by using a microplate ELISA
reader at 405 nm wavelength.

Competitive Displacement Assay. V6 phage (10° transducing units) was
preincubated for 2 h at room temperature in 100 pl of NaCl/P/BSA containing various
concentrations of free drugs: doxorubicin, vinblastine, genistein, melphalan, verapamil,
and Ara-C, or of VCDWWGWGIC synthetic peptide. Aliquots were then added to
microtiter wells precoated with doxorubicin-BSA as described above. After 1 h
incubation at room temperature, the plates were washed 12 times with NaCl/P;, and the
bound phages were eluted with 100 pl of 0.1 M glycine/HCI buffer pH 2.2. The phages
were quantitated by tittering on log phage E. coli K91Kan plated on LB plates containing
40 mg/ml tetracycline [23].

Antibodies and Immunoblotting Analysis. Monoclonal anti-P-glycoprotein
antibody C219 was purchased from Centocor, Malvern, PA. Rabbit anti-wild-type fd
phage and anti-V6 phage polyclonal antibodies were prepared by immunizing rabbits
with corresponding phages following standard procedures [20]. Antisera were first pre-
adsorbed with wild-type phage particles [24], and antibodies were then affinity-purified
on AffinityPak Immobilized Protein A columns using the procedure recommended by the

manufacturer (Pierce).
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Membrane-enriched fractions of MCF-7 and MCF-7ADR cells were prepared as
previously described [25] and resuspended in Tris/sucrose buffer (10 mM Tris/HCl pH
7.5, 0.25 M sucrose) containing protease inhibitors. Samples containing 50 pg of protein
were subjected to SDS-polyacrylamide gel electrophoresis on 7% gel and then
electrophoretically transferred to nitrocellulose membranes (Hybond-ECL, Amersham
Corp.) in the transfer buffer, consisting of 48 mM Tris, 39 mM glycine, 20% methanol
pH 9.2, and 0.0375% SDS or 0.1% Empigen BB. The membranes were blocked with
Tris/NaCl/T containing 5% dry fat-free milk and further incubated with primary antibody
for 1 h at room temperature. Immunodetection was performed with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG using enhanced
chemiluminescence according to the manufacturer’s instructions (Amersham Corp.).

Mass-Spectrometry Analysis. VCDWWGWGIC peptide was purchased as a
custom order from Anaspec Inc. (San Jose, CA). The complete peptide
VCDWWGWGICG contains additional Gly residues at the C terminus to improve
solubility. The mass-spectra of synthetic peptide were measured using a Perkin-Elmer
Sciex API III triple quadrupole mass spectrometer (Norwalk, CT). The samples were
dissolved in 50% MeOH and injected at a flow rate of 2 pl/min.

Molecular Modeling. SYBYL Molecular Graphics (version 6.1, Tripos Inc., St.
Louis, Missouri) software was used for molecular modeling and energy minimization
experiments. The Powell method with Tripos force field and the Gasteiger-Huckel
method for charge calculation [26] were used for energy minimization. The dielectric
constant, E=80, was used for solvent simulation. The modeling program was run on
Silicon Graphics GTX4, Indigo, and Indigo II workstations. Each structure was taken
through conjugate gradient energy minimization to find the approximate starting
structure. Initially, energy minimization was carried out on the peptide alone. Then, after
having achieved the energy gradient of 0.21 kJ/mol, the MDR drug molecules
(doxorubicin, vinblastine, and verapamil) were docked to the tryptophane pocket and
energy minimization was repeated again. The initial orientation of the drugs was chosen
in a way that allowed reaching maximum surface contact between the drug and peptide

molecules.
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RESULTS

Selection of Doxorubicin-Binding Phages. To ensure a high level of the drug
absorption on polysterene, doxorubicin was conjugated to BSA, and the conjugate was
immobilized on polystyrene ELISA plates that were used to select drug-binding clones by
successive rounds of biopanning. Displacement with verapamil, a competitive inhibitor of
doxorubicin binding with P-glycoprotein (protocol A) or treatment with low pH buffer
which is usually used for phage panning [16] (protocol B) were used to elute the phages
that bound to the doxorubicin-BSA coated plates. After four rounds of panning using
protocol A and five rounds of that using protocol B, the percentage of phage particles in
the output reached the maximum and remained unchanged during further rounds
suggesting that the highest enrichment of the library by the drug-binding phages was
achieved (Fig. 5.1). To analyze the selected phages, 26 individual clones were randomly
chosen for sequencing. The results shown in Table 5.1 demonstrate that of these 26
clones, 24 (96%) contained tryptophane residues within the consensus motif WXXW
distributed among five different sequences represented in the template with the ratio
9:6:5:3:1. Two sequences represented by single clones did not contain the WXXW motif,
but had other hydrophobic residues at the tryptophane position. All the peptides showed a
high hydrophobic index; one of them, VCDWWGWGIC, contained two cysteine residues
suggesting that this peptide could be of a cyclic structure. Four clones (V6, V10, V12,
and A4) displaying the highest frequency of distribution in the template were analyzed
for doxorubicin binding using a phage attachment assay. The results of this experiment
demonstrated that the selected clones could specifically bind the doxorubicin-BSA
conjugate (Table 5.1), while none of these clones bound BSA alone (data not shown).

Binding of V6 Phage with MDR Type Drugs. Phage V6, showing the highest
binding capacity with respect to doxorubicin (Table 5.1) and apparently having a cyclic
structure, was chosen for further drug binding experiments. Although the sequence
presented on V6 phage was not of highest frequency in the selected template (3 of 16 or
18,8%), we have chosen V6 phage because under the same conditions it possesses higher
than other phages binding with doxorubicin, which is suggestive of its higher affinity.

The latter appears to be a more important parameter than frequency, taking into account
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uneven distribution of peptides in the library as well as possible differences in the
amplification efficacy of phages bearing different sequences.

To evaluate the affinity and selectivity of the peptide represented on V6 phage,
we analyzed its binding with several drugs using a competitive displacement assay (see
Materials and Methods). Vinblastine and doxorubicin were chosen as drugs possessing
high affinities to P-glycoprotein [27]; verapamil which has lower affinity and genistein
which preferably binds to MDR-associated protein (MRP) rather than to P-glycoprotein
[28,29] were grouped as moderate and low affinity drugs, respectively; Ara-C and
melphalan were selected as non-MDR drugs [30,31]. The results shown in Fig. 5.2
demonstrate that the drug concentrations that produce 50% of the inhibition effect (ICso)
for vinblastine and doxorubicin were 0.15 nM and 0.45 nM, respectively. Verapamil was
about 100 times less potent than vinblastine (ICsp = 20 nM); about 1000-fold lower
affinity was established for genistein (ICsp = 200 nM). Ara-C and melphalan did not
show any specific binding with V6 phage. The values of ICsp determined in these
experiments were in general agreement with the resistance profile mediated by P-
glycoprotein: high resistance to vinblastine and doxorubicin, intermediate resistance to
verapamil, low resistance to genistein, and no resistance to Ara-C and melphalan [27-31].

P-glycoprotein Recognition by Monospecific Antibodies. To analyze the relevance
of the selected peptide sequences to P-glycoprotein, antibodies were raised in rabbits
against fd phage (wild-type) and V6 phage. To achieve monospecificity, the anti-V6
phage sera was purified by precipitation with fd phage for several times until it showed
no binding with the wild type phage in ELISA test. The monospecificity of anti-V6
antibodies was additionally confirmed by Western blot analysis, which demonstrated that
the antibodies did not interact with proteins in the wild phage lysate, while pllII protein in
the V6 phage lysate, that contains the respective sequence, was specifically stained (data
not shown).

The membrane fractions obtained from two human breast carcinoma cell sublines,
MCF-7 and MCF-7ADR cells, were analyzed for binding with anti-V6 antibodies. MDR
phenotype MCF-7ADR cells obtained by multiple passaging of parental MCF-7 cells
with increasing doses of doxorubicin [32], expressed high level of P-glycoprotein that

could be revealed with C219 monoclonal antibody, while MCF-7 cells were P-
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glycoprotein negative (Fig. 5.3A and B, lines 1 and 2). The Western blot analysis showed
that anti-V6 antibody specifically recognized a protein with Mm 170kDa in MCF-7ADR
membrane fraction, that corresponded to the protein revealed by anti P-glycoprotein C-
219 mAb (Fig. 5.3B, lines 2 and 6), suggesting a cross-reactivity between
VCDWWGWGIC peptide and P-glycoprotein. Importantly, the binding of P-glycoprotein
with anti-V6 antibody was observed only when SDS in the transfer buffer was replaced
by Empigen BB (Fig. 5.3A, line 6 and Fig. 5.3B, line 6) a zwitterionic surfactant that is
capable of restoring antibody-binding capacity of conformational antigenic sites in
Western blot assay [33].

Structural Characteristics of the Synthetic VCDWWGWGIC Peptid. The synthetic
VCDWWGWGIC peptide showed a tendency to spontaneous internal cyclization, which
was observed during its isolation from crude reaction mixture (Fig. 5.4A). Cyclization of
the peptide was more pronounced in the presence of DMSO (Fig. 5.4B) which was used
as an oxidizing agent as described elsewhere [34]. The cyclic structure of the oxidized
peptide was revealed by using mass-spectrum analysis (Table 2). It demonstrated a loss
of two mass units in the peptide ion in comparison to the noncyclized peptide. As it is
shown in Table 5.2, the first and second peaks seen on the HPLC analysis (Fig. 5.4A)
correspond to the peptides with m/z = 1282 and 1280, respectively, where m is the mass
of the protonated peptide ion [MH]", and z is its charge. The additional confirmation of
internal cyclization of the peptide vs its dimerization or polymerization was obtained
from the analysis of the isotopic peak distribution in a way similar to the one described
for monomeric and dimeric cyclic thrombin inhibitors [35]. More specifically, in the
expanded mass-spectra, corresponding to the cyclized peptide, ion with m/z =1280 shows
in its molecular ion region a set of major isotopic peaks that differ by 1 Da (Table 5.2).
This can only correspond to a monocharged ion (m=[M"zH]**, z=1). In the case of doubly
charged [M*2H]** and any multiply charged [M'zHJ*" ions, the difference between
isotopic peaks should be 0.5 Da or less (due to division by z, where z>2).

Binding of the Synthetic VCDWWGWGIC Peptide with Doxorubicin. To verify
whether the synthetic VCDWWGWGIC peptide expressed on V6 phage has itself all the
necessary elements to bind MDR drugs, or a phage particle is required for this process,

we analyzed the ability of the peptide to compete with V6 phage for doxorubicin binding.
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The results shown in Fig. 5.5 indicate that the VCDWWGWGIC peptide was active in
the competitive displacement assay, although the affinity of peptide to the drug (ICso = 50
nM) is lower as compared to that of V6 phage (ICso = 0.45 nM). The reduced affinity of
synthetic peptides as compared to their phage-displayed prototypes has been reported by
many authors [15,21,24]. One possible reason for that could be the absence of
“supportive” conformational effect from phage protein. Another speculation can be made
that decrease in the affinity of the peptide to doxorubicin in comparison to that of V6
phage could be explained by monovalency of the peptide, while phage particles are
polyvalent and display up to five copies of peptide molecules [36]. Under conditions of
the heterophase binding assay used in this experiment (doxorubicin is immobilized on the
solid phase, while phages and the peptide are in the liquid phase), the ICsy value for
multivalent phage particles should be significantly lower than that of the monovalent
peptide due to positive cooperativity.

Molecular Modeling of the VCDWWGWGIC Peptidee SYBYL Molecular
Graphics approach was applied to analyze possible structures of the peptides and to
evaluate their stereochemical ability to form complexes with MDR drugs. Because we
were concerned only about broad structural trends, numerous minimized structures that
did not vary significantly in their energy range were considered as equal for our purposes
of this study.

The results demonstrated that after preliminary minimization, all the peptides
selected during the panning (Table 5.1) initially represented in B-turn conformation,
accepted conformation with the same deep hydrophobic envelope formed by two
tryptophane residues of the consensus motif. The cyclic VCDWWGWGIC peptide was
chosen for further modeling. Cyclization of the disulfide bond in the VCDWWGWGIC
peptide resulted in four conformers with different orientation of bulky tryptophane indole
rings in relation to the cyclic backbone. All these conformers retained a deep
hydrophobic envelope as a major structural element. According to the modeling results,
the third tryptophane that was located inside the WXXW motif of the VCDWWGWGIC
peptide was out of plane and neither significantly participated in the hydrophobic
envelope formation, nor affected the shape of this envelope. One of these structures with

indole nitrogens oriented towards the disulfide bond (Fig. 5.6) was used for the docking
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experiments with the MDR drugs. The purpose of the docking experiments was to
analyze whether the hydrophobic pocket in the peptide molecule fits to the planar
polycyclic structural elements of the drugs. The results obtained (Fig. 5.7, A to C)
suggested that doxorubicin, vinblastine and verapamil could be easily docked between
the indole rings of two tryptophane residues of the consensus motif. The indole rings,
while originally oriented at an angle of 30 degrees in the peptide alone, became nearly
parallel upon complexing with the drug molecule. In the case of the peptide-doxorubicin
complex, the distance between the two indole rings was calculated to be 5.9 A.
Interestingly, this value was similar to the width of the B-form of the DNA minor groove
that is known to be the target during doxorubicin-DNA intercalation [37]. The values of
AAG (Van der Waals energy) calculated as differences between AG of the free peptide
and AG of hypothetical peptide-drug complexes were as follows: doxorubicin = -177.80
kJ/mol; vinblastine = -149.55 kJ/mol; verapamil = -96.00 kJ/mol. The relative difference
between these values was in general agreement with that of ICso obtained during the
binding experiments (Fig. 5.2). Doxorubicin and vinblastine demonstrated higher affinity
for the peptide (ICso = 0.45 nM; AAG = -177.80 kJ/mol for doxorubicin, and ICso = 0.15
nM; AAG = -149.55 kJ/mol for vinblastine) than verapamil (ICso =20 nM; AAG = -96.00
kJ/mol). The inversion in relative affinities of doxorubicin and vinblastine to peptide
observed during docking indicates that additional interactions may be involved in

complex formation.
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DISCUSSION

In this work, we have described peptide ligands that can specifically bind
doxorubicin. The selected V6, V10, V12, and A4 phages have demonstrated specific
binding with doxorubicin that can be inhibited by another P-glycoprotein substrate,
verapamil (Table 5.1) that is known to be a competitive inhibitor of doxorubicin binding
with the drug transporter. More detailed studies of V6 phage have revealed its ability to
interact with MDR drugs of different classes with the same selectivity pattern as P-
glycoprotein (Fig. 5.2). This has led us to conclude that the selected peptides are at least
functionally relevant to the P-glycoprotein drug-binding site(s). The fact that the
synthetic VCDWWGWGIC peptide was able to compete at a nanomolar concentration
range with V6 phage for doxorubicin-binding (Fig. 5.5) indicates that the drug-binding
activity is an intrinsic property of this peptide rather than that of the phage particle
expressing this peptide. The VCDWWGWGIC peptide contains two cysteines separated
by seven amino acid residues. This distance is considered to be highly preferable for the
formation of the internal disulfide bond [38] suggesting that the peptide most likely has a
cyclic structure. The HPLC and mass-spectrometry analyses of the synthetic peptide
support this idea showing that it tends to spontaneous cyclization.

The molecular modeling experiments have suggested that the distance between
cysteine residues is minimal when the VCDWWGWGIC peptide is in p-turn
conformation, and that the internal cyclization of this peptide leads to additional energy
minimization of the molecule. These data together with cyclization experiment findings
(Fig. 5.4 and Table 5.2) imply that most likely both the synthetic peptide and its fused
version expressed on V6 phage have B-turn conformations. Furthermore, the modeling
studies have revealed that all other selected sequences bearing the WXXW motif, when
presented in B-turn conformation, can form a hydrophobic envelope similar to that found
in the synthetic peptide model, shaped by tryptophane residues of the consensus motif
(Fig. 5.6). At the same time, no conformational analogy between the peptides was found
when other secondary structures were used during energy minimization. The
conformational similarity between B-turn forms of the selected peptides and the tendency

of VCDWWGWGIC peptide to form an internal cycle have led us to assume that the
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drug-binding activity of the selected phages is related to the tryptophane envel ope
predicted by the modeling experiments. The correlation between the theoretical AAG
values calculated from the docking experiments and the experimental binding results
supports this idea. Having said that we realize that energy calculations obtained by
molecular modeling could yield values that do not correspond to true binding energzies.
Therefore, direct X-ray analysis would be required to confirm the suggested structure of
the complex.

The fact that the monospecific antibody against V6 phage is cross-reactive with P-
glycoprotein indicates that the VCDWWGWGIC peptide has not only functional, but also
some structural analogy with the drug-binding site(s) located in the P-glycoprortein
molecule. It is noteworthy that the cross-reactivity between anti-V6 antibody and P-
glycoprotein was only observed when Empigen BB, a zwitterionic surfactant which
provides with a high renaturation degree of proteins transferred to nitrocellulose filters,
was used during the Western blot analysis (Fig. 5.3). In the presence of SDS no binding
of anti-V6 antibody with P-glycoprotein was detected indicating that the antigenic site in
the P-glycoprotein molecule has a conformational rather than a linear structure. In fact,
the examination of the primary structure of P-glycoprotein [39] has not revealed any
WXXW sequence allowing a speculation that the peptides generated using our phage
display library could mimic a nonlinear site involved in the drug binding, that may be
formed by two or more regions on the P-glycoprotein polypeptide chain. The hypothesis
that at least two different regions of the P-glycoprotein polypeptide chain approach each
other to form a single binding site during drug recognition has been recently proposed on
the basis of experiments on photoaffinity labeling of this transporter with azidopine [7].
Such a cross-matching site could be involved in initial drug recognition and its further
transfer to a transmembrane tunnel formed by a cassette of aromatic amino acid resiclues
[40]. The fact that the positions of eleven tryptophane residues in the P-glycoprotein
polypeptide chain are conserved among different species [41] supports the idea that these
amino acid residues could be involved in the formation of functional sites on the P-
glycoprotein molecule.

The peptides mimicking the drug-binding properties of P-glycoprotein represent a
useful tool for identification of common features of highly diversified MDR drug



151

molecules. Such a tool could substantially facilitate the design of new drugs, as well as
used for the screening of new chemotherapeutic agents. Further experiments using
synthetic peptides containing the WXXW motif and QSAR (Quantitative Structure-
Activity Relationship) approach to simulate the structural and functional relations of the
drug-peptide complexes are under the way in this laboratory. We believe that, these
experiments will generate new important information on the application of peptides for

drug design.
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Table 5.1. Peptide Sequences and Binding Characteristics of Affinity-Purified
Clones.

Phages from a decapeptide display library were subjected up to five rounds of selection
on doxorubicin-BSA immobilized on polystyrene ELISA plates. The sequences have
been aligned on the common WXXW motif, where X is any of all 20 possible amino acid
residues. The number of times each sequence occurred in the 26 isolates is given in the
frequency column. The relative hydrophobic (HP) index was calculated as described [42].
Specific binding is expressed as the absorbance (A) units x10” at 405 nm (mean+SEM)
as described in Materials and Methods after subtraction of background reading obtained
with the non-relevant phage (background reading was less than 10% of the sample
reading).

Isolates Elution Displayed Peptides Frequency HP  Specific

Index Binding

V12 Verapamil WGRF WGRW LA 5 31 590+23

Vé VCD WWGW GIC 3 29 700£32

V10 Y WMGW KWEGE 6 26 560£17
V15 WWDF LQGSER 1 24 nd
\' FAMW  YPLGWR 1 31 nd
A6 Acid TW WWTW AGKH 1 33 nd

A4 L WSPW YGGSW 9 30 64019

Motif WXXW 26
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Table 5.2. Molecular Ion Masses and Isotopic Compositions of Reduced and
Oxidized Forms of VCDWWGWGIC Peptide Determined by Mass Spectrometry.

The retention times of reduced and oxidized forms of peptide were determined by HPLC
as described in the legend to Fig. 5.4. The molecular ion masses (MS) and isotopic
compositions were determined by using triple quadrupole mass spectrometry as described
in Materials and Methods.

Peptide HPLC Mass Spectrometry
Retention Time Major MS Peak Isotopic Peaks
min m/z m/z
Reduced form 30.79 1282 1282.6, 1283.5, 1284.5

Oxidized form 31.47 1280 1279.6, 1280.7, 1281.5
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Figure 5.1. Selection of Phages that Bind to Doxorubicin-BSA.

Phages from a decapeptide library were bound to doxorubicin-BSA coated microtiter
wells as described in Materials and Methods and eluted with S0 mM verapamil (®) or
with glycine/HCI buffer pH 2.2 (O). Enrichment was calculated as the total number of
phage recovered after elution (n;, measured in transducing units) divided by the number
of transducing units recovered after first round of selection (n;). The data represents mean
values from plating in triplicate.
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Figure 5.2. Displacement Assay of Binding of Various Anti-Cancer Drugs with V6
Phage.

V6 phage containing the VCDWWGWGIC peptide was bound to microtiter wells
precoated with doxorubicin-BSA. The bound phages were eluted with glycine/HCI buffer
pH 2.2 and quantitated by infection of bacteria as described in Materials and Methods.
The Y-axis shows inhibition (%) of binding of V6 phage to doxorubicin-BSA as a
function of the free drug concentration (X-axis). The drugs tested were doxorubicin (@);
vinblastine (O); verapamil (x); genistein (W); melphalan (O); Ara-C (A). The data
represents means values of three independent experiments (SEM was less than 10 %,
p<0.05).
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Figure 5.3. Immunoblot Analysis.

Membrane-enriched fractions from MCF-7 (lanes 1, 3, and 5) and MCF-7ADR (lanes 2,
4, and 6) cells were resolved by SDS-polyacrylamide gel electrophoresis and were
electroblotted onto nitrocellulose membrane in the presence of either SDS (3A) or
Empigen BB (3B). The membranes were then probed with monoclonal anti-P-
glycoprotein antibody C219 (lanes 1 and 2), or with polyclonal anti-wild-type phage
(lanes 3 and 4) and anti-V6 phage (lanes 5 and 6) antibodies. The membranes were
washed, incubated with horseradish peroxidase-conjugated anti-IgG antibodies, and the
blots were developed using an enhanced chemiluminescence detection kit as described in
Materials and Methods.
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Figure 5.4. HPLC of VCDWWGWGIC Peptide.

Peptide was obtained from deprotection cocktail as a mixture of reduced and oxidized
forms (A) and after additional oxidation with DMSO (B) under following conditions:
Vydac 218TP54 Peptide and Protein column (5pM, C18, 4.6x250 mm), flow rate 1
ml/min, monitoring at 280 nm. Gradient 0-100% was developed 35 min using 0.1% TFA
as buffer A and 0.1% TFA in acetonitrile as buffer B.
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Figure 5.5. Inhibition of V6 Phage Binding to Doxorubicin by the VCDWWGWGIC
Peptide.

Binding of V6 phage to doxorubicin-BSA was studied as described in the legend to Fig. 2
in the presence of the competing peptide. The Y-axis shows inhibition (%) of binding of
V6 phage to doxorubicin-BSA as a function of the free peptide concentration (X-axis).
The data represents means + SEM from three independent experiments.



163

Figure 5.6. Molecular Structure of VCDWWGWGIC Peptide Predicted by SYBYL
Molecular Graphics (version 6.1a).

The energy minimization of the peptide was performed as described in Materials and
Methods. The following colors are used for the different atoms: carbon - gray; nitrogen -
dark blues; oxygen - red; sulfur - yellow. The hydrogen atoms are omitted for clarity.
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Figure 5.7. Molecular Docking of Anti-Cancer Drug Molecules
Tryptophane Envelope of VCDWWGWGIC Peptide.
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The drugs docked were doxorubicin (A); vinblastine (B); verapamil (C). The drug
molecules are drawn with solid bonds and dashed surfaces; the peptide molecules are

drawn with solid bonds.
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General Discussion
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The aim of this chapter is to integrate our observation with the most recently

published literature and with some additional personal observations.
1. MIMOTOPE DISCOVERY

Theoretically it seems highly unlikely that relatively small peptides could mimic
functionally discontinuous epitopes of antigens. Nevertheless various recent reports show
this to be the case. Peptide mimics of protein-, polysaccharide- and DNA-epitopes have
been shown to be able to replace the native epitope (1). Moreover, some of them are able
to induce, when used in a vaccine, antibodies with the same activity as that of the
antibody used as a template (2,3). These mimics, called mimotopes, can be used in
vaccines and diagnostics and can be developed more or less systematically using solely
antibodies and RPLs.

Chapter 3 describes the screening of RPLs with the mAb BCD-F9 that resulted in
the sequence deduced to be GRRPGGWWMR. This sequence was deduced to be a
mimotope, a sequence capable of mimicking the natural epitope of the mAb BCD-F9.
Mutational analysis indicated that specificity is likely to reside in the PGGWW block of
the amino acids. The query of the SwissProt databank revealed that this block is common
to many SH3 domain-containing regulatory proteins involved in signal transduction (4).
This finding suggest that over-expression of tumor-specific antigen recognized by the
BCD-F9 mAb in malignant cells may have a functional role in their status.

A major question raised by this result is why the selected sequence was unique.
Although the library used here is highly diverse (>10° independent clones), it is possible
that it does not contain a close enough match to GRRPGGWWMR. It is also possible that
there is a bias against particular sequences because the need to maintain phage infectivity,
resulting in the absence of those sequences from the library.

Examination of the literature describing mimotopes suggests that a high frequency
proline, glycine, and hydrophobic amino acids, particularly aromatic amino acids, is the
norm. Examples include YPY for Concanavalin (5), PWLY for a carbohydrate-binding
mAb (6), HPQF for streptavidin (7-9), SSLRGF for an anti-galactosy! antibody (10), and
YYLH for an anti-biotin antibody (11). These are all binding sites that normally
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recognize non-peptidic ligands, but examples of peptidic binding site mimotopes can also
be found: DLVWLL for acetylcholine receptor antibody for example (12). Although the
presence of helix-disrupting residues and aromatic residues appears to be important, each
mimotope listed is unique in its structure.

Binding studies and immunization experiments confirmed the specificity of the
mimotope for the BCD-F9 mAb. In addition, the mimotope was specifically recognized
by BCD-F9 without the phage carrier, indicating that the mimotope alone is responsible
for the interaction with BCD-F9 without the involvement of structure entities from the
phage particle. Another indication for the correct mimicking of the epitope by F9 peptide
was obtained by the immunization experiments. We demonstrated that rabbits immunized
with peptide-KLH could elicit an IgG response to the natural antigen on tumor cells.

Peptide mimotopes are also of importance in mimicking the binding of non-
proteinaceous substances as, for example, low molecular weight drugs. Chapter 5
describes a peptidic mimicry of drug-binding site, as seen by a routinely used in a
chemotherapy drug, doxorubicin. It was shown that phages selected here with
doxorubicin show remarkable sequence similarities with each other. Results shown in
Table 5.1 demonstrate that of these 26 clones, 24 (96%) contained tryptophane residues
within the consensus motif WXXW. Two sequences represented by single clones did not
contain the WXXW motif, but had other hydrophobic residues at the tryptophane
position. All the peptides showed a high hydrophobic index, confirming the previously
mentioned observation about high frequency of hydrophobic amino acids, particularly
aromatic amino acids in the mimotopes.

The modeling studies have revealed that all selected sequences bearing the
WXXW motif, when presented in B-turn conformation, can form a hydrophobic envelope
similar to that found in the synthetic peptide model, shaped by tryptophane residues of
the consensus motif. At the same time, no conformational analogy between the peptides
was found when other secondary structures were used during energy minimization. The
conformational similarity between B-turn forms of the selected peptides and the tendency
of VCDWWGWGIC peptide to form an internal cycle have led us to assume that the
drug-binding activity of the selected phages is related to the tryptophane envelope
predicted by the modeling experiments. The correlation between the theoretical AAG
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values calculated from the docking experiments and the experimental binding results
supports this idea. However, conclusive evidence can only be obtained by NMR studies
or X-ray cristallography of the structure of the complex.

In addition to an antigen-antibody system, the strategy demonstrated here might
also be applicable to other systems where a low molecular weight substance is bound by
a protein. It could, therefore, be very promising to substantially facilitate the design of
new drugs, as well as use RPLs for the screening of new chemotherapeutic agents and

other medically interesting substances.

2. IMMUNOTHERAPY

The development of mAbs displaying some degree of specificity for tumors
allowed the concepts of immunological targeting of tumors to be readily explored, with
studies demonstrating that xenogenic mAbs could not only be safely administered to
patients and can localize on tumors (13), but could also have a therapeutic effect on their
own in xenograft models (14) and in patients with leukemia and lymphoma (15). Passive
immunization with antibodies may have an advantage in the initiation of tumor
destruction, since it can occur within minutes to hours of antibody infusion. The use of
specific immunoglobulins that are capable of activating NK cells through ADCC appears
to be a method successfully used for treatment of solid tumors.

The mAb BCD-F9, as it was shown in this study, has these advantageous
characteristics. The antitumor activity of the mAb BCD-F9 is supported by the reduced
growth rate of solid tumor in BCD-F9-treated mice transplanted s.c. with HT1080 tumor
cells. Moreover, the survival of all mice inoculated i.v. with tumor cells and the absence
of detectable metastatic foci following histological examination of the lung of sacrificed
animals at 60 days post tumor transplantation are also good indications of successful
immunotherapy. Although, there are several antitumor mAbs that are already approved
for clinical use or are currently in clinical trials (16,17), there is a need for development
of new mAbs for anti-cancer immunotherapy. The findings reported in this study suggest

that BCD-F9 might have an advantage as a potentially useful immunotherapeutic reagent
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by recognizing the epitope that is also present to various degree on several neoplastic cell
lines from different origin.

In the present study, we also demonstrated that anti-mimotope antibodies AM-F9
are able to target the BCD-F9 antigen-expressing human fibrosarcoma xenograft in nude
mice. The capability of tumor targeting by AM-F9 was demonstrated by the experiment
in which this antibody was injected into nude mice bearing solid HT-1080 tumors in the
flanks (Fig. 3.1). Treatment with AM-F9 significantly inhibited the growth of HT-1080
tumor cells inoculated s.c. into CD-1 nude mice. Additionally, we assessed the effect of
AM-F9 serum on tumor metastasis in an experimental animal model and showed that i.v.
treatment with anti-mimotope antibody prolonged the life span of nude mice (Fig. 2.5).
This incomplete inhibition, when compare to the fact that all animals injected with BCD-
F9 survived, suggests that insufficient amounts of injected AM-F9 antibodies could be a
factor.

In summary, this study demonstrated that both antibodies exhibited very similar
antitumor activities against the proliferation of highly metastatic human HT-1080 tumor
cells in vivo. However, the beneficial effects of this passive immunotherapy are only
achieved if relatively large amounts of antibody are applied, making this treatment very
expensive. Thus, it would be an advantage to replace or combine the passive treatment
with an active immunization using a mimotope. The success of such an approach has
already been demonstrated with the use of mimotopes as experimental oral anti-IgE
vaccines (18) and as minigenes of carbohydrate antigens to induce functional anti-

carbohydrate response (19).

3. ANTIBODY-DEPENDENT CYTOTOXICITY

Despite the clinical success of several antibodies, such as the anticolorectal mAb
17-1A (20), we still know surprisingly little about how mAbs operate. In the 1980s,
following extensive work in vitro and in animals, most workers accepted that
opsonisation and ADCC were the major mechanisms operating in mAb-mediated
immunotherapy. During this period, studies showed that mouse IgG2a was the most

active subclass in ADCC, especially with activated macrophages, and it was IgG2a that
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was most effective at prolonging survival of tumor-bearing mice (21-23). This strong
correlation between therapeutic performance in vivo and ADCC activity in vitro helped
establish the hypothesis that cytotoxic cellular effectors provided the main arm of mAb
activity.

Results of the present study appeared to confirm the importance of ADCC in
cancer immunotherapy when it was found that the mAb BCD-F9 as well as AM-F9
antiserum have both the ability to kill HT-1080 tumor cells by ADCC (Fig.2.7 and
Fig.4.5). Throughout these in vitro investigations, conclusive evidence was also found
that implicated complement as an important cytotoxic effector for antitumor activity for
both antibodies (Fig.4.2). The later mechanism, however, has an important obstacle to
mAb therapy since most tumor cells express complement down-regulating factors
(24,25).

In the last experiment, it was rather an unexpected finding that although AM-F9
antiserum elicits ADCC by murine effector cells in vitro, depletion of NK cells did not
increase tumor growth in vivo (Fig.4.8). Although, the possible mechanisms of action that
can explain this discrepancy have been vigorously discussed in Chapter 4, some mAbs
may operate via other mechanisms. In particular, it now appears that by crosslinking or
blocking membrane receptors, mAbs may generate transmembrane signals that directly
alter or control tumor growth - potentially leading to apoptosis (26). In this way, the anti-
idiotype mAbs appears to be acting as a surrogate antigen that binds to the variable
regions of the B cell antigen-receptor and mimics or modulates its signaling activity.
Anti-idiotype mAbs are not ideal for ADCC because they tend to be internalized by
lymphoma cells but they remain the most effective mAb treatment for NHL to date
(27,28). There is also evidence that anti-CD19 and anti-CD20 mAbs exert their antitumor
activities predominantly, if not exclusively, by signaling growth arrest and apoptosis
(29,30). These observations have important implications for mAb immunotherapy since
they underline the importance of FcR-bearing cells, not as cytotoxic effectors but as
multivalent surfaces that provide hyper-crosslinking to mAb-coated target cells. Such
crosslinking increases the likelihood of transmembrane signaling and is also known to

enhance antigenic modulation and the release of cytokines such as IL-2.
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Although AM-F9 antiserum was efficient at recruiting natural effectors for ADCC
in vitro, it was clearly also capable of controlling tumor cell growth in vivo by another,
unfortunately unidentified mechanism. Nevertheless, given the success of AM-F9 and
BCD-F9 antibodies in human xenograft nude mouse models, one would suggest that the
mAb BCD-F9 and AM-F9 antiserum could potentially both be used to induce a beneficial

anti-tumor response.

4. ELUCIDATION OF DRUG-BINDING SITE

Defining the number and the characteristics of the binding sites of P-gp represents
an important step in understanding how this protein can handle so many different ligands.
Several groups have investigated the way two different compounds interfere with each
other, as regards to their interaction with P-gp, using binding studies or P-gp ATPase
assays. All kinds of interactions have been reported, including competitive,
noncompetitive or mixed inhibition. These results indicate presence of several binding
sites or one large complex binding domain (31-34). These data would appear to be
consistent with a model offering multiple binding points on the lipid-exposed brace of P-
gp. Binding could occur through hydrophobic interactions or through hydrogen bonding,
especially near the of interfaces. Indeed, the capacity to form hydrogen bonds has been
pointed out as a distinctive feature of P-gp-interacting compounds (35). Additionally, the
presence of polar groups on steroids affects binding to P-gp, and amino acids critical to
this interaction appear to be located near the interface (36).

Results, presented in Chapter 5 of the present work, describe peptide ligands that
can specifically bind doxorubicin (Table 5.1). More detailed studies of selected V6 phage
have revealed its ability to interact with MDR drugs of different classes with the same
selectivity pattern as P-gp (Fig. 5.2). This has led us to conclude that the selected peptides
are at least functionally relevant to the P-gp drug-binding domaine. The fact that the
monospecific antibody against V6 phage is cross-reactive with P-gp indicates that the
VCDWWGWGIC peptide has not only functional, but also some structural analogy with
the drug-binding site located in the P-gp molecule (Fig. 5.3).
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The examination of the primary structure of P-gp has not revealed any WXXW
sequence allowing a speculation that the peptides generated using our phage display
library could mimic a nonlinear site involved in the drug binding, that may be formed by
two or more regions on the P-gp polypeptide chain. The fact that the positions of eleven
tryptophane residues in the P-gp polypeptide chain are conserved among different species
supports the idea that these amino acid residues could be involved in the formation of
functional sites on the P-gp molecule. The model illustrated in Figure 6.1, where at least
two different regions of the P-gp polypeptide chain approach each other to form a single
binding site during drug recognition has been presented during 21" Meeting of the
International Association for Breast Cancer Research (Paris, July, 1996). This schematic
3-D representation of P-gp was based on a possible organization of 12 TM a-helices, in
which the two related halves of P-gp are organized in twofold symmetry (37). The
orientation of symmetry was based on cross-linking studies showing proximity between
helix 6 and helix 12 (38).

Other evidence, however, suggests that certain substrates can be extracted directly
from the cellular membrane into the external phase. Stein proposed that the P-gp tertiary
structure displays a water-accessible cavity into which substrates would be moved, prior
to being released by P-gp into the external medium (39). This model supported by the
published low resolution structure of P-gp, which displays a large solvent-accessible
cavity in the core of the protein (40). Finally, the unusual and elusive nature of P-gp as a
membrane transporter has led to the abandoning of the idea that P-gp is a pump. In this
case, the necessity for P-gp to compete with relatively fast diffusion kinetics and the
energetic cost required removing a hydrophobic drug from the lipid phase towards
aqueous medium, along with the broad substrate specificity of P-gp, are considered as
strong arguments against P-gp being a primary transporter (41,42).

Results, presented in Chapter 5, suggest that the peptides mimicking the drug-
binding properties of P-gp represent a useful tool for identification of common features of
highly diversified MDR drug molecules. Such a tool could substantially facilitate the
design of new drugs, as well as generate new important information on the application of

peptides for drug design.



Figure 6.1. Schematic 3-D Representation of the Human P-glycoprotein.
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The work described in this thesis has attempted to identify the peptide molecules
with potential in anti-cancer therapy. We have demonstrated that the epitope recognized
by the mAb BCD-F9 was not restricted to the breast cancer cell lines. The findings
reported in this study suggest that it is also present to various degrees on other neoplastic
cell lines from different origin: colon carcinoma, sarcoma, lymphoma, and leukemia. A
common reactivity with BCD-F9 implies that these cell lines share a common surface
antigen or express different molecules with common or cross-reactive epitopes.

The reactivity of the mAb BCD-F9 with the human fibrosarcoma HT-1080
enabled us to use this cell line to investigate the antitumor properties of BCD-F9 in an
experimental animal model. The obtained results showed that repeated i.v. inoculation of
BCD-F9 in HT-1080-transplanted CD-1 nude mice significantly reduced tumor growth
rate in animals transplanted s.c. and completely abrogated the development of lung
metastases in mice transplanted intravenously. Our in vitro studies of BCD-F9-dependent
killing of HT-1080 cells confirmed that ADCC and ADCMC are the two potential
mechanisms for the antitumor activity observed in BCD-F9-treated animals. These results
suggest that broad recognition of neoplastic cell lines from different origin identifies
mAb BCD-F9 as a potentially useful immunotherapeutic reagent. It is worthwhile to
study whether mAb BCD-F9 will be capable to suppress the tumor cells growth and
metastasis of other human tumor cells as it did against HT-1080 fibrosarcoma.

We have further used the mAb BCD-F9 to identify peptides that mimic the
epitope recognized by this antibody. The selected phage encoded for the unique sequence
GRRPGGWWMR expressing the peptide capable of binding to the mAb BCD-F9.
Immunization of rabbits with this synthetic peptide-mimotope induced polyclonal
antibodies (AM-F9) capable of blocking the binding of the mAb BCD-F9 to HT-1080
tumor cells. Using an aggressive lung metastatic model, we have demonstrated that AM-
F9 administrated i.v. significantly prolonged the life span of CD-1 nude mice inoculated
i.v. with HT-1080 human fibrosarcoma cells.

These initial findings have since been followed by an additional study that has
started to further investigate the properties of AM-F9 antiserum. We have found that
treatment with AM-F9 significantly inhibited the growth of HT-1080 tumor cells

inoculated s.c. into CD-1 nude mice. We have also investigated the antitumor activity of
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AM-F9 in vitro in ADCMC and ADCC assays, and demonstrated that, in this model,
ADCMC is likely to be a major mechanism responsible for tumor cell killing. These
findings suggest that a peptide mimotopes can be potentially used as a novel
immunotherapy to induce a beneficial anti-tumor response.

Finally, we have used phage display libraries to generate peptide ligands that can
bind MDR drugs mimicking, in this respect, the drug binding activity of P-glycoprotein.
We have showed that the phages expressing the peptides, which contain the core
consensus motif WXXW, bound MDR type drugs (vinblastine, doxorubicin, verapamil,
and genistein) with the same selectivity as P-glycoprotein and did not interact with non-
MDR type drugs, such as arabinosylcytosine (Ara-C) and melphalan. We have also
demonstrated that monospecific antibody obtained against the phage expressing
VCDWWGWGIC peptide could specifically recognize P-glycoprotein in the membrane
fraction of MDR phenotype MCF-7ADR cells. The MDR drug-binding sequences
generated during this work could provide an important tool for design and screening of

new chemotherapeutical agents.
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