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ABSTRACT

Nucleophosmin (NPM1; also known as B23, NO38, anatrin) is an abundant nuclear-
cytoplasmic shuttling protein that is involved infferent cellular processes such as
centrosome duplication, cell cycle progression stnelss response [1-4]. NPM1 physically
interacts with several nuclear proteins, includimgcleolin [5], p120 [6], p53 [7] and
Mdm2 [8]. Recently, it has been demonstrated tHalVIlll forms a stable complex with the
tumor suppressor pl19/Arf [9] and it is absolutedguired for its correct localization and
stabilization in the nucleolus [10, 11]. The obsg¢ion of chromosomal translocations of
the NPM1 gene in human hematopoietic cancers has suggeste8iPM1 contributes to
tumor development by activating the oncogenic paemf the fused protein partners.
Moreover, it has been found that about one-thirdpdmary adult Acute Myeloid
Leukemia (AML) patients bear mutations in the kxsbn of the NPM1 gene [12], leading
to an aberrant cytoplasmic localization of the @irot(NPMc+, [13]). Interestingly, the
accumulation of NPMc+ in the cytoplasm appears aesiple for the delocalization of
proteins that, under normal conditions, interadhwvild type NPM1 in the nucleus. In
particular, NPMc+ binds, delocalizes and inactigdtee p19/Arf tumor suppressor [14], as
well as the Fbwy F-box protein that is involved in the proteasomgehdent degradation
of the c-Myc oncoprotein [15]. These data prompted to explore the possibility of
blocking the aberrant activity of NPMc+ using NPMemtspecific antibodies.
| report here the isolation, from the ETH2-Gold ghadisplay library [16], of a
recombinant antibody in scFv format specific fog thPMc+ protein. It univocally targets
the mutated region at the C-terminal end of NPMIke specificity of this antibody was
evaluatedn vitro by performing western immuno-blot analyses, imofluorescence and

immunoprecipitation assays. | show that the scRibady performs as well as the mouse
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monoclonal antibody specific for the same NPMc+atiah and used as control. It is also
able to immunoprecipitate the overexpressed and etmdogenous NPMc+ proteins.
Furthermore, | have found that the scFv can beiefitly expressed in mammalian cells as
an intrabody, upon transfection of specific vectbi carry its cDNA sequence, and that it
accumulates in the nucleus when fused to a nudtealization signal (NLS). This
evidence opened the opportunity to try time vivo re-localization of NPMc+ from
cytoplasm to the nucleus by using the recombinatib@dy as a specific carrier. However,
scFv-NLS fusions were unable to re-locate NPMc itite nucleus. The addition of
multiple NLSs to the scFv did not modify the sultitdar localization of NPMc+. In
conclusion, | have been able to isolate a recommbiaatibody that specifically targets
NPMc+ protein. This antibody, directed against Gwerminal epitope of the mutated
protein, has been biochemically and functionallarelaterized botln vitro andin vivo.
The scFv successfully expresses as an intrabodyammalian cells and specifically
interacts with the native NPMcin vivo, thus giving the premises for its further

development as a potential innovative therapeatt t
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CHAPTER 1

1. The immune system

The immune system is a complex network of chemmgatliators, cellular components,
specialized tissues and organs that has evolvgataiect the integrity of the organism
against any kind of pathogen, chemical substandda@eign agent that may penetrate the
body and damage it. This is accomplished throughidentification, neutralization and
removal of the exogenous molecules, therefore,itf@une system must be able to
distinguish between what is part of the organismehsas its own healthy cells and tissues
(“self”), and what could be potentially harmful @nself”). This ability is mediated by
different classes of receptors and proteins (Tikd-Ireceptors, T-cell receptors, MHC
complexes and immunoglobulins), which either expase their surface or directly
recognize specific elements of the infectious agdantigens), eliciting an appropriate
immune response. Immunity can be subdivided inbat@ and adaptive, depending on the

types of recognition mechanisms involved and resesmleveloped.

1.1 The innate immune system

The innate immune system is the first host defagsenst any foreign pathogen that enters
the body; it acts in a non-specific manner and du#sgive a long-term immunity. The
innate immune response is very rapid due to thetkat i) only few kinds of molecular
profiles are recognized as “non self” and ii) &l& timmunological components involved
are already predetermined at the genetic level aardable to carry out their functions

without the need of any further maturation stepstAiesponses to infections are mediated
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by i) chemical molecules, responsible for the psscef inflammation (cytokines), ii)
physical barriers (epithelial cells of the skin,esous membranes and secretions), iii) blood
proteins (complement system factors), and iv) tallucomponents, predominantly
members of the myeloid cell line (mast cells, gtaaytes, macrophages, dendritic cells)
and, in minor part, of the lymphoid one (naturdlekicells,yd T lymphocytes and B1
lymphocytes). These cells are characterized by ghesence of specific membrane
receptors responsible for antigen recognition aresgntation (antigen presenting cells,
APC); they are able to directly eliminate pathogdrs phagocytosis and to induce

inflammatory responses.

1.2 The adaptive immune system

Specific immunity is carried out by lymphoid B &l(humoral immunity) and T cells
(cellular immunity) that work together with all theccessory cells, which are activated
during the innate immune response. In mammals,dBTalymphocytes are produced in the
bone marrow and mature in the bone marrow (B) anthé thymus (T), respectively
(Figure 1A). After antigen exposure, T cells becamgvated, mature and differentiate in
T helper cells, that coordinate the immune respdnsectivating B lymphocytes and
macrophages, and T cytotoxic cells, that are resiptan for cell lysis. The complex
mechanism carried out by the T helper cells retiascell-cell interactions and on the
release of soluble molecules (cytokines). In thesence of an antigen, B cells become
activated, start proliferating (clonal expansiomyd adifferentiating (primary response,
Figure 1B). B cells differentiate into the germira@nters of the secondary lymphoid
organs and develop into effector cells (plasmas}ethat secrete immunoglobulins (lgs,
named also antibodies) and memory B cells. Mogdlyfikadaptive immunity has been
selected because of its ability to adjust and changa very specific way, each time an

exogenous molecule comes in contact with one afdtaponents. The large variability of
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the molecular combinations represented by the amsigit is estimated to be 200’
different variants) is well balanced by the enorsiawmber of different molecules
responsible for their identification. The adaptimenune response has evolved two key
functions: i) the ability to retain an immunolodicaemory, by preserving the cells
responsible for the successful recognition and ragpation of exogenous agents
(secondary response) and ii) the capacity to tedinits components to discriminate
between “self” and “non self”, in order to avoidta@mmunity (tolerance mechanism). The
adaptive system acts through three consecutives:stgp antigen recognition, ii)
lymphocytes activation, iii) elimination of the ayen (effector phase). After these events

have occurred, the adaptive system returns to hstagie but preserving memory cells.

Bcells

Tactivated flecrophisge T cells
/ & agonks activated
| @ o= @
/ activated 2
H‘a_ . - T cells
p g Y memo
i 4 KN L x hslps?r matures
3 - T cells oloxic

memory antibodies ¥

cells fog L
- nonspecific
| killers

B)

Figure 1. Human lymphoid organs and adaptive immune response. A) Schematic representation

of the human primary and secondary lymphoid orgénsm “Mayo Foundation for Medical
Education and Research”, www.mayo.ed®)) Scheme of the main cellular components and events
involved in the adaptive immune response (from “tHeman Immune Response System”,

www.uta.edu/chagas/images/immunSys.jpg)
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2. Immunoglobulins: molecular structure and functian

G. Edelman and R. Porter were the first to identifg structure of immunoglobulins, a
discovery that was awarded by the Nobel Prize i@21pL7, 18]. Igs are “Y” shaped
glycoproteins circulating in the organism, able neutralize pathogens by specifically
recognizing their antigenic determinants (epitopk&ture B cells express on their plasma
membrane immunoglobulins that serve as antigempters (IgM) and, only after antigen
exposure, differentiated B cells (plasma cellsjtstacreting immunoglobulins as soluble
molecules (Figure 1B). IgGs are the most abundisiscof immunoglobulins present in
human blood (ca. 85% of serum Ig) and they arartbst widely used for therapeutic and
diagnostic applications [19]. They are organized i tetrameric structure, formed by the
interaction between four chains: two identical heelains (H, MW: 50-70 KDa) and two
identical light chains (L, MW: 23 KDa), stabilizday hydrogen bonds and inter-/intra-
chain disulfide bridges. Both types of chains pnése series of repetitive units, called
immunoglobulin domains. In a typical IgG it is pide to recognize two functional
regions joined by a flexible stretch of polypepticleain (hinge region): i) the constant
region, responsible for mediating the interactietw®zen the antibody and the complement
components or the innate immunity cells (Fc, fragimerystallizable); ii) the variable
region, where the antigen binding site is locatedb( fragment antigen binding; Figure
2A). The portion of the antibody responsible fonding to the target epitope is called
paratope and is constituted by the contributiornthef variable domains of both light and
heavy chains. Each variable domain contains thrgpervariable complementarity
determining regions (CDR1, CDR2, CDR3), that aspoasible for the specificity of the
antigen recognition. These regions form three fkexioops stabilized by th@-sheets of
the framework regions (FR, Figure 2B and 2C). Amding six CDRs present in each

antigen combining site, the two CDR3 sequences ghewgreatest variability, which is
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generated by specific genetic and molecular meshai Five different constant heavy
chains ¢, v, 9, €, ) define five different functional classes (igms) of antibodies, named
respectively IgA, 1gG, IgD, IgE and IgM. Each okth presents specific effector functions

and tissue distributions.

Antigen- e P - - ___Antigen-
binding site =~ - ,’ binding site
. T
Fc receptor Y a i" i
and corﬁplement— " {E;H2£ SCH;\':': Disulfide bond S8 |
binding sites \ee F R0e5/ | Carbohydrate —e
e s = Heavy chain ==
=1 ~, |Ushtcnain ==
{03 S} =
k‘:iT 5\[&5}' Ig domain g\ )
A) ¢ < B)
FR3 | CDR3 | FR4 [+

Figure 2. Molecular structure of immunoglobulins. A) Scheme of an immunoglobulin showing the
antigen binding site (Fab) and the Fc portid). Schematic representation of an immunoglobulin
variable domain (VL). The three complementarityedeining region (CDR) loops areoloured,;

S-sheets of the framework regions are in gray.Scheme of a typical variable domain structure
showing the organization of the framework regioRRg) and the complementarity determining

regions (CDRs) (from “Cellular and molecular immuogy”, Abbas and Lichtman,"Bedition)
2.1 The immunoglobulin genes

The large variability of the immunoglobulins assted to the membrane of B
lymphocytes is generated in the bone marrow duBngells maturation. This process
involves rearrangements into the germline antibahcoding genes. In fact, their
transcription and translation starts after a sesfagndom rearrangements (somatic/V(D)J
recombination) has occurred. Each mature B cellosgp on its surface one specific

immunoglobulin which recognizes only one antigegpitope and which is encoded by a
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single functional heavy chain gene and a singlectianal light chain gene.
Immunoglobulin light chainsk(andA) and heavy chains are encoded by different genetic
loci constituted by distinct sequences, present inipd@ltopies (Figure 3). Some intronic
regions, which contribute to the regulation of samption and RNA splicing, are located
between these genetic segments. The light chairm@A) are encoded by the V and J
(joining) genes, which rearrange giving theJVsegment (light chain variable domain),
and by the €segment (light chain constant domain). The he&ayns are encoded by the
V, D (diversity) and J genes, which rearrange gjvine \{;DyJy segment (heavy chain
variable domain), and by the;Gegment (heavy chain constant domain). The additiD

(diversity) genetic region encodes for some oftteavy chain CDR3 residues.

A light-chain locus

Lf W, 2 W o L300 o dy 1 Gl d;2 G2 Jd;d C.4
K light-chain locus ) )

1 Wl 2 Va2 2
:[t-:ﬂc-:[t-fﬂ.ﬂ ||||—

Heaw—cham locus
L2 wWy2 3 Wl Dy 1-27

OO - {peeen Sssee—00it—mm—

Figure 3. Genetic organization of the mouse immunoglobulin loci. (from “Immunobiology”,

Janeway et al.,"5edition

2.2 The V(D)J recombination

The process of V(D)J recombination is site-specdid is mediated by a complex of
specific enzymes (V(D)J recombinases). The randesmrangements that occur during B
lymphocytes maturation are regulated by a pre@seade of events in each genéiitus

The heavy chain segments undergo a first rearraagemhich creates a DJ junction,

deleting the interposed region. Then, one V gergnsat is bound to the DJ portion
19



creating the rearranged VDJ complex; therefore ptiteary RNA transcript comprehends
the VDJ complex together with the proximal C geflesth p andd). A second specific
splicing event between the VDJ region and the geéne creates the functional mRNA
encoding for thgt heavy chain (Figure 4, upper part). A similar @& of recombination
occurs in the light chain encoding regions and teeaa VJ complex which is then
combined with the C regiom (or A), leading to a functional mMRNA encoding for ther A

light chains (Figure 4, lower part).

HEAVY CHAIN GENES “Unrearranged” heavy chain gene
Vi V., D, D, A I o
RS STRRTIRRR S0 I STR R BT AR T S -
l’(omott.‘l' l(]ene rearrangement: VD] formation
VD] (o

;r b /\-73_/3 . v

IMMUNOGLOBULIN

STRUCTURE Heavy chain

Antigen- Antigen-
combining combining
site

Disulfide linkage

Effector site

Translation

HOOC COOH

Transcription  ~  ~ ' ~  , Lightchain
LIGHT CHAIN GENES ) ’ 3 protein mRNA
Vi v, V3 Vieor ¥V V I c
W—————— e :: = - - < -
—Fﬁ .ﬂ;{ Aiﬂ‘ PR 7 Lamb ST ¢ .

T Gene rearrangement: V/ formation
Vi oV, VsV, Vs etV hilhBals C
) av 7 g ———r—
PR m id_ii_k‘a.sn;‘y S —

V
5
b pwd v o f: .:'S
A RS AV e - >

“Unrearranged” light chain gene

Figure 4. Gene rearrangement of the immunoglobulin heavy and light chains. (from Gilbert

S.F., “Developmental biology”,"8edition)
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In the endoplasmic reticulum, the two newly synies heavy and light chains are linked
together and translated creating a functional Igiich remains fused to the B cell plasma
membrane. Although B lymphocytes are diploid cell$ine regulatory mechanism which
allows the expression of the rearranged genes edcby one of the two chromosomes
(allelic exclusion), ensures that each B cell wpkesent one single specific

immunoglobulin. The generation of the highly vat&bepertoire of immunoglobulins

relies not only on the contribution of the combar&tl diversity, which takes place during
somatic recombination of the different encoding eden segments, but also of the
junctional diversity, due to the introduction of BNsequence variations (insertion and

deletions of nucleotides) by a mechanism of imprgmeaing of the gene segments.

2.3 B lymphocytes differentiation

Mature B cells leave the bone marrow expressingheir membrane IgM or IgD with a
single antigenic specificity and circulate in tHeda and lymph, which transport them to
the secondary lymphoid organs. After antigen rettmgn they start proliferating (clonal
expansion), differentiating and creating a popalatof plasma cells, which secretes
antibodies and memory B cells. In the germinal eextactively proliferating B cells
undergo a further process of immunoglobulin difféi@ion (somatic hypermutation) in
the variable heavy and light chains, expeciallytie residues located in the CDRs.
Successively, new intrachromosomal recombinatioentsvin the heavy chain constant
genes generate a change into the immunoglobulss d@ass switching), while antigen
specificity is preserved. Recently, it has beemtbthat, although very different, these two
molecular events are linked by the interventionhef AID (activation-induced deaminase)
enzyme, which causes localized DNA deaminationseBaon the DNA damage repair

pathway activated, cells undergo one of the twagsses [20-22].

21



2.4 The antigen-antibody binding

The hypervariable regions of the heavy and liglatieh of immunoglobulins create a cleft

where the antigenic determinants perfectly adapa isort of key-lock mechanism. The

bonds that hold the antigen linked to the antibady multiple and reversible, because of

their non covalent nature. They consist of: hydrogends, electrostatic bonds, Van der

Waals forces and hydrophobic bonds. Some distiagiroperties of the immunoglobulins

have to be considered when analyzing antigen-agyibderactions:

Affinity: antibody affinity defines the strength of the iateron between a single
antigenic determinant (epitope) and a single comyisite of the antibody. It is
given by the sum of the attractive and repulsiveeds at the antigen-antibody
interface.

Valency: antibody valency is the number of binding sites @eatibody molecule.
IgGs, for example, have two identical antigen higdsites (valency = 2).

Avidity: antibody avidity is a measure of the overall stthngf binding between
an antigen and an antibody. For example, a mulimatibody (like a pentameric
IgM, which presents ten binding sites) may disg@astronger avidity than that of a
conventional IgG (which presents two binding sités) the same polyvalent
antigen.

Specificity: antibody specificity refers to the ability of andimidual antibody
combining site or of a population of antibody mailes to react only with a distinct
antigen or with a definite epitope on a macromdkcantigen. Antibodies can
distinguish differences between i) the primary e of an antigen, ii) the
isomeric forms of an antigen and iii) the secondamygl tertiary structures of an

antigen.
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» Cross-reactivity: antibody cross-reactivity refers to the ability ah individual
antibody combining site to react with more than anégenic determinant, or the
ability of a population of antibody molecules t@aece with more than one antigen.
Cross-reactions arise because the cross-reacttigg@arshares an epitope with the
Immunizing antigen or because it presents an epitaipich is structurally similar

to one of the immunizing antigen (multispecificity)

3. The antibody-mediated immune response

The fraction of immunoglobulins present in a semwpon stimulation by an antigen is very
heterogeneous due to the fact that, different phasafls start to secrete different classes of
antibodies, each recognizing specific epitopeseamiesn the surface of the same antigen.
This “polyclonal” response is primarily responsildfler the protection of an organism
against pathogens. Typically, it is possible taurela polyclonal antibody respornieevivo

by immunizing an animal (usually a mouse) with tesired antigen. After the immune
response has taken place and B lymphocytes havifemted and differentiated,
polyclonal IgGs can be separated from the animalnseby purification against their
target. On the other hand, in order to obtain mpacoiic antibodies against a particular
epitope, it is possible to selantvitro the single clone of plasma cells from which they a

secreted: this is called “monoclonal” antibody (mAdmlation.

3.1 Monoclonal antibodies and their therapeutic aplications

Due to their unique properties, immunoglobulinséhalso been employed for many years
now as valid tools in basic research, diagnostettarrapy. Therapeutic antibodies can be
providedin vivo to i) specifically block the activity of a partiewm molecule, by binding its
target (for example, they can prevent cell growtly, blocking specific cell surface

receptors) or ii) they can be modifiedvitro to obtain specialized carriers for the delivery
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of radionuclides, toxins, drugs and enzymes. Mamual antibodies (mAbs) were firstly
introduced to detect and purify their target amtigln 1975, Kohler and Milstein ([23],
Nobel Prize in 1984) revolutionized the field ofrmanology by providing the feasibility to
fuse a myeloma cell line that had lost the abilitysecrete antibodies, with healthy plasma
cells obtained from spleens of immunized mice. TW&s the start of hybridoma fusion
technology. The resulting hybridoma contains bdta genes that control the specific
antibody production, inherited from the spleen gedind the genes that allow unlimited
proliferation, inherited from the myeloma cellsri@kdilutions facilitate the separation of
single clones secreting antibodies that can be mgrowmicrotitre plates and screened by
ELISA in order to select those suitable for largals production (Figure 5A). In a few
years, the exciting possibility of raising unigudibodies against almost any epitope and,
in particular, against tumor-specific antigens hbkxl to the development of
immunotherapy. Throughout the progression of mamwall drug development, different
formats of antibodies have been created: murineyaic, humanized and human (Figure
5B). Initially, therapeutic antibodies were muriteit their use was limited by many side-
effects: i) short serum half-lif| vivo, ii) limited penetration into tumor sites, iii)deced
stimulation of cytotoxicity, iv) induced immunogeity with possible onset of allergic
reactions in treated patients, v) unwanted Fc-iedu@ffector functions (cytokine
activation, receptor blockade [24]). To overcomensoof these drawbacks, chimeric
(murine variable regions fused with human constagions [25, 26]) and humanized
antibodies, obtained by grafting murine hypervdaabomains into human antibodies,
were developed [27]. However, it was observed thananized antibodies bound the
antigen with much lower affinities than their paremurine monoclonal antibody [28, 29].
Fully human antibodies were obtained after theouhuiction of large scald. coli
expression [30, 31] and phage display technology. [Burrently, hundreds of monoclonal

antibodies are employed in clinical trials and th&. FDA has approved many of them for
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cancer treatment [33, 34], transplant rejection],[8&umathoid arthritis [36] and several
other diseases (Table 1). Therapeutic applicatfom@noclonal antibodies is defined as
“passive immunotherapy” and relies on the repeatechinistration of antigen-specific
antibodies obtained outside the body of the patjent order to try to “immunize” them
against a disease. In this case, the host’s imraystem is not directly stimulated to react.
In contrast, the “active immunotherapy” approacmsaiat the long-term induction of a
disease-specific immune response and tries to wpirthe host’'s immune system to
recognize and destroy specific cells. This is ackdeby administering i) vaccines created
using malignant cells isolated from the patienat thave been presented to and cultuned
vitro with the patient’'s own immune system cells orvéctor-based vaccines, through
which a virus or another vector is exploited taaoduce disease specific proteins together
with other molecules that can stimulate the paseimtmune system to react specifically

against them.
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Figure 5. Monoclonal antibodies and their formats.A) Simplified representation of the main
steps necessary to obtain monoclonal antibodieth&yhybridoma fusion technology (from “After
C. Milstein. Monoclonal antibodies”. Copyright © 89 by Scientific American, IncB) Different

formats of monoclonal antibodies engineered for imatherapeutic applications (from[37])
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4. Passive cancer immunotherapy

Nowadays, the most widely diffused cancer immunatbye approach relies on the
targeting by the antibody of a protein or recempecifically expressed on transformed
cells (targeted therapy), in order to try to indigeor cells death. In fact, even though
malignant cells are basically recognized by the imensystem as the patient’s own cells,
in many cases they display particular antigensahainappropriate for the cell type or the
stage of development, or they overexpress surfaceptors which are rare or absent in
healthy cells. The biological effects upon clinieaiministration of antibodies are multiple
and include neutralization of signaling proteinsspecific blocking of receptor binding

sites [38]. Typically, cancer cells growth can bkibited employing mAbs which are able
to prevent the interaction between growth factors their receptors. mAbs can also mark
tumor cells in order to elicit an immune responisat tcan destroy them by antibody-
mediated effector functions. Moreover, antibodies @lso be used as carriers for the
targeted delivery to the tumor sites of covaleliitiked cytotoxic agents. Even if passive
cancer immunotherapy often requires high dosearabt antigen specific mAbs and is of
limited duration, antibody-based therapies havewshaignificant results in both the

treatment of solid tumors and hematological malimgpies. Nevertheless, this approach
presents some limitations due to the complexityaadisorder such as cancer. In fact,
therapy performed with mAbs has be proven to be aleays successful because: i)
antibodies are not used as a first-line therapyateh in patients already weakened and
subjected to chemotherapy or surgery, ii) theytargeted against antigens that, even if
present in a specific type of cancer, can vary betwdifferent individuals, iii) they can

become ineffective due to the intrinsic high ratenatations of tumor cells (tumor escape)
and finally, iv) they can often show remarkableitdy, especially when administered at

high doses.
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Trade name | Target Source Year| Indication
Orthoclon& CD3 murine 1986 Transplant rejection
ReoPro" CDh41 chimeric 1994 | Cardiovascular disease
Rituxan ™ CD20 chimeric 1994 | Non-Hodgkin’s lymphoma
Zenapa@ CD25 humanized 1997 Transplant rejection
REMICADE® TNF chimeric 1998 Rheumatoid arthritis
SimulecP CD25 chimeric 1998 Transplant rejection
Synagis" RSV F-protein | chimeric 1998 | RSV infection
Herceptir{? Her-2 humanized 1998 Breast cancer
Mylotarg™ CD33 humanized 2000 | Acute Myeloid Leukemia
conjugated with
0zogamicin
Campatﬁ CD52 humanized 2001 Chronic lymphocytic leukemia
Zevalir® CD20 murine conjugated 2002 Non-Hodgkin's lymphoma
with Yttrium- 90
HUMIRA™ TNF-o. human 2003 Rheumatoid arthritis
Bexxaf CD20 murine conjugated 2003 Non-Hodgkin’s lymphoma
with lodine 13:
Xolair® IgE humanized 2003 Severe (allergic) asthma
Erbitux™ EGFR chimeric 2003 | Colorectal cancer
TYSABRI® VLA4 humanized 2004 Multiple Sclerosis
Avastin™ VEGF humanized 2004 | Metastatic colorectal canaam; n
small cell lung cancer
Vectibix EGFR human 2006 Metastatic colorectal cancer
LUCENTIS™ VEGF-A humanized 2006 | Wet Macular Degeneration
Soliris® CD59 humanized 2007 Paroxysomal nocturnal
hemoglobinuria
CIMZIA® TNF-a PEGylated 2008 Rheumatoid arthritis
fragment
Simponi ™ TNFa human 2009 | Rheumatoid & psoriasic arthritis,
active ankylosing spondylitis

Table 1. List of the U.S. FDA approved mAbs for

http://tbiweb.org/tbiffile_dir/ TBI2008/TBI2008_2_¢if)

therapy inmhans (updated from

27



CHAPTER 2

1. The phage display technology

Phage display was introduced in 1985 by George lfmiho created a vector for the
expression of an exogenous peptide on the surfafd@mentous phages [39]. Since then,
different kinds of libraries exposing a large varief peptides and proteins have been
generated and, in the last decades, these tooésdieen important contributions to many
scientific discoveries. The main advantage of the af phage display libraries is that they
comprehend billions of unique clones that can beukaneously screened against almost
any target of interest. The principle of phage ldigpelies on the fact that the exposed
molecules are genetically fused to a phage codeipron a way that each phage expresses
only one single clone. In this manner, a straigik Is established between the displayed

phenotype and the corresponding genotype carrigdeblpacteriophage [40].
1.1 Filamentous bacteriophages

Filamentous phages are the type of bacteriophagest commonly employed to expose
biological molecules. They are single-stranded D{8ADNA) viruses that infect gram-
negative bacteria. Their structure is similar tblament, with a length of about 900 nm
and a diameter of 6-10 nm. Filamentous phagesrawik as Ff and include strains M13,
fl, Fd and ft. A shell (capsid) protects the ssDNMAolecule that has a length of
approximately 6400 bp. The capsid is constitutedsbyeral oligomeric coat proteins:
pVIII, which is the most abundant and is presentliout 2700 copies, pVIlI and plX,

present on one side of the phage in three to fopges, and plll and pVI located on the
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other side and present in three to five copieseab(Wigure 6A and B). In most cases, plll
is the protein fused to the displayed polypeptitlekas a N-terminal domain, that binds the
E. coli F pilus and a C-terminal domain, that is anchoirezide the particle and is
constitutive part of the capsid structure. Filanoest phages infect bacteria by exploiting
as a receptor the F pilus present in “madte’coli cells; they do not induce host cell lysis,
but instead they induce them to produce and senesteviruses. A viral life cycle (Figure
7) can be subdivided into three main steps: i)amd@ (attachment and penetration), ii)
replication of the genome and iii) maturation (asly and release) of the new phages.
The process starts with the interaction betweerptherotein and the end of tHe coli F
pilus: the pVIIlI protein undergoes a conformatiohlange and shortens allowing the
phage DNA to be exposed and then included intchtiet cell cytoplasm. Later, pVIIl is
stripped off and ends up in the inner cell membyarieere it may be stored and re-used to
produce new particles. The circular single-stranB®A (+ strand) is converted into a
double-stranded replicative form (RF) and at tlsp two proteins play a critical role: pli
and pV. The first one, pll, nicks the double steshdorm of the genome to initiate the
rolling-circle replication of the + strand and thynthesis of a new helix together with the
templates encoding for the plll and pVIII proteififie second, pV, competes with double
stranded DNA formation by sequestering copies &f thstrand DNA and creating a
protein/DNA complex that can be packaged into ndwages. The number of double
stranded genomes in the bacterial host is regulayedX. Assembly occurs at the inner
cell membrane and new single-stranded DNA is pasttagto protein coats and released
through the bacterial membrane. It is thought thatore phage secretion starts, two of the
minor phage coat proteins, plIX and pVll, interadthwthe pV/single-stranded DNA
complex in a specific region called packaging segaeFinally, the pV proteins covering
the single-stranded DNA are replaced by the pVibtgins embedded in the bacterial

membrane and the growing phage filament is thredldexigh the membrane. Once the
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phage DNA has been fully coated by pVIll, the reeéerminates by adding the plll/pVI

cap and the new particle can be finally releasexh fthe bacterial surface [41].

s

S copies of plll &
pVI at this tip

J Ahousands of pVIIL
., subunits form
_tubular sheath

plll

Figure 6. Structure of filamentous bacteriophages. A) Representation of a typical bacteriophage:
coat proteins are indicated (from http://www.scielgpdf/gmb/v28n1/a01v28nl.pdB) Electron

micrograph of the filamentous phage fd (from [42])
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1.2 The antibody phage display

Antibody phage display relies on the principle tlggnes encoding for one or more
variable domains of an immunoglobulin can be clomefitame with the phage minor coat
protein plll into a selectable “phagemid” vectoB[#44]. A phagemid is a plasmid that
presents both aB.coli and a phage derived (M13) replication origin,gnal sequence for
the periplasmic secretion, the phage plll geneamndntibiotic resistance marker, while it
lacks the genes encoding for the phage structucakips (Figure 8). Indeed, to assemble
new phages and properly package the DNA, it is ssa0g to superinfect the cells
containing the vector with a helper phage (M13KOWhose genome carries an
autonomous replication origin, a kanamycin resigarand encodes for all the capsid
proteins. The system is very powerful becaused)NH13K07 genome is designed with a
modified intergenic region (that encompasses agmnk signal sequence and the origins
of replication of the two strands, IG), which causteto be replicated and packaged less
easily than the phagemid vector (that carries @ wipe IG) and ii) the wild type plll
protein (3-5 copies per phage), that competes thhplll fused to the antibody (encoded
by the phagemid) for the incorporation into the gehgparticle, is translated more
efficiently from the phage genome and inserted th® new particles. At the end of the
packaging process, most of the phages that expoaetdody show a monovalent display.
This gives the chance to select and enrich antd@sogkith high affinity, since avidity
effects, which would decrease the dissociation frat@ the target antigen, are avoidéd.
phagemid vectoallows both the antibody display on the phage glartand its soluble
secretion in the periplasmic space. This is posdigicause of the presence of an Amber
codon, that is located between the antibody gemkethat of plll protein. This codon
functions as a transcription end point when usiagtdrial “non suppressor” strains (like

HB2151), while it is not recognized by bacterialpgpressor strains” (like TG1). The
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system allows to obtain respectively soluble arties or displayed antibodies fused to the
phage surface (Fig. 8). The fusion protein expoesss regulated by the lacZ promoter.
Glucose in the growth medium represses the lacheter preventing the production of
the plll-antibody fusion and favouring F pilus gesten, which in turn enables helper
phage infection. Once the helper phage genome@porated into the cell, then glucose

is removed and phage-antibody expression starts.

Displayed antibody
Antibody fragments

genes

= s suppressor

7 strain
N P
PAS Helper phage &s¢
M13
IR/ori
non suppressor

strain (J
¢
© oo
Soluble antibody
fragments

Figure 8. Schematic representation of displayed antibody expression (suppressor strain) or

soluble antibody expression (non suppressor strain). (adapted from [44])

1.3 The (bio)-panning procedure

The phage selection procedure (bio-panning) casubelivided into four main steps: i)
exposure of the phage patrticles to the target emt{gnmobilized protein, cell, tissue) in
order to identify specific ligands, ii) removal wbn specifically bound phages, iii) elution
and recovery of the phages specifically bound ® ahtigen, iv) bacterial infection and
amplification of the specific phages (Figure 9).v&al rounds of selection and

amplification, at different stringency conditiorase performed to enrich the population in
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high affinity binders. The putative positive antilyoclones are produced as soluble
proteins from single colonies grown in microtitdates and then tested by ELISA on their
target. Each binder can be identified by DNA seguemn and unique sequences can be

sub-cloned and produced in large scale for biocbainesharacterization.
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Figure 9. Antibody phage display. Flowchart of the antibody selection procedure frphmage
display libraries (bio-panning), showing the enmeént of an antigen specific phage-antibody

(circle) from a background of non specific phagéiaodies (from [45])

2. Recombinant antibodies and their clinical appliations

The first antibody fragments without Fc regions evgenerated by proteolytic treatment
with papain or pepsin, that yield Fab and (RdlBgments, respectively (Figure 10, [46]).
However, proteolysis is generally not absolutelgcfic and does not produce molecules
smaller than Fab portions. In contrast, the prooéss vitro selection using phage display
libraries allows obtaining high affinity binders aagst almost any target antigen in a
relatively easy way. Engineered recombinant antdémdthave been successfully selected
from immunized mice [47, 48], macaques [49], shd&f$ and chickens [51], as well as
from naive phage display libraries [52-56]. Two dgnof antibody repertoires can be

createdn vitro: i) synthetic libraries comprehend collectionsaafibodies built byn vitro
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assembly of VDJ gene segments [16, 57-60]; in tase, a predetermined level of
randomization of the CDR regions can be introducknling assembly, into the germline
V gene segments [61, 62]; ii) semi-synthetic liampresent combinations of natural and
synthetic diversity; they can be engineered by fihgfnatural CDR regions [63] or by
mixing naturally rearranged and highly functionddR3 sequences with synthetic CDR1
and CDR2 diversity [64]. Recombinant antibody framts present many advantages in
respect to the conventional monoclonal antibod)ebiey can be selected in a shorter time
i) they can bein vitro manipulated to enhance their specificity and alfirproperties
(affinity maturation), and iii) they can be proddce large scale at relatively low costs.
Depending on the purpose to be achieved, differesieécular formats have been generated
by engineering antibody sequences (Figure 10). sthecture of recombinant antibodies
has been modified in order to reduce the portiapaasible for the effector functions,
while retaining only one or two domains that arelidated to antigen binding. The most
diffused recombinant antibodies are Fab and siogéen variable fragment (scFv)
formats. A scFv antibody is constituted by a singtdypeptide chain encoding for the
light-chain (VL) and heavy-chain variable (VH) damscovalently connected by a short
flexible polypeptide [65-67]. This linker must nanterfere with the tridimensional
conformation of the antibody, it has to be resistanproteolysis and it must not contain
charged residues, in order to reduce unwantedactions between the surfaces of the VH
and VL regions [66], [68]. scFvs show a monovalentigen binding affinity and can be
easily manipulated and modified by conjugation tagg, toxins, radionuclides, viruses,
and enzymes both for diagnostic and therapeutitcapions [24, 69, 70]. Multimeric scFv
fragments such as diabodies, triabodies and simitdecules have been designed because
of i) their multivalency, that should increase thavidity slowing their dissociation rates
from the cell surface or multimeric antigens [7idai) their longer persistenda vivo

[72, 73]. Moreover, combining two different scFesch with an antigenic specificity, it
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has been possible to create bispecific antibothasdan direct effector functions towards
two independent therapeutic targets and limit cemgnt activation [74]. As an
alternative, minibodies have been engineered byleatly linking bi/multivalent scFv
fragments to other kinds of proteins that tendelf-associate, obtaining molecules with

longer serum half-lives [75-77].

VhH domain ~ V-NAR domain V,, domain

(~15 kDa) (~15 kDa) (~15 kDa) Fab scFv
(~55 kDa) (-28 kDa)

V, domain Q/m¢ &{‘

(15 ka) & o Bis-scFv Diabody
{ (bispecific) ﬁ' (bispecific)
) A (~55 kDa) (~50 kDa)
Q\A/O | = < i
Al Fab, % ¢ Triabody
E (bispecific) | (trivalent)
(~110 kDa) . (~75 kDa)

Fab, Minibody Tetrabody
(trispecific) (bivalent) (tetravalent)
Camel Ig IgNAR IgG (~165 kDa) (~75 kDa) (~100 kDa)

Figure 10. Molecular formats of recombinant antibodies. Scheme of different recombinant

antibody formats (from [24])

Recently, the discovery of the presence in Camealias sharks immune systems [78, 79]
of heavy chain antibodies (HCAb) constituted byirgle variable domain bound to a
conventional constant domain, has led to the ininig opportunity to exploit them for

biotechnological applications. In fact, they shawedevated germline complexity [80, 81]
andtheir variable domains (referred to as VHH in Cadseand V-NAR in sharks) are the
smallest naturally occurring antigen-binding molesuknown to date. VHHs show high
stability and solubility and, due to their pecularatope conformation (a convex and
protruding H3 loop[82]), they preferentially bind hidden epitopes aridfts, like the

active sites of enzymes [83, 84]. It has been detnated that isolated VHH domains
exhibit a strong antigen binding activity, perfgctompensating the lack of the VL

domains [85]. The increasing availability of recondmt antibodies has led to the
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development of therapeutically relevant moleculesparticular for cancer treatment. In
many cases, antibodies are responsible for theveagliof concentrated and specific
“loads” to a desired tissue or cell type (targeteerapy, [86]). They can be employed as
carriers for toxic cargoes [87-89] or as mediatorselease enzyme prodrugs into tumor
sites [90, 91]. This approach relies on pre-tangeta tumor with an antibody-coupled
enzyme, then the antibody is removed and the enzymeerts an administered non toxic
precursor into a drug that blocks cell growth. Rearimore, innovative affinity maturation

methods have been developed in order to improvebitinding properties of the selected
binders [92-97]. Much work has been done in thgmlstic field, in particular in tumor

imaging, by radiolabelling antibody molecules [9&t]l and by creating fluorescent

nanobodies [102].

3. The “intrabodies” (intracellular antibodies) and their applications

The term “intrabody” indicates an antibody molectilat is expressed intracellularly and
directed to a defined subcellular compartment [LD&E potential of this technology relies
on the fact that intrabodies can induce the phgmotinockout of intracellular target

molecules i) by directly blocking the antigen amsl function, ii) by re-directing it to a

specific intracellular location or iii) by inhibitg its translocation from the ER to the cell
surface. Fusions with signal sequences allow fdibady localization in the nucleus,

endoplasmic reticulum, Golgi apparatus, mitochandsr cell membrane, while their
absence leads to its retention in the cell cytaplésigure 11). The intrabodies’ technology
IS a very promising therapeutic tool because it malp to solve some of the problems
linked to current antibody treatments, like tum@netration, short serum-half life and

even poor specificity.
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Figure 11. Intracdlular antibodies and their localization. Subcellular localization of intracellular
antibodies. Intrabodies can be directed to the phtem (1), mitochondria (2), nucleus (3),
endoplasmic reticulum (ER) (4), trans-Golgi netw{fkN) (5), plasma membrane (6) or secreted

in the extracellular space (7), adapted from [104]

The first successful application of intracellulartibodies to block a complex biological
process in the cytosol of vertebrate cells wasettiression of an scFv fragment directed
against the GTPase p21Ras in the cytoplasmerfopus laevi®ocytes that caused the
inhibition of their insulin-induced meiotic matui@ [105]. When the same antibody was
expressed in mammalian cells cytoplasm, it was rebdgethat p21Ras was sequestered
into aggregates in an scFv-dependent manner leadingfficient inhibition of DNA
synthesis [106]. Intrabodies have been used as smeaimhibit tumor growth. Blocking
VEGF-R2 and Tie2 pathways by using specific inti@bddies, resulted in a 92%
inhibition of tumor growth and angiogenesis in anam melanoma xenograft model [107].
In situ expression and secretion of a bispecific diabiodyivo reduced tumor growth by
activating tumor-resident human T lymphocytes omatity [108]. The use of lentiviral
vectors for its expression was demonstrated toelsilble in human primary peripheral
blood lymphocytes and has opened a promising avearugene therapy of human solid
tumors [109]. Interesting results have been obthingargeting receptor tyrosine kinases

like EGFR or ErbB2, which are overexpressed inretaof tumors including breast and
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ovarian cancers. Intrabodies equipped with an Eflipation signal, that specifically
retains receptor molecules, generated a phenotypock out. Cells proliferation was
inhibitedin vitro andin vivo in ErbB2 overexpressing cancer cell lines, antdruovarian
tumor cells underwent apoptosis [110-114]. Intrabsdave also been employed for the
functional inhibition of some viral envelope prateiand host cells receptors. These
viruses include human papilloma virus (HPV) [113aposi Sarcoma-associated
Herpesvirus (KSHV) [116], Human Immunodeficiencyd (HIV) [117], and Hepatitis B
Virus (HBV) [118]. Intrabodies targeting nucleartigens have been shown to induce
growth arrest and cell death. These targets inckealke cycle regulators, transcription
factors, viral and cellular oncogenic proteins atdictural components of chromatin.
Intracellular antibodies which are able to resttdre DNA-binding and transcriptional
activity of certain p53 mutants have been descriffek®]. Recently, researches have
focused on neurodegenerative disorders like Hutamg (HD) [120], Parkinson’s [121],
Alzheimer's [122] and prion diseases [123], chaazed by the accumulation of
intracellular proteins. Intrabody-mediatedvivo suppression of the neuropathology using
a Drosophilamodel of HD, resulted in an increase in the proporof HD flies surviving

to adulthood [120]. However, when trying to deveiofrabody-based drugs, the main
challenge is the delivery of their coding sequenoethe specific target cells. Intrabodies
need to be functional within the cell and, therefdhey require a vehicle which is able to
deliver them inside target cell populations. A plolessolution is to directly deliver the
antibody cDNA through viruses (gene therapy) [12&gtroviral and adenoviral gene
transfer systems have been already developed ity icfirabody genes into target ceds
vivo or in vivo [125, 126]. In a Phasel trial for the treatment osfarian cancer,
adenoviruses have been used to deliver an antiEneBained antibody [127-129].
Nowadays, technical alternatives are in developnerdgrder to avoid the use of viral

vector transduction technologies. One approach iarget molecules through liposomes or
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encapsulating them with cationic lipids or peptid230]. Another option would be to
exploit peptide transduction domains (PTDs), whielve the natural capacity to cross the

cell membrane and can ferry linked polypeptided [1132].
4. The Cogentechl VHH antibody phage display librar

Most of the VHHs recovered so far have been isdl&i@m immunized camels or llamas;
in fact, recombinant VHH phage display librariegated from immunized animals have
been the preferred tools for the isolation of hajfinity specific binders [84, 133, 134].
More recently, several synthetic and naive VHHdiles have been constructed from
llamas and sharks [54-56, 135-137], and the feagibif selecting specific antibodies has
been shown using a relatively small naive shanatip(10) [55]. Cogentechl is a naive
VHH library prepared starting from 10ymphocytes collected and isolated from one liter
of blood of non-immunized llamasLlama glama [56]. The heavy chains of the
immunoglobulins were first amplified from a retmawscribed cDNA template, then VHHs
were separated from VHs and reamplified using degge primers. VHHs were cloned
into the phagemid vector pHEN4 (Figure 12, [133])e total diversity of the library is in

the order of 5x10different clones.

amber
codon
Ncol  Notl

VHHH HA-tag |-| gene plll

pHEN4

coEtoi | Amp |—{ M130ri

Figure 12. Schematic representation of the pHEN4 phagemid vector. The plll gene, the antibiotic
resistance (ampicillin), the bacterial replicatianigin (colE1), the phage replication origin (M13
ori) and the pelB leader sequence (which direatspttotein to the periplasmic space of E. cal@

indicated. VHHs were cloned between Ncol-Notl festm sites as fusions with HA tag
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5.The ETH-2 Gold scFv antibody phage display library

The ETH-2 Gold library is a modified version of thgnthetic antibody library of Pini et
al., [57]. The library was improved by Viti et a]58] and, finally, by Silacci et al., [16].
This phage display library of human recombinantbaaies in scFv format comprehends
3x10 different clones. Human antibodies were assemfiobed approximately 50 different
VH and 70 VL germline genes. The ETH-2Gold libravgs built using three antibody
germline gene segments: DP-47 for the VH, DPK-22 BRL-16 for the VL [138], and a
large repertoire was created by appending shoitlMar complementarity determining
region 3 (CDR3). Sequence variability was introdubg PCR (using partially degenerate
primers) into the CDR3 loops, which are known togédy contribute to antigen
recognition, while the remaining parts of the aoti» molecule were kept constant. A
completely randomized sequence of four, five, rrasnino acid residues was appended to
the VH germline segment, thus forming short CDR$kK) whereas a partially randomized
sequence of six amino acid residues was appenddeiWL (Figure 13A, [139]). After
this amplification step, the resulting VH and Vigseents were assembled by PCR and the

library was cloned into the phagemid vector pHERihre 13B, [140]).
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scFv sequence:

Vy -G,SG,S5G,- V| - AAAEQKLISEEDLNGAA —amber - plll
—linker— — myc-tag —

V4 (based on DP47):

1 1

] 91 XXXX '

EVQLLES..,‘.....YCAK< XXXXX > FDYWGQGTLVTVSS — linker
e XXXXXX

V, (based on DPK22):
1 98

90
) ! ! XGXXPX !
linker - EIVLTQS......... ycaQ<_ P —=TFGQGTKVEIK — tag
DPK22

V; (based on DPL16): PXXXXX

] 50 XPXXXX 98
linker - SSELTQD.........CNSS XXPXXX VVFGGGTKLTVLG - tag

XXXXPX
DPL16 XXXXXP

amber

codon

Ncol  Notl
SCFV|—| myc-tag H gene plll
pHEN1
colE1 ori J—| Amp H M13 ori

Figure 13. Design of the ETH-2 Gold antibody phage display library. A) The sequence of the
relevant amino acid residues of the variable heang light chains are represented together with
the human antibody germline segments from whicly there derived. Antibody residues are
numbered according to [141B) Schematic representation of the pHEN1 phagemitbrxethe
plll gene, the antibiotic resistance (ampicillinfe bacterial replication origin (colE1), the phage
replication origin (M13 ori) and the pelB leader ggeence (which directs the protein to the

periplasmic space of E. cphre indicated. scFvs were cloned between Ncol-Niriction sites

as fusions with myc tag (adapted from [16])
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CHAPTER THREE

1. Acute myeloid leukemia

Acute myeloid leukemia (AML) is a cancer of the rioye cell line, characterized by rapid
growth of abnormal white blood cells that accumallat the bone marrow and interfere
with the production of normal cells. AML is the mammon acute leukemia affecting
adults and its incidence increases with age. Thapgyms of AML are caused by
replacement of normal bone marrow with leukemidsgeVhich causes a drop in red blood
cells, platelets, and normal white blood cellshaligh several risk factors for AML have
been identified, the specific cause of the diseassins unclear. As an acute leukemia,
AML progresses rapidly and is typically fatal withiveeks or months if left untreated.
AML presents several subtypes, and treatment anghpsis differ among them. Five-year
survival varies from 15% to 70% and relapse ratgesarom 33% to 78% depending on
the subgroup. Initially, AML is treated with cherhetapy to induce a remission; then
patients may receive additional chemotherapy oremdtopoietic stem cell transplant.
Recent research into the genetics of AML has sutsmken generating tests that can predict
which drug or drugs may work better for a particytatient, as well as how long that
patient is likely to survive. The single most img@mt prognostic factor in AML is the
cytogenetic status: different cytogenetic abnortiesli are associated with different
outcomes. For example, the t(15;17) translocatidPML/RARa, promyelocytic
leukemia/retinoic acid receptor alpha) that is fbun acute promyelocytic leukemia
patients is associated with good prognosis, whileuaber of other genetic aberrations

(e.g.FLT3internal tandem duplication, ITD) are related t@pprognosis and a high risk
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of relapse after treatment [142-144]. The prot@slved in this translocation are PML, a
matrix-associated nuclear phosphoprotein which ledgsi senescence and apoptosis and
functions as a growth suppressor [145] and RARNuclear receptor involved in retinoid
signaling [146]. Many genes are under investigadgnprognostic factors or as possible
therapeutic targets, includingEBPA(CCAAT Enhancer Binding Protein AlphaBAALC
(Brain and Acute Leukemia, CytoplasmiclERG (ETS Related Gene) antiPM1
(Nucleophosmin 1)CEBPAencodes for a bZIP transcription factor, which playportant
roles in lineage determination and gene activationa variety of cell types.n
hematopoiesis, CEBPA is a key factor in driving ttevelopment of myeloid cells and
mutations in CEBPA occur in approximately 10% dfamute myeloid leukemias (AMLS)
[147]. BAALCs a highly conserved gene among mammals andimpsicated in acute
myeloid leukemia. Its overexpression has been dstrated to be strictly related to poor
prognosis in AML patients [148]. ERG is a membertlué ETS family of transcription
factors; it is a transcriptional regulator expresseearly myeolcytes at higher levels than
in mature lymphocytes and therefore, it may ach asgulator of differentiation of early
hematopoietic cells [149]. Genetic abnormalitidatesl toNPM1 (see paragraph 2. for a
detailed description of protein functions) have rbadescribed in different types of
hematological malignancies [150] and three chrommotranslocations involving this
gene have been identified so far. The t(2;5) t@alon involves the N-terminal portion
of NPM1 and leads to a fusion with the catalytic domaintteg membrane-associated
receptor tyrosine kinase ALK (anaplastic lymphontaake), that renders it constitutively
active. This aberration is present in about 30%Anéplastic Large Cell Lymphomas
(ALCL, [151]). The t(5;17) (g35;921) is a rare it found in some cases of Acute
Promyelocitic Leukemias (APL, [152]). Also in thiase, the N-terminal end of NPM1 is
fused to the RAR C-terminal portion, leading to the recruitmentcofrepressor proteins

that interfere with RAR-dependent transcriptional activities [153]. As @gequence,
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myeloid differentiation is stopped; patients tha¢gent this genetic abnormality can be
treated with super-physiological doses of ATRA-{edins retinoic acid) that release the
block [154]. The third translocation t(3;5)(g25;93& found in less than 1% of AML cases
[155]. In this caseNPML1is fused toMLF1 (myelodisplasia/myeloid leukemia factor 1, a
cytoplasmic protein that has a putative role innmarhematopoietic differentiation) and it
has been shown to be able, together with the omeoBASV12, of transforming Mouse
Embryonic Fibroblasts (MEFs) [156]. RecentiPM1 mutations, which lead to the
cytoplasmic delocalization of the protein (NPMchdye been found in about 35% of acute
myeloid leukemia patients that present a normaydgpe, suggesting a relevant role for
NPM1 in AML onset. AML with NPMc+ mutations probably peesent a new distinct
group of AML and it has been included as a prowvialceentity in the 2008 revision of the
WHO classification of myeloid neoplasms and acet&kémia [157]. Due to the stability of
this mutation, many different diagnostic technighese been already developed for its
identification and for the detection of NPMc+ laezation [158-165]. Interestingly, some
of the most recurrent AML genomic aberrations, liK&5;17), t(8;21) and inv(16) are
mutually exclusive witiNPM1 mutations [166], while a significant correlatioashbeen
reported betweeNPM1 mutation and mutations iLT3-ITD [12]. NPMc+ AML that are
FLT3-ITD negative have a general better prognosis,tdube higher remission rate after
chemotherapy [12, 167-171]. Although the mecharhasinot been completely elucidated,
it was observed that NF-kB, that is involved in hacological resistance [172] and is
frequently upregulated in AML patients [173], rdsubelocalized and inactivated by

NPMc+, therefore increasing cell chemosensitivity4].
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2. Nucleophosmin (NPM): a multifunctional protein

Nucleophosmin (NPM; also known as B23, NO38, or attim) is a nuclear-cytoplasmic
shuttling protein that is involved in different keéar processes such as centrosome
duplication, cell cycle progression and stressarse [1-4]. NPM is present within the cell
in two isoforms which are generated from a singleayia alternative splicing: the longer
and most abundant B23.1 (294 residues), and theeshand less abundant B23.2 (259
residues) [175]. NPM normally localizes in the rud and the B23.1 isoform accumulates
in the granular region of the nucleolus. Most NPiblshed data regard the B23.1 longer
isoform, normally referred to as NPM1. NPM1 congadistinct functional domains that
are responsible for its multiple biochemical funo8 (Figure 14, [176]). NPM1 belongs to
the family of nucleoplasmins proteins (Np) whichash a conserved N-terminal acidic
portion involved in oligomerization and chaperowé\aty. Nucleophosmin functions as a
molecular chaperone for proteingt vitro studies have demonstrated that it prevents
protein aggregation and promotes renaturation e@hgbtally denatured proteins [177].
Moreover, in vitro assays have shown that NPM1 favors replicatiom fiaenovirus
chromatin [178] and behaves like a histone chapgrable to assemble/disassemble
histones and nucleosomes [179]. Moreover, NPM1bls & enhance, at least vitro,
acetylation-dependent transcription [180]. The @mgortion of the protein is required for
ribonuclease activity, together with the C-termidamain, which contains basic clusters
of amino acids involved in nucleic acid binding §1.7NPM1 associates both with DNA
[181] and RNA [182] and it has been reported toehandoribonuclease activity on
ribosomal RNA (rRNA, [183]). At the end of the NPMCEterminal portion, it is located an
aromatic stretch that contains two tryptophan re=sdresponsible for its nucleolar
localization (NuLS, [184]). In addition, NPM1 indas a bipartite nuclear localization

signal (NLS, [176]) and two nuclear export sign@&S, [185],[186]) which are essential
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for its shuttling activity. Native NPM1 exists as aligomer [187] and it has been shown
that Xenopus laevidNO38, that is highly homologous to human nuclegpfia, can form
pentamers and decamers [188]. The recent definitidhe crystal structure of the human
NPM1 core (amino acids 9-122) demonstrated thdbrins decamers with structural
plasticity at the pentamer-pentamer interface [IR#IM1 physically interacts with many
nuclear proteins, such as nucleolin [5], p120 p&3 [7] and Mdm2 [8]. Recently, it has
been demonstrated that NPM1 forms a stable compitéxthe tumor suppressor p19/Arf
[9, 11], and that it is absolutely required for¢tarrect localization and stabilization in the

nucleolus [10].

NES NLS NL NuLS

5

Nem [ ' ) ) ‘

B8l ¢ &~
|

Oligomerization Histone binding DNA/RNA binding
Molecular chaperone

Ribonuclease activity

|:| Non-polar N-terminal domain l:l Moderately basic region

I:l Nuclear export signal (NES: 94-102) I:l Basic cluster

D Acidic domains (120-132; 160-188) El Aromatic region (unique to B23 isoform 1)
|:| Central region : Nucleolar localization signal (NuLS: 288-290)

|:| Bipartite nuclear localization signal
(NLS: 152-157; 190-197)

Figure 14. NPM1 protein structure. NPM1 motifs and functional domains (from [190])
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2.1 Nucleophosmin and cancer

NPM1 is essential during mouse embryonic devalam. It has been demonstrated that
inactivation of theNPML1 locus in mice causes embryonic lethality at midtggon, and
embryonic cells show unrestricted centrosome daptio and enhanced genomic
instability [11, 191]. Mice heterozygous fdiPM1 inactivation (NPM") rapidly develop a
hematologic syndrome similar to human myelodysmasyndromes (MDS). Moreover,
these mice frequently present hematologic tumorngh Wwigher incidence of myeloid
cancers [192]. Nucleophosmin is directly involvadthe pathogenesis of different human
malignancies. Overexpression of NPM1 has been tegan solid tumors of diverse
cellular origin, including gastric [193], colon [4P prostate [195], bladder [196] and
ovarian carcinomas [197], as well as during melaagrogression [198]. Chromosomal
translocations of thBIPM1 gene have been observed in human hematopoietersarand
it has been suggested that NPM1 contributes to tutewelopment by activating the
oncogenic potential of the fused protein partn@isNPM1 translocations characterized so
far involve the 5’ region of th&lPM1 gene (oligomerization domain of NPM1), which is
fused to three different partner genes: the anaplagnphoma kinaseALK) [199], the
retinoic acid receptos. (RARx) [152], and the myeloid leukemia factor ML(F1) [155].
Recently, it has been demonstrated that about ldree-0f primary adult AML patients’
cells with normal karyotype bear mutations in thstlcoding exon of th&lPM1 gene
(exon 12, [12]). Mutations in tldPM1gene are heterozygous and are characterized by the
insertion of short nucleotides stretches, leadng reading frameshift and tode novo
formation of a CRM1/Exportin 1-dependent nuclegpak signal (NES, [13]). More than
40 different mutations have been described: thetniexuent one (mutation A)
encompasses 75-80% of cases and consists of theatigm of the TCTG tetranucleotide

(Figure 15, [200]). Loss of the two tryptophan dess (that are located in the C-terminal
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portion of the protein and are necessary for ndatdocalization [201]) and the insertion
of a new sequence of eleven amino acids contrittutbe generation of a supplementary
novel NES responsible for mutant NPM1 cytoplasn@todalization (NPMc+) (Figure 15,
[13, 201]). The abnormal accumulation of mutatedMPFn the cytoplasm leads to the
cytoplasmic delocalization of proteins that in natntonditions are localized to the
nucleus and interact with NPM1 wild type proteim piarticular, NPMc+ binds, delocalizes
and inactivates, inducing their degradation, thedu suppressor proteins pl19/Arf and
Fow?7. Fbw# is part of a E3 ubiquitin ligase complex involviedthe degradation of c-
Myc and, therefore, in cells expressing NPMc+ rtactivation causes increased levels of
this oncogene [15]. In normal cells, c-Myc overeegsion leads to p19/Arf upregulation,
p53 stabilization and apoptosis. This is an impudrtaechanism evolved to prevent c-Myc
induced tumorigenesis [202]. However, in preserfceRMc+, p19/Arf is translocated to
the cytoplasm too, it is rapidly degraded and, esresequence, the p19/Arf-dependent p53
stabilization induced by c-Myc overexpression &t l[d4]. Based on these data, NPMc+ is
a bona fideoncogenic mutant that once expressed in a cellsléa c-myc oncogene
activation and, at the same time, blocks the cpomrding tumor suppressor mechanism
deactivating p19/Arf. This strongly suggests th&M¢t+ can contribute to the initiation
and progression of leukemia. Thus, NPMc+ may repriean ideal molecular target for
specific therapeutic intervention in these typeteakemia. One major problem is the high
similarity between the NPMc+ and NPM1 wild type teios; indeed, they differ only for
the last C-terminal eleven amino acids and theybatl present in leukemic cells, since
NPM1 mutations always occur only in one of the tWBM1 alleles [12]. Interestingly, the
tridimensional structure of the NPMc+ C-terminalgiom seems to be unfolded as
compared to the wild type [203], although it is pet clear if this region could influence
the overall structure of NPM1, and in particulag thteraction between NPMc+ and other

proteins like p19/Arf.
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NPM1 (283)AIQDL@ Q@RKSL*
(847) GCTATT CAAGAT CTC TG G CAG TGG AGG AAG TCT CTT TAA

NPMc+mutA (283) A | Q D LLC | AV E E V S | R KlI*
(847) GCTATT CAAGAT CTC TG T CTG GCA GTG GAG GAA GTC TCT TTA AGAAAATAG

NESconsensus @ X X X d X X ® X o

NES @
1 L 294
LN

NES

1 298
NPMc+ mutA N- -C

Figure 15. NPMc+ protein structure. Amino acid sequence and schematic representafidheo
wild type NPM1 and NPMc+ mutation A proteins [208howing the residues involved in the
mutation and the novel nuclear export signal (NES, 201]) created at the C-terminal end of the
protein; (*) indicates stop codon3he NPMc+ amino acid residues that match the generic NES
consensus (indicated below the alignment) are atde in bold letters. X: any amino acid residue;

@: Leucine, Valine, Isoleucine, Phenylalanine or Metime residues
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RELEVANCE OF THE PROJECT

Nucleophosmin (NPM) is involved in human oncogesesid, in particular, mutations in
its coding sequence are the most frequent abamsafmund in AML. About one-third of
adult Acute Myeloid Leukaemia (AML) patients beagading frameshift mutations
occurring at the exon 12 MPM1 As a consequence, the nucleolar localizationasign
(NULS) present at the NPM1 C-terminal end is stlostil by ade novonuclear export
signal (NES), which causes its cytoplasmic localma (NPMc+). Accumulation of
mutated NPM1 is responsible for the delocalizatbproteins that, in normal conditions,
interact in the nucleus with wild type NPML1. Intstiagly, it has been shown that NPMc+
binds, delocalizes and inactivates the tumor siggore proteins p19/Arf and Fbw7
leading to the uncontrolled c-Myc overexpressiohede data point out a central role of
NPMc+ in leukemia pathogenesis and thus, it mayessmt an ideal molecular target for
specific therapeutic intervention. In the last gedrhas been already proven the possibility
to raise antibodies that specifically recognizeydhke mutated form of NPM1, making the
antibody-based therapy an appealing opportunitiedided to perform a high-throughput
selection, from non-immune phage display librarigisrecombinant antibodies directed
against NPMc+ mutation A. This approach has manyamiges: i) it could provide
suitable tools able to att vivo as competitors of the natural NPM1 interactorgp(Ee®/Arf
and Fbw7), due to steric hindrance, ii) the specific antipsequences could be cloned
into appropriate vectors to allow their expressamintrabodies, in order to investigate
their biological effectsn vivo and iii) the specific binders could be modifiedvitro by
fusing them to nuclear localization signals (NLSgith the purpose to obtain molecules

able to re-localize NPMc+ to the nucleus.
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MATERIALS AND METHODS
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1. Recombinant proteins: expression, purification ad biophysical characterization
1.1 Expression and purification of recombinant NPMe- and wild type NPM1

Recombinant NPMc+, wild type NPM1 proteins and wijde NPM1 fragments 1-117, 1-
186, 186-294 were produced as GST fusions from p@Eyector (Amersham, Figure 16)
using BL21 competent cells (Novagen). Cultures wgmvn at 37°C up to an OD600 of
0.4 in LB medium supplemented with 0.1 mg/mL anificiinduced with 0.1mM IPTG
and incubated overnight at 20°C, 220rpm. Next dalls were centrifuged, washed in PBS
and subjected to total cell lysis [204]. Purificati was performed by affinity
chromatography on GSTrap FF column (5 mL, GE Heah#) using AKTA FPLC
Explorer. Eluted samples were dialyzed against BB protein purity was evaluated by
colloidal blue (Instant Blue, Novexin) stained 128DS-PAGE gels. Yields were
calculated by measuring the absorbance at 280 mimapplying the protein extinction

coefficients.

Thrombin

ILeu Val Pro ArgiGly SerlPro Glu Phe Pro Gly Arg Leu Glu Arg Pro His Arg Asp
\CTG GTT CCG CGT GGA TCC CCG GAA TTC CCG GGT CGA,CTC GAG,CGG CCG GAT CGI GAC M)

EcoR I gmar Sall —xmo7 ot D Stop codons

Figure 16. Map of the pGEX4T vector. Sequence of the multi-cloning site (MCS) is rembite
detail; red circles indicate the restriction sitesed for cloning. The thrombin protease cleavage
site, the ampicillin resistance (Afpthe origin of replication (ori), the laklrepressor gene, the

Ptac promoter and the GST protein are indicated ¢fsham).
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1.2 Determination of the aggregation rate

The presence of aggregates in the purified andzhINPMc+-GST were evaluated by
measuring intrinsic fluorescence using a spectapukter Jasco J-810 (JASCO). Samples
at a concentration of about 250 pg/mL were exditgé monochromatic light (280 nm).
An emission spectrum was recorded in the ranger265 410 nm under the following
conditions: 5 nm bandwidth, 2 nm datapitch and duawlation. A spectrum recorded for
the buffer alone (PBS) served as a subtractionlibastr all samples measured. A first
maximum intensity at 280 nm (scattered light) ars@ond maximum intensity at 340 nm
(the fluorescence signal from the protein) wereorded. From these two values an
“Aggregation Index” [205] was calculated using #guation: A.l.= | 280/I 340, where |

280 and | 340 represent the intensity of emittgdtlat 280 nm and 340 nm, respectively.

1.3 FAR-UV CD (peptide bond circular dichroism) spetra measurement

Protein secondary structure was investigated by -EAR(200 nm — 250 nm) CD
spectroscopy. 150 ug/mL of protein dialyzed aga#i36, was measured using a cuvette
with optical path 1 mm (HELLMA). CD spectra werecoeded with a JASCO J-810
spectropolarimeter (JASCO) under the following dbads: 20 nm/min scan speed, 5 nm

bandwidth, 0.2 nm datapitch and 1 accumulation.

1.4 Generation, expression and purification of reambinant NPMc+ fragment C-

terminal

NPMc+ fragment C-terminal was designed as a 45 araiids long peptide (NPMc+
amino acids from 255 to 298). It was synthesizedPIBR amplification using primers
NPMc+Forward: 5-TAATGCCATGGATATAGAAAAAGGTG-3" andNPMc+Reverse:
5-GTCTCTTTAAGAAAATAGGCGGCCGCTAAGAAT-3" using NPMc+ cDNA

(cloned in pcDNA3) as a template. PCR reaction pa$ormed following this protocol:
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94°C-6 min; (94°C-40 sec, 55°C-40 sec, 72°C-50 $=cB0 cycles; 72°C-10 min; 4°C.
Insert was digested with Ncol-Notl restriction em®s, cloned in pETM44 vector (Figure
17, [206] as MBP (Maltose Binding Protein)-6xHisgtdusion and transformed in
BL21(DE3) competent cells (Novagen), following stard methods for bacterial
transformation. Cultures were grown at 37°C upn@®600 of 0.4 in ZYP-5052 medium,
supplemented with 0.05 mg/mL kanamycin and thery there incubated overnight at
20°C, 220rpm. ZYP-5052 is a specific medium devetbpo allow for auto-induction of
the expression as the culture approaches satuf@idih Next day, cells were centrifuged,
washed in PBS and subjected to total cell lysigifieation was performed by affinity
chromatography on HisTrap HP column (1 mL, GE Hwate) using AKTA FPLC
Explorer. Eluted samples were dialyzed against BB® protein purity was evaluated by
colloidal blue staining (Instant Blue, Novexin) mfe-casted 12% NuPAGENovexX® Bis-
Tris Gels (Invitrogen). Yields were calculated bgasuring the absorbance at 280 nm and
applying the protein extinction coefficient. Ideawtiof the purified scFv-MutMyc was
assessed by western immuno-blot analysis incubahegmembranes with the mouse
monoclonal antibody anti-Myc 9E10 (5 ug/mL) for @uns. After three washes in PBST
(PBS added with 0.1% Tween-20), anti-mouse HRPugatgd (Bio-Rad) was added for
40 min at room temperature. Finally, membranes weashed three times in PBST and
peroxidase activity was detected with a light siresifilm using an ECL Plus kit (Pierce)

by mixing equal amounts of reagent 1 with reagent 2
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3C—sit9@ Kpnl BamHI
CCATGGACTAATGAGGT. ATCC
GGTACCTGATTACTCCATGGCCTAGG

Figure 17. Map of the pETM44 vector. Sequence of the multi-cloning site (MCS) is rebite
detail on the left; red circles indicate the restidn sites used for cloningilhe 3C protease
cleavage site, the MBP protein, the T7 promotes,|#it] repressor gene, the origin of replication

(ori) and the kanamycin resistance (Kan) are intkcb[206]

2. Selection and production of phage displayed reotbinant antibodies
2.1 Selection of phage displayed VHHs

An aliquot of 5x168° bacterial cells, harbouring phagemid vector pHEN#B], was grown

in 2xTY medium [208] containing 0.1 mg/mL ampiailland 1% glucose at 37°C up to an
ODG600 of 0.4 and infected with 20-fold excess of K3vhelper phage for 30 min at 37°C.
Infected cells were harvested by centrifugationsuspended in 2xTY 0.1 mg/mL
ampicillin, 0.05 mg/mL kanamycin and 0.1% glucosel ancubated overnight at 30°C,
150 rpm. Phage particles were precipitated frontucellsupernatant with 4% PEG 6000,
0.5 M NaCl, resuspended in sterile PBS, titratedl @sed for panning against the purified
soluble NPMc+ protein. Phage library aliqguots uded panning fusion protein were
previously depleted from binders recognizing th&do tag, by pre-panning them against
GST coated on 4 mL Nunc-Immulb Maxisorg™ tubes (100 pg/mL). Unbound phages

after the pre-panning incubation step (30 min nogkand 90 min standing upright at room
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temperature) were recovered. NPMc+ was directlfembavernight at 4°C on the surface
of 4 mL immunotubes at a concentration of 100 pugimsing 50 mM sodium carbonate
buffer, pH 9.6 [209]. Tubes were blocked with 3%MBiB PBST at room temperature for
2 hours, washed three times with PBS before thétiadcf 3x10° phages for the first
round of panning. After 30 min rocking and 90 miangling upright at room temperature,
tubes were washed 10 times with PBST and 10 timésRBS, bound phages were eluted
with 0.1M triethylamine, pH 11.0. Eluted phages evétrated, used to infect TG1 cells
(Stratagene) and plated on 2xTY ampicillin, gluctesgle square plates. Colonies were
scraped, infected with 1D KM13 helper phages, grown overnight and phageigbest
precipitated from culture supernatant with 4% PEXBG® 0.5M NaCl. The new sublibrary
of phages was resuspended in sterile PBS, titrdiuleted against fusion tag (GST) and
used in the second round of panning. The same @enplrocedure was repeated for the
third round of panning alternating 3% BSA in PBSTd&% skimmed Milk in PBS as

blocking agents.
2.2 Screening and production of VHHs

Ninety-six single colonies from the third round mEnning were grown at 37°C in 2xTY
supplemented with 0.1 mg/mL ampicillin, 0.1% gluedsr 3-4 hours, induced with 1mM
IPTG and incubated overnight at 28°C. Cultures weaevested, washed in PBS and
subjected to three cycles of rapid freeze/thaw.tuCes were then centrifuged and the
periplasmic extracts (supernatants) containingkdeltdA-tagged VHHs were diluted 1:3
and incubated with the mouse monoclonal antibodiytéé 12CA5 (10 pg/mL) for being
used in ELISA. Maxisorp 96-well plates (Nunc) wedated with either the fusion protein
alone or the fusion tag in 50 mM sodium carbonaiéeb, pH 9,6 overnight at 4°C.
NPMc+ was coated at a concentration of 1 pg/mLieBlavere blocked with 2% BSA for 2

hours, washed three times with PBS and incubateslt with periplasmic extracts. Plates
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were washed three times with PBS plus 0.1% Tweeniracubated with anti-mouse HRP
conjugated (Bio-Rad) for 1 hour at room temperattieally, plates were washed three
times with PBST and the reaction was developeddoyng ABTS. The absorbance at 405
nm was measured after 30 min incubation. Clonebk waiit absorbance value higher than
0.25 and that recognized exclusively the recomlipaotein and not the fusion tag were
considered positives. Their cDNAs were sequencéaguke primers: M13Forward 5'-
CAGGAAACAGCTATGACC-3’, pHEN4reverse 5-CAACTTTCAACGTCTATGC-3

and then analyzed to identify unique binders.
2.3 Epitope mapping of the selected VHHs

Maxisorp 96-well plates (Nunc) were coated wittheitthe fusion proteins NPMc+, wild
type NPM1 and NPM1 fragments 1-117, 1-186, 186-@%9the fusion tag (GST) in 50mM
sodium carbonate buffer, pH 9.6 overnight at 4°Gl @ntigens were coated at a
concentration of 1 pg/mL. Periplasmic extractshe selected five different VHH clones

were obtained and a standard ELISA procedure whswvied as in2.2
2.4 Selection of phage displayed scFvs

The ETH-2 Gold phage display library was purchaBedh Philotec s.r.l. (Siena). The
general procedure of antibody selection was perdrfiollowing the ETH-2 Gold phage
display library manual (September 2005 version)oakterial colony E. coli TG1) was
transferred from a minimal plate (M9) into 5 mL2XTY medium and grown overnight at
37°C at 200 rpm. Next day, it was subcultured bytiig 1:100 (OD600 of 0.1) into fresh
2xTY medium, grown until OD600 of 0.4 and then tés with 16* KM13 helper phages
for 40 min at 37°C. Infected cells were harvestgaéntrifugation, resuspended in 2xTY
0.1 mg/mL ampicillin, 0.05 mg/mL kanamycin and 0.f¥cose and incubated overnight

at 30°C, 150 rpm. Phage patrticles were precipitated culture supernatant with 4% PEG
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6000, 0.5M NaCl, resuspended in sterile PBS, éttaand used for panning against the
purified soluble antigen NPMc+ fragment C-terminBhage library aliquots used for
panning fusion proteins were previously depletednflbinders recognizing the fusion tag,
by panning them against MBP coated on 4 mL immureduat a concentration of 100
ng/mL. 16° t.u. phage library (mixing the 4 phage library sliguots) in 1 mL PBS were
added to immunotubes containing 2 mL of 4% skimrivitk in PBS (to give a final
concentration of 2% MPBS) and put 30 min rockind 80 min standing upright at room
temperature. After the pre-panning incubation stefound phages were recovered and
left at 4°C to be used the next day for the panpimgedure. NPMc+ fragment C-terminal
was directly coated on the surface of 4 mL immubesu (overnight at 4°C) at a
concentration of 25 pg/mL in 50 mM sodium carberatffer, pH 9.6. Tubes were rinsed
3 times with PBS and then blocked with 2% skimmatk i PBS at room temperature for
2 hours. After three washes in PBS™0u. phages were added for the first round of
panning. After 30 min rocking and 90 min standingight at room temperature, tubes
were rinsed 10 times with PBST and 10 times wittSPBound phages were eluted with
0.1M triethylamine, pH 11.0 for 5 min rocking. Eddt phages were poured in a microfuge
tube with 50mM TrisHCI ph7.4 + 1mM CaChnd vortexed. Trypsin (Sigma) at a
concentration of 10 mg/mL was added in order toniglate the background given by
helper phages and samples were left in rotatiorLfomin. Phages were titrated, used to
infect TG1 cells and plated on 2xTY 0.1 mg/mL anifacand 1% glucose large square
plates at 30°C. Colonies were scraped, infected ®®? KM13 helper phages and grown
overnight at 30°C, 150rpm. Phage particles werp grecipitated from culture supernatant
with 4% PEG 6000, 0.5M NaCl. The new sublibrarypbfges was resuspended in sterile
PBS, titrated, depleted against fusion tag (MBR) ased in the second round of panning.

The same complete procedure was repeated foritiderdlind of panning.
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2.5 Screening, production and purification of scFvs

Ninety-six single colonies from the third panninigeach antigen were grown at 37°C in
2XTY supplemented with 0.1 mg/mL ampicillin, 0.1%igpse for 3-4 hours, induced with
1mM IPTG and incubated overnight at 30°C. Cultuvesre harvested, supernatants
containing soluble Myc-tagged scFvs were filted@otgh disposable 0.45 pm filters and
added with 0.02% Sodium Azide with Complete Pragefshibitor Cocktail (Roche).
Supernatants were diluted 1:3 and incubated wighnfouse monoclonal antibody anti-
Myc 9E10 (8 pg/mL) for being used in ELISA. Maxipo96-well plates (Nunc) were
coated with either the fusion protein alone or firgon tag in 50mM sodium carbonate
buffer, pH 9.6 (overnight at 4°C). NPMc+ fragmentte€€minal was coated at a
concentration of 1 pg/mL. Plates were blocked &b BSA 2 hours, washed three times
with PBS and incubated 1 hour with the supernatétitges were washed three times with
PBST and incubated with anti-mouse HRP conjugai&d-Rad) for 1 hour at room
temperature. Plates were washed three times witBTPBe reaction was developed by
adding ABTS and the absorbance at 40 nm was mehatter 30 min incubation. Clones
with an absorbance value higher than 0.49 andr¢tagnized exclusively the recombinant
protein and not the fusion tag were consideredtipesi Their cDNAs were sequenced
using the primers: Fdseql 5-GAATTTTCTGTATGAGG-3' n& PelbBack 5'-
AGCCGCTGGATTGTTATTAC-3' and then analyzed to idéntunique binders. Clones
with unique sequence were chosen to be produckdga scale. Antibody fragments were
purified from culture supernatant by affinity chratography on HiTrap MabSelect SURE
(5 mL) Protein A-derived ligand column (GE Healttejausing AKTA FPLC Explorer.
Protein A-Sepharose is normally used to purifyl@dies encoded by VH segments from
the VH3 family [62]. Size-exclusion chromatograploy the purified samples was

performed on HiLoad 16/60 Superdex 200 (GE Heal#jcdrotein purity was evaluated
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by colloidal blue (Instant Blue, Novexin) staine®% SDS-PAGE gels and the
correspondence of the identified bands to scFveprstwas verified by western immuno-
blot analysis using the mouse monoclonal antibatiMyc 9E10 (5 pg/mL) as primary
antibody. Yields were calculated by measuring th&ogbance at 280 nm and applying the

protein extinction coefficient.

3. Cloning of the scFv-Mut antibody in mammalian epression vectors

The selected scFv-Mut was cloned in pEGFP-C1 (€kdntFigure 18A) as a GFP fusion.

Its cDNA was amplified by PCR using the followingrpers:

- FW: 5’-CCAAGCTTCCATAGAGGTGCAG-3’

- REV: 5-GGGGCCGCATAGTCTAGACTAGAT-3’;

scFv-Mut was cloned in pcDNA3.1 (Invitrogen, Figur@B) as a Flag fusion. Its cDNA

was amplified by PCR using the following primers:

- FW: 5’-CCAAGCTTCCATGGAGGTGCAGCTGTTGGAGTCTGGG-3’

- REV: 5-CTGACCGTCCTAGGCGCGGCCGCAGACTACAAGGACGACGAS
ACAAG-3’;
scFv-Mut was cloned in pcDNA3.1 (Invitrogen) as\t48 NLS-HA fusion. Its cDNA was

amplified by PCR using the following primers:

- FW: 5’-CCAAGCTTCCATGGAGGTGCAGCTGTTGGAGTCTGGG-3’

- REV:
5'CTAGGCGCGGCCGCATACCCCTACGACGTGCCCGACTACCCCAAAAA
GAAACGAAAAGTATAGTCTAGACTAG-3';

The same primers were used to amplify by PCR thegADf an unrelated scFv antibody.
scFv-Mut was cloned in pcDNA3.1 (Invitrogen) as\#8 4xNLS-HA fusion. Its cDNA

was amplified by PCR using the following primers:
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- FW:
5'CCAAGCTTCCATGCCCAAAAAGAAACGAAAAGTACCCAAAAAGAAAC
GAAAAGTAATGGAGGTGCAGCTGT-3

- REV:
5’CGACGTGCCCGACTACCCCAAAAAGAAACGAAAAGTACCCAAAAAG
AAACGAAAAGTATAGTCTAGACTAG-3

All inserts were cloned using Hindlll-Xbal restim sites. Positive clones were verified

by colony PCR, analytical digestion and DNA sequmsgc

C

Zat

T7 promoter/primer binding site Nhe 1 Pmel Afl I AspTI181 Kpnl
= = | | | | |
GACTCACTAT AGGGAGACCC AAGCTGGCTA GCGTTTAAAC TTAAGCTTGG TACCGAGCTC
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GGATCCACTA GTCCAGTGTG GTGGAATTCT GCAGATATCC AGCACAGTGG CGGCCGCTCG
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AGTCTAGAGG GCCCGTTTAA ACCCGCTGAT CAGCCTCGAC TGTGCCTTCT AGTTGCCAGC

STOPs
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Figure 18. Maps of the pcDNA3.1 and the pEGFP-C1 vectors. A) Sequence of the multi-cloning
site (MCS) is reported in detail on the left; ractkes indicate the restriction sites used for atan
(Invitrogen).The Pcmv promoter, the neomycin resistance, thecitimresistance (Amf) and the
origin of replication (pUC ori) are indicatedB) Sequence of the multi-cloning site (MCS) is
reported in detail on the left; red circles indieathe restriction sites used for clonit@lontech).
The Pcmv promoter, the EGFP protein, the kanamgevhycin resistance (KdNed) and the

origin of replication (pUC ori) are indicated
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4. Cell lines: culture conditions, transfections ad infections

4.1 Sf9 insect cells: culture conditions

Sf9 insect cells were cultured at 27°C in Sf 908MF medium (Gibco).
4.2 Sf9 insect cells: transfection, infection andrptein production

Sf9 (Spodoptera frugiperdansect cells were transfected with the pFastBatplasmids
(Invitrogen) expressing either wild type NPM1 or M&+. This vector displays two
expression cassettes: one, where the gene of shtsreloned and the other, where the
GFP gene is cloned. Each cassette is controllemhlbipdependent promoter. For Sf9 cells
transfection, 2 mL of cells at a density of 0.5%&8lls/mL were seeded in a 6-wells plate.
Plates were gently rocked and cells were let atach5-30 min. The transfection mix was
prepared by adding the following reagents in traicated order: 10ul sterile water, 6ug
PCR-verified bacmide and 18l transfection readiesectogene T030-1.0, Biontex). The
solution was mixed, left at room temperature fomii@ and then added to the cells. After
24 hours, the medium was replaced with fresh mediach cells were incubated at 27°C
for 96 hours. Then, 100ul of the baculoviral suptant were harvested and used for
infection of 5 mL cells, seeded at a density ofx@® cells/mL. GFP fluorescence was
monitored at the microscope. When 80-90% of celsiited GFP positive, 100 pl of their
baculoviral supernatant were harvested and usedféot new cells. Two cycles of the
infection procedure were performed. For proteinregpion, 5 mL of cells at a density of
1.2x10 cells/mL were infected with 500ul of baculovirapernatant obtained as
described before. After incubation at 27°C for @&its, cells were harvested, washed and
subjected to three cycles of sonication. Then deged and resuspended in 500ul of

2XPBS.

62



4.3 Mammalian cell lines: culture conditions

HelLa, OCI-AML2 and OCI-AML3, MEFs NPM1p53” cells were cultured at 37°C, 5%
CO, and 20% @. HeLa cells were grown in Dulbecco’s modified Ealyledium (DMEM-
BioWhittaker, Lonza) supplemented with 10% of fétaline serum of Southern American
origin, L-glutamine (2 mM), penicillin (100 U/mL)streptomycin (100 mg/mL). OCI-
AML2 and OCI-AML3 cell lines were grown in MEM Algh+ GlutaMAX™-I medium
(Gibco) supplemented with 20% of fetal bovine seramSouthern American origin,
glutamine and antibiotics. MEFs NPMa53" were grown in DMEM supplemented with

10% of fetal bovine serum of Northern American origlutamine and antibiotics.
4.4 Mammalian cell lines: transfection

HeLa and MEFs NPMIp53" cells were transfected using Lipofectanilhe2000
(Invitrogen). For transfection of 10cm plates, 24pigDNA were diluted in 1.5 mL
OptiMEM® medium (Invitrogen). In a separate tube, 60pl opoféctaming' 2000
reagent were mixed with 1.5 mL of OptiMEMmedium (Invitrogen). Each tube was
incubated 5 min at room temperature and then tlestlutions were mixed and incubated
together 15 min at room temperature, in order lmnaliposome-DNA complexes to form.
Lipofectamine-DNA mixture was directly added to thlates that were incubated at 37°C,
5%CQ and 20% Q. For transfections in smaller or bigger plateg)iag-down or scaling-
up of doses was done. Expression of the transfexiadtruct was detectable after 24-48
hours post-transfection. For co-transfection, aueatjal procedure using the same
Lipofectaminé™ 2000 (Invitrogen) method was set up: first, thEwsMut plasmid was
transfected then, after 24 hours, the plasmid @ngddr NPMc+ was added with a second
transfection. In this way, | reasoned that the skfn would have had the time to produce
and fold before NPMc+ and therefore it would haeerbable to bind it as soon as it was

synthesized in the cells.
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5. Biochemical methods
5.1 Western immuno-blot analysis

For western immuno-blot analysis, total cell lysateere clarified by centrifugation and
quantified using the Bio-Rad protein assay (BIO-RABccording to the manifacturer’s
instructions. Recombinant purified proteins and lgshtes (1-50ug per gel lane) in 2xSDS
Laemmli buffer were boiled 5 min at 95°C and sefmtaon a SDS-PAGE gel, using an
appropriate acrylamide concentration (stock 40%1 3iix of acrylamide:bisacrylamide)
to resolve the molecular weight of the targetedgins. Proteins were transferred onto a
nitrocellulose membrane (0.45um pore; Whatman Qrodgter blocking with 5%
skimmed Milk in PBST for 2hours at room temperatym®teins of interest were detected
by specific antibodies at the optimal dilution %% Skimmed Milk in PBST (overnight, at
4°C). After three washes in PBST, appropriate HBRjugated secondary antibodies (Bio-
Rad) were added (40 min at room temperature). lginadembranes were washed three
times in PBST and peroxidase activity was deteetgd a light sensitive film using an

ECL Plus kit (Pierce) by mixing equal amounts afgent 1 with reagent 2.
5.2 Immunoprecipitation assay

HelLa cells were seeded in 10 Tpiates and cultured in standard culture mediurforbe
being transiently transfected using Lipofectamith2000 (Invitrogen), as described4rd.
After 24 hours, transfected Hela cells were wasiratllysed in Mild Lysis Buffer (50mM
TrisHCI at pH 8, 150mM NacCl, 0.5% NP40 added witbtpase inhibitors) on ice. Lysates
concentrations were determined using the Bio-Radelr Assay (BIO-RAD), according
to the manifacturer’s instructions. For immunoppéetions, 10Qg of HelLa cell lysates
transiently transfected with NPMc+-GFP and NPMcypression vectors or 3(§ of OCI-

AML2 and OCI-AML3 patients’ cell lysates were inaibd with the scFv-MutMyc (1@)
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in rotation overnight at 4°C. Samples were extezlgiwashed with ice-cold lysis buffer
and finally, precipitated proteins were detacheanfiprotein A-sepharose (GE Healthcare)
by dissolving the pellet in 2xSDS Laemmli buffeena@tured by boiling and run onto a
10% SDS-PAGE gel. The T26 home-made mouse mondclmi#ody anti-NPMc+
[217], was used to detect the immunoprecipitatedVIBlP by western immuno-blot

analysis as described tnl
5.3 Co-immunoprecipitation assay

For immunoprecipitations on HelLa cell lysates tramiy co-transfected (as #h.4) with
scFv-MutFlag and NPMc+-GFP expressing vectors,ud006f total lysate (obtained as
described in5.2) were incubated with mouse M2 anti-Flag agarosedbdrom mouse
(Sigma) and with mouse IgG agarose beads as c@8igyha) in rotation overnight at 4°C.
Samples were extensively washed with ice-cold lymiéfer and finally, precipitated
proteins were detached from the beads by dissoliagellet in 2x SDS Laemmli buffer,
denatured by boiling and run onto a 10% SDS-PAGE hee T26 home-made mouse
monoclonal antibody anti-NPMc+ [217] was used tdede the immunoprecipitated
NPMc+ and mouse M2 anti-Flag antibody (Sigma) wseduo detect the presence of the

scFv-MutFlag by western immuno-blot analysis axdesd in5.1
5.4 Immunofluorescence assay

HelLa cells were grown on 0.2% gelatin-coated cdiysraind transiently transfected using
Lipofectaminé™ 2000. After 24 hours, transfected Hela cells wérsed twice with PBS
and fixed in 4% Paraformaldehyde in PBS at roomptnature for 10 min. After two
washes in PBS, cells were permeabilized 5 min @iff®6 Triton X-100, washed in PBS
and blocked in BSA 2% in PBS for 30 min at room penature. Then, the blocking

solution was removed and the slides were staingll rimary antibodies diluted at the
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appropriate concentrations in blocking solutiorr, Thour at room temperature. After two
washes in PBS, secondary antibodies were addedhanslides incubated for 30 min at
room temperature. The secondary antibodies were-l@hvded donkey anti-mouse, or
CY5-labeled goat anti-rabbit IgG (Jackson Immuncsdech Laboratoires), diluted in
blocking solution as following: CY3-labelled antiies 1:400, CY5-labelled antibodies
1:50. After two washes in PBS slides were couraeretl with DAPI for 5 min, rinsed in

distilled water, to eliminate salts and mountedhwitounting solution (Mowiol). Stained
cells were assessed by fluorescence microscopyheatDiAPI, GFP, CY3 and CY5

channels. Images were acquired using an OlympusOAXitroscope equipped with a
CooISNAP EZ Turbo 1394 (Photometrits camera, and the MetaMorphsoftware

(Molecular Devices inc.) was used. Images were thestessed using ImageJ 1.43

software, freely available at http://rsbweb.nih gjdgndex.html.
6. Antibodies used in this study

- Anti-Myc 9E10. Mouse monoclonal antibody home-matllsed 5 pg/mL in western

immuno-blot, 8 pg/mL in ELISA, 2 pg/mL in immunofitescence
- Anti-HA 12CA5. Mouse monoclonal antibody home-readsed 10 pg/mL in ELISA

- Anti-HA (HA.11, Covance). Mouse monoclonal antlyjo Used 1:200 in

immunofluorescence

- Anti-Flag M2 (Sigma). Mouse monoclonal antibodlised 1:6000 in western immuno-

blot

- Anti-NPMc+ T26. Mouse monoclonal antibody homeedmaUsed 1:1000 in western

immuno-blot, 1:100 in immunofluorescence, 10 pgnmunoprecipitation
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- Anti-NPM1 clone 338. Mouse monoclonal antibodym@made. It recognizes the C-

terminal end of NPM1. Used 1:5 in western immunat-bl

- Anti-NPM clone 376. Mouse monoclonal antibody leomade. It recognizes the N-

terminal end of NPM protein. Used 1:10 in westenmiuno-blot

- Anti-NPM1 (Zymed). Mouse monoclonal antibody. d<e1000 in western immuno-blot

- Anti-nucleolin  (Abcam, ab50279). Rabbit polyclbnantibody. Used 1:800 in

immunofluorescence

- scFv-MutMyc. Human recombinant antibody isolaitedhis study from the ETH2-Gold
library (Silacci et al., 2005). Used 1:3 as suptmi (in combination with mouse
monoclonal antibody o-Myc 9E10) in western immuno-blot, 2 pg/mL in

immunofluorescence, 10 g in immunoprecipitation
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RESULTS
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1. Expression and purification of recombinant mutaed NPMc+ protein and of
recombinant wild type NPM1 fragments

My first step was to produce all the reagents reargsfor the isolation of the antibodies.
Among the different NPM1 mutations, | decided tous on mutation A ([200], Figure 15)
since it is the most frequent (80% of the NPMc+ AMhses display this variant).
Recombinant NPMc+ full length fused to Glutathid®dransferase (GST) tag (NPMc+-
GST) was produced irE. coli and the total cell lysate was purified by affinity
chromatography (Figure 19A). The fraction contagneluted NPMc+-GST was dialyzed
against PBS and run on a 12% SDS-PAGE gel to eiajuatein purity. Upon colloidal
blue staining (Instant Blue, Novexin), some bandsrewvisible, which ran at lower
molecular weight than the fusion protein, indicgtia slight protein degradation (Figure
19B, lane 3). The presence of aggregates was adsdss measuring the intrinsic
fluorescence of the protein (Aggregation Index, f2D5]). The A.l. was calculated using
the following equationiexc 280 nm)i 280 nm (scattered light) | 340 nm(max. emitted
light), and the sample showed a value of 1.7, mithg a significant degree of aggregation
(Figure 20A). The GST tag promotes protein diméiaraand can contribute to bind
together partially misfolded monomers of nucleagghm, a protein that forms oligomers
in its native conformation [189]. Consequently, e limited percentage of misfolded
proteins can contribute to the accumulation of daaggregates. The secondary structure
composition of NPMc+-GST was analyzed by Circul&@rbism in the Far-UV region: the
purified protein showed a spectrum compatible wite expected one, namely mainly
composed by-helices (GST tag component) afiesheets (nucleophosmin component,
Figure 20C, [210]). In parallel, a set of partiatiyerlapping recombinant NPM1 fragments
was designed that covered the entire wild typeemosequence. Such fragments were
produced as GST fusions and purified by affinityothatography. The quality of the

eluted samples was evaluated after protein separain 12% SDS-PAGE gels and
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successive staining with colloidal blue (Instantdl Novexin): some bands were visible,
which ran at lower molecular weight than the fuspoteins, indicating a slight protein
degradation (Figure 21A and B). This strategy wasceived for identifying which regions

of the wild type NPM1 in common with the NPMc+ werecognized by the selected

antibodies.
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Figure 19. Purification of recombinant NPMc+-GST protein. A) Affinity purification
chromatogram of the recombinant NPMc+-GST protdine elution peak is indicated by a blue
line (UV absorbance at 280 nnB) Colloidal Blue stained 12% SDS-PAGE gel loaded 8itlag
of the purified recombinant GST (lane 2) and NPM&$T (lane 3) samples. Protein molecular

weight (lane 1) is indicated in KD@restained Protein Marker, Cell Signaling)
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Figure 20. Biophysical characterization of the purified recombinant NPMc+-GST protein. A)
Emission spectrum of the purified recombinant NPM&EST protein in PBS (green line) excited at
A=280 nm. The spectrum obtained after buffer (reé)lisubtraction (SNPMc+) corresponds to the
blue line.B) Far-UV CD spectra associated with different tym#ssecondary structures: solid
curve, a-helix; long dashes, anti-paralle#-sheet; dots, type B turn; dots and short dashes,
irregular structure [211].C) Far-UV CD spectrum of the purified recombinant NPFM&ST
protein. The red arrow indicates the typical minimofoa-helices, while the blue arrow indicates

the minimum of-sheets
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Figure 21. Purification of recombinant wild type NPM1 fragments. A) Colloidal Blue stained

12% SDS-PAGE gel loaded with 500 ng-1 pg of théipdrrecombinant NPM1 fragment 1-117

fused to GST (lanes 2-4), 5 pg of the GST proteme(5) and 2-3 pg of the NPM1 fragment 186-

294 fused to GST (lanes 6-7). Protein moleculaghieflane 1) is indicated in KD@NoveX Sharp

Protein Standard, InvitrogenpB) Colloidal Blue stained 12% SDS-PAGE gel loaded\8ifug of

the purified recombinant NPM1 fragment 1-186 fuse@&ST (lane 2). Protein molecular weight

(lane 1) is indicated in KD&restained Protein Marker, Cell Signaling)
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2. Selection of phage displayed VHHSs, production ahepitope mapping

| recovered a first panel of antibodies from a Banaive phage display library created in
our laboratory (Cogentech 1, [56]). In the framekvof the library validation, | used the
soluble purified recombinant NPMc+-GST full lengitotein as target for the isolation of
specific binders. Panning procedure was optiminéwducing a pre-panning step, in order
to eliminate binders that specifically recognizéeé GST tag fused to the target protein.
Three rounds of selection and amplification wereried out and, after the third one,
periplasmic extracts recovered from 96 induced Isiraplonies expressing HA-tagged
VHHSs, were tested by ELISA on the recombinant NPNBST and GST proteins (Figure
22A and B). 33 clones specifically recognizing otile target antigen (the percentage of
positive binders on the total binders screened 3¢#%), were obtained; the number of
diverse VHHs selected was successively determineDNA sequencing and resulted in
five different clones. Protein sequences, alignsthgi the AlignX software program
(VectorNTI Advance 9, Invitrogen), are reportedFigure 22C. In order to check if the
selected antibodies specifically recognized thei@zinal epitope of the NPMc+ protein, |
performed an epitope mapping by ELISA test usirgy lthcterial periplasmic extracts of
the five positive VHHs. A first ELISA test on theugified NPMc+-GST and wild type
NPM1-GST full length proteins showed that the bisdgave positive signals on both
proteins, indicating that the binders recognizethitmn epitopes. A second ELISA test
carried out on the three NPM1 fragments (1-1178@-and 186-294 fused to GST) that
covered the entire wild type NPM1 sequence, redetidat the VHH clones bound to the
N-terminal portion of nucleophosmin (Figure 23A particular, the mapped minimal

interaction region corresponded to the first 11Tnanacids (Figure 23B).
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CLONE 21A MADVQLQASGGGLVQPGGSLRLSCAAS GFTFSIYT M&RQAPGKGLEWVSI INSSGGTT RYADSVKGRFTISRDNAKNTLYBHKAEDTAVYYC KIGRPNEN—-G-—--L QGQGT QVTVSSGRYPYDVPGSGRA*
CLONE 210F MADVQLQASGGGLVQAGGSLRLSCAAS GRTFSSYTWBQAPGEEREFVAA ISWSGGKT YYADSVKGRFTISRDNANNTVELEREDTAVYYC AATKRGSGRFG--VDY WGQGT LVTVSSGRY PYDYBSGRAY
CLONE 13B  MADVQLQASGGGLVQTGGSLRLSCAAS GSTFSINV MERQTPGKERELVAS ITG-RGIT NYADSVRGRFTISRDNAKNTVYLGIMIREDTAVYYC NADMSTTG-WGKSFYRF WGQGT QVTVSSGRYRYD@EGRAY
CLONE 17H MAEVQLQASGGGLVQPGGSLRLSCAAS GSIFSINA MYRQAPGKQRELVAA ITS-GGST NYADSVKGRFTISRDNAKNTVYISQKREDTAVYYC NAQLRVDHPPGYYEYNY WGQGT LVTVSSGRY PYDEGRAY
CLONE 23H MADVQLQASGGGLVKAGGSLRLSCAAS GSGGSINRWMMRQAPGKQRELVAT ITG-GGST NYADSAKGRFTISRDNAKSTVYISQKREDTAVYYC NADLSSGR-YG--TYRY WGQGT LVTVSSGRYPYDYBSGRAY

C)

Figure 22. Selection, production and sequence analysis of phage displayed VHHSs.

A) Absorbance values at 405 nm from the ELISA tedopeed on the recombinant NPMc+-GST
protein, using bacterial periplasmic extracts cdntag VHHs selected after the third round of
panning. Clones with an absorbance value highent@&5, and that recognized exclusively the
recombinant protein and not the fusion tag, werasatered positive and are colored in blug).

Absorbance values at 405 nm from the ELISA tedopeed on the recombinant GST protein,
using bacterial periplasmic extracts containing VéiBelected after the third round of panning;
values corresponding to those also positive onNR&1c+-GST protein are colored in yellow)

Protein sequence alignment of the selected fiferdiit VHH clones obtained using the AlignX
software program (VectorNTI Advance 9, Invitrogettgshes indicate gaps introduced in order to
optimize sequence alignment. CDR3 residues areatell (as determined by IMGT annotation

[212], www.imgt.org), (*) indicates stop codons
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GST 1-117 1-186 186-294 BLANK
0.058 1.032 0.381 0.063 0.051 clone 17H
0.057, 0.912 0.512 0.069 0.051 clone 138
0.082 0.745, 0.330 0.086 0.051 clone210F
0.071] 0.940 0.429 0.079 0.051 clone 21A
0.062 0.619 0.319 0.059 0.051 clone 23H
A)
GST 1-117 1-186 186-294
- + + - clone 17H
- + + - clone 13B
- + + - clone 210F
- + + - clone 21A
- + + - clone 23H
B)

Figure 23. Epitope mapping of the selected VHHSs by ELISA test. A) Absorbance values at 405
nm from the ELISA test performed on the purifiecbngbinant NPM1 fragments 1-117, 1-186,
186-294 fused to GST and on the purified recombiG®IT protein, using bacterial periplasmic
extracts containing the five selected VHH clori@s Summary of the results obtained from the

ELISA test in Figure 23A
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3. Generation, expression and purification of the @combinant NPMc+ fragment C-

terminal

A recent finding showed that the NPMc+ C-terminagion lacks a secondary structure
and this results in a completely unfolded domai®3]2 The results obtained by panning
the VHH library suggested me that the poorly stitet NPMc+ C-terminal end, could
represent an epitope scarcely recognizable byeheliar extruding VHH paratope (Figure
24A). Therefore, | decided to address the problgnusing the ETH2-Gold scFv library
and perform a new selection of binders. scFv ppestcare constituted by two flexible
variable domains, which preferentially recognizetprding and planar epitopes (Figure
24B). A peptide covering the last 45 amino acidthef NPMc+ protein (amino acids 255-
298), where mutation A is located, was synthesiae®CR (Figure 25A) and expressed in
bacteria as a fusion with the Maltose Binding Rro(®BP), a conventional stabilizing
tag. The construct was purified by affinity chroogiaphy (Figure 25B) and dialyzed
against PBS. Protein purity was evaluated afteingaseparated the protein sample in a
pre-casted 12% NuPAGHNovex® Bis-Tris Gel (Invitrogen), that allows for optimiaand

resolution (Figure 25C).

Figure 24. VHH and scFv antigen binding domains. A) Tridimensional structure of a VHH
antibody; the red circle indicates the extruding domain (modified from [83])B)

Tridimensional structure of a scFv antibody (gragghfrom S. Dubel)
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Figure 25. Generation, expression and purification of the recombinant NPMc+ fragment C-
terminal. A) 50 ng (lane 2) - 100 ng (lane 3) BECR product corresponding to the 5’-term NPMc+
fragment separated by electrophoresis on a 1% agmrgel. DNA molecular weight was
determined by running, in parallel with the sample$0 base pairs DNA ladder (lanel, NEB).
Affinity purification chromatogram of the recombimdNPMc+ fragment fused at the C-terminal of
the MBP tag. The elution peak is indicated by abine (UV absorbance at 280 nng). Colloidal
Blue stained 12% NuPAGHNoveX Bis-Tris Gel loaded with 5 pg of the purified redunant
MBP protein (lane 1) and 1-5 pg of NPMc+ fragmentte@minal-MBP (lane 2-3).Protein

molecular weight (lane 1) is indicated in KDa (N8V&harp Protein Standard, Invitrogen)
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4. Selection of phage displayed scFvs, productiomé purification

Three rounds of panning using the ETH2-Gold libragainst the NPMc+ fragment C-
terminal were performed at high-stringency condsicafter a pre-panning step carried out
against the fused tag (MBP). This procedure caasedimost complete depletion of the
aspecific phages that recognized only MBP. Supantsitcontaining soluble recombinant
Myc-tagged scFvs produced from 96 induced singlenses, were tested by ELISA on the
recombinant NPMc+ fragment C-terminal in parallethathe MBP protein (Figure 26A
and B). Six clones specifically recognized the eéargntigen and DNA sequencing
indicated that all the six clones shared the saemgience, suggesting a high selective
pressure toward this specific binder (Figure 26 scFv selected (thereafter indicated
as scFv-MutMyc) was then produced in large scatk@rified from culture supernatant
by affinity chromatography. Protein purity was exaked by separating the sample on a
12% SDS-PAGE gel stained with colloidal blue (Im$tBlue, Novexin; Figure 27A). The
identification of the band corresponding to thewufas verified by western immuno-blot

analysis using an antibody specific for the Myc (igure 27B).
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NPMc+ fragment
0.179 0.249 0.246 0.421] 0.417 0.352] 0.252] 0.314] 0.429 0.490 0.448 0.320]
0.120 0.467| 0.490 0.291] 0.504 0.341 0.394] 0.631] 0.279 0.414 0.329 0.329
0.141 0.190) 0.227 0.245] 0.425] 0.259| 0.430) 0.471] 0.484 0.456 0.449 0.290]
0.100 0.292] 0.290] 0.668| 0.365] 0.342] 0.301] 0.456 0.366| 0.378] 0.454 0.326
0.161 0.095] 0.353| 0.499 0.254] 0.131] 0.339 0.348] 0.381 0.205] 0.349 0.366
0.101 0.318] 0.329 0.342] 0.301] 0.338| 0.369 0.387 0.472| 0.401] 0.328 0.344
0.079 0.364] 0.283| 0.349 0.310] 0.348| 0.323] 0.321] 0.365| 0.310] 0.329 -0.025
0.226 0.210] 0.278] 0.284 0.334] 0.404 0.300] 0.461] 0.471] 0.350| 0.311 0.000]

A)

-0.047 -0.040| -0.040, -0.036| -0.035] -0.047 -0.038] 0.100 -0.029 -0.029 -0.029, -0.033
-0.045 -0.039 -0.039 -0.044 -0.028] -0.036 -0.042 -0.035 -0.034 -0.034| -0.034 -0.040
-0.035 -0.036| 0.013 -0.041 -0.035 -0.036 -0.028| -0.011 -0.032 -0.035 -0.032 -0.029
-0.041 -0.039 -0.026 -0.022| -0.032 -0.018 -0.032 -0.020] -0.035 -0.032 -0.032 -0.033
-0.034 0.018 -0.026 -0.031 -0.029 0.013 -0.030] 0.145 -0.029 0.031 -0.012 -0.022
-0.033 -0.030) -0.029 -0.025| -0.018] -0.020] -0.013 -0.014] -0.022 -0.008 -0.017, -0.014
-0.045 -0.022 -0.033 -0.036| -0.036) -0.034] -0.032 0.090 -0.030 -0.028, -0.017, -0.037
-0.023 -0.014) -0.015 -0.018] -0.015] -0.011 0.065) -0.014] -0.013 0.087 0.003 0.000

B)

VH domain
I\

ll\/EVCLLESGGCLVCF’GCSLRLSCAASCFTFSSYAl\/S\NFQAF’CKGLE\ﬁ\/SAI SCSCCSTYYACSVKCGRFTI SREI\SKI\TLYLCNI\SLRAEETAVYYCAKWFEWCQGTLVTVSSGl

linker VLdomain
A A
f 1
GGSGCGGSCGC&SSELTCEPAVSVALGCTVFITCCGESLFSYYASVYCCKFGCAPVLVIYGKNNRPSGIPEFFSCSSSCNTASLTITCACAEEEAEYYCNSSPFLKHFVVFGGCTKLTVLCAAAECKLISEEELNCAA-

)

Figure 26. Selection, production and sequence analysis of phage displayed scFvs. A) Absorbance
values at 405 nm from the ELISA test performedgusoated NPMc+-MBP fusion fragment and
bacterial supernatants produced by clones exprgssifrvs selected after three rounds of panning.
Clones with an absorbance value higher than 0.4@] #hat recognized the recombinant protein
but not the fusion tag, were considered positive are colored in blueB) Absorbance values at
405 nm from the ELISA test performed using coat®P Nbrotein and bacterial supernatants
produced by clones expressing scFvs selected dftexe rounds of panning. The wells
corresponding to those positive for the fusion girotre colored in yellowC) Sequence of the VH
and VL domains of the selected scFv-Mut antibodg; arrows indicate VH and VL CDR3 amino

acid residues subjected to random mutations duibrgry construction [16].
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Figure 27. Purification of the selected scFv-MutMyc. A) Colloidal Blue stained 12% SDS-PAGE
gel loaded with 3 pg of purified recombinant sd#utMyc (lane 2). Protein molecular weight
(lane 1) is indicated in KDa (Nov&XSharp Protein Standard, Invitroger) Western immuno-

blot analysis on purified recombinant scFv-MutMyangé 3) was performed using 9E10 mouse

anti-Myc antibody (5 pg/mL)
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5. In vitro biochemical characterization of the scFv-MutMyc atibody selected against

the NPMc+ fragment C-terminal

After the expression and purification of the anBMc+ scFv-MutMyc, | began its
functional characterizatiom vitro. In particular, 1 wished to confirm that scFv-Mugivl
could univocally recognize the mutated region dpeaf NPMc+. To address this
guestion, | performed different analyses: i) westeanmuno-blot analysis on purified
recombinant NPMc+-GST and on NPMc+ fragment C-taahiii) western immuno-blot
analysis on insect cell lysates overexpressing wiide NPM1 and NPMc+; iii)
Immunoprecipitation assay on transiently transtedielLa cells overexpressing NPMc+;
Iv) immunoprecipitation assay on AML patients’ cdihes that express endogenous
NPMc+; v) immunofluorescence analysis on transjenttansfected Hela cells

overexpressing NPMc+.

5.1 Western immuno-blot analysis

The western immuno-blot analysis was performed ath ffinity purified recombinant
proteins and insect cell lysates expressing eitligvic+ or wild type NPM1. As shown in
Figure 28A, the scFv-MutMyc antibody specificalBcognized only the mutated NPMc+,
without reacting with the wild type NPM1 proteirgither with the purified recombinant
MBP and GST tags nor an endogenous insect cellelys@ed as negative control. As a
further control, two immuno-blot analyses were perfed on wild type NPM1 and
NPMc+ insect cell lysates, using either a mouseaulmmal antibody specific for the wild
type NPM1 C-terminal end (Figure 28B) or a mousaaatonal antibody that recognizes
the N-terminal portion common to both proteins (ffegg28C, both antibodies are home-

made).
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Figure 28. Western immuno-blot analysis on purified recombinant proteins and on insect cell
lysates. A) 1 pg ofNPMc+-GST and C-terminal NPMc+ fragment (lanes @l &) were run on a
12% SDS-PAGE gel in parallel with 50 ug of inseddt tysates overexpressing NPMc+ (lane 7),
wild-type NPM1 (lane 8) and GFP (lane 4). The meambrwas incubated with scFvMut-Myc
supernatant diluted 1:3 together with the mousé-Eiyic antibody 9E10 (5 ug/mL) that recognizes
the Myc tag fused to the scFv. 1 pg of GST (laren8)MBP (lane 1) and 50 pg of an irrelevant
insect cell lysate (lane 3) were used as contB)s50 pg ofinsect cell lysates overexpressing
either NPMc+ (lane 1) or wild type NPM1 (lane 2) rerun on a 12% SDS-PAGE gel. The
membrane was incubated with a mouse monoclonabaudti supernatant specific for the C-
terminal end of the wild type NPM1 (clone 338, witl 1:5). C) 50 ug ofinsect cell lysates
overexpressing NPMc+ (lane 1) and wild type NPMihé 2) were run on a 12% SDS-PAGE gel.
The membrane was incubated with a mouse monodmrtiklody specific for the N-terminal region

of NPM, which is common to NPMc+ and wild type NPbAdteins (clone 376, diluted 1:10)
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5.2 Immunoprecipitation and immunofluorescence ass&

In order to understand wether the scFv-MutMyc amibwas able to bind the native
protein expressed in mammalian cells, | perfornmeshunoprecipitation experiments using
cellular lysates obtained from HelLa cells trandietransfected with a plasmid (pEGFP-
C1, Clontech) expressing the NPMc+-GFP fusion jmotés shown in Figure 29A (lanes
3 and 6), scFv-MutMyc immunoprecipitated NPMc+ witie same efficiency as the
home-made anti-NPMc+ mouse monoclonal antibody asecbntrol (clone T26, [213]); a
band was visible, which ran at lower molecular weithan the NPMc+-GFP, indicating
the presence of a protein degradation product. |&imeésults were observed using cell
lysates obtained from HelLa cells transiently traotdd with a plasmid (pcDNAS/FRT/TO,
Invitrogen) expressing not tagged NPMc+ (Figure R9Bhen asked if our antibody could
also recognize the endogenous NPMc+ and | performednmunoprecipitation assay on
cell lines derived from AML patients and either segsing (OCI-AML3) or not expressing
(OCI-AML2) the NPMc+ allele [214]. As shown in Figu 30, the endogenous mutated
NPMc+ present in the OCI-AML3 cell line was spegally immunoprecipitated by scFv-
MutMyc. For unknown reasons, the binding efficienggs not as elevated as in the case of
the overexpressed NPMc+-GFP and NPMc+ proteins. unufluorescence experiments
were then performed on Hela cells transiently fieeted with a NPMc+-FlagHA
expression vector. As shown in Figure 31A, the skRENMyc antibody specifically
recognized NPMc+ in the cytoplasm. The signal waslar to the one | obtained in the
same cells with the mouse monoclonal antibody T&&dwas control. The two antibodies
did not give any aspecific signal on not transfédtiela cells (Figure 31B). As expected,
immunofluorescence on HelLa cells transiently exgrgs NPMc+-GFP showed
overlapping of the GFP signal with that of scFv-Mwyt in the cell cytoplasm (Figure

32A). The mouse monoclonal antibody T26 was usetbagol. As shown in Figure 32B,
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the two antibodies did not give any aspecific sigmaHeLa cells transiently expressing
wild type NPM1-GFP protein (that localized in thecteoli). Moreover, the scFv-MutMyc
did not aspecifically recognize the EGFP proteimiolr showed a diffused staining in

transiently expressing HeLa cells (Figure 32C).
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Figure 29. scFv-MutMyc immunopr ecipitates the transiently transfected NPMc+ protein. A) 100

ug of immunoprecipitated HelLa cell lysate trandieekpressing NPMc+-GFP was run on a 10%
SDS-PAGE gel (lanes 3 and 6). The experiment wesrpeed in parallel with 10 pg of scFv-
MutMyc (lanes 1-3) and 10 pg of anti-NPMc+ mousaoatonal antibody T26 (lanes 4-6). Lanes
2 and 5: control experiment performed with protéirsepharose (GE Healthcare). The input is
10% of the total immunoprecipitated lysate (lane$).IMembranes were probed with the mouse
monoclonal antibody T26, diluted 1:100B) 100 pg of immunoprecipitated HelLa cell lysate
transiently expressing not tagged NPMc+ was run @ri0% SDS-PAGE gel (lane 3). The
experiment was performed with 10 pg of the scFWhat Lane 2: control experiment performed
with protein A-sepharose (GE Healthcare). The iripuit0% of the total immunoprecipitated lysate

(lane 1). Membranes were probed with the mouse ohlonal antibody T26, diluted 1:1000
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Input Input Ctrl
OCI AML2 OCI-AML3 (proteln A)

AP T26 I—% NP

1 2 34

IP OCI-AML2
IP OCI-AML3

Figure 30. scFv-MutMyc immunoprecipitates the endogenous NPMc+ protein. The

immunoprecipitation performed with 10 pg of scFviMyc on 300 pg of OCI-AMLS3 cell lysate
expressing NPMc+ was run on a 10% SDS-PAGE gele(l8h A parallel experiment was
performed on 300ug of OCI-AML2 cell lysate, whichnbt express NPMc+ (lane 7). Lanes 5-6:
control experiment performed with protein A-seplsar¢GE Healthcare) both on OCI-AML2 (lane
5) and OCI-AML3 cell lysate (lane 6). Inputs are¥d®f the total immunoprecipitated lysates
(lanes 1-2, OCI-AML2 cell lysate, and lanes 3-4,1@®IL 3 cell lysate). The membrane was

probed with the mouse monoclonal antibody T26 elilut: 1000
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~ Transfected NPMc+-Flag HA
(scFv-MutMyc)

NPMc+-Flag HA DAPI Merge with DAPI

A)
L Not transfected
(scFv-MutMyc)
L Not transfected
(anti-NPMc+ T26)
CY3
B)

DAPI
Figure 31. ScFv-MutMyc recognizes the NPMc+ protein in transiently transfected Hel a cells.

~Transfected NPMc+-Flag HA
(anti-NPMc+ T26)

L

A) Immunofluorescence analysis on Hela cells trankieekpressing NPMc+-FlagHA was
performed in parallel using purified scFv-MutMyc (@/mL) detected with the mouse anti-Myc
antibody 9E10 (2 pug/mL) or the mouse monoclonaibady T26 diluted 1:100Signals were
detected by a cy3 conjugated anti-mouse seconddilyaaly.B) Immunofluorescence analysis on
not transfected HelLa cells performed in paralleingspurified scFv-MutMyc (2ug/mL) detected
with the mouse anti-Myc antibody 9E10 (2 pg/mLyher mouse monoclonal antibody T26 diluted

1:100.Signals were detected by a cy3 conjugated anti-eneasondary antibody
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~Transfected NPMc+-GFP
(scFv-MutMyc)

~Transfected NPMc+-GFP
(anti-NPMc+ T26)

NPMc+-GFP Merge with DAPI

—Transfected wild type NPM1-GFP
(scFv-MutMyc)

Transfected wild type NPM1-GFP
(anti-NPMc+ T26)

CY3 wild type NPM1-GFP Merge with DAPI

Transfected EGFP
(scFv-MutMyc)

EGFP

Figure 32. ScFv-MutMyc recognizes the NPMc+-GFP protein in transiently transfected Hel.a
cells. A) Immunofluorescence analysis on Hela cells tranisieexpressing NPMc+-GFP. The
experiments were performed in parallel using padfscFv-MutMyc (2 pg/mL) detected with the
mouse anti-Myc antibody 9E10 (2 pg/mL) or the mouseoclonal antibody T26 diluted 1:100.
Signals were detected by a cy3 conjugated anti-eneasondary antibodfg) Immunofluorescence
analysis on Hela cells transiently expressing wige NPM1-GFP. The experiments were
performed in parallel using purified scFv-MutMyc (@/mL) detected with the mouse anti-Myc
antibody 9E10 (2 pug/mL) or the mouse monoclonaibady T26 diluted 1:100. Signals were
detected by a cy3 conjugated anti-mouse seconddiyaaly.C) Immunofluorescence analysis on
HelLa cells transiently expressing EGFP. The expenimwas performed using purified scFv-
MutMyc (2 ug/mL) detected with mouse anti-Myc aaib9E10 (2 ug /mL). Signals were detected

by cy3 conjugated anti-mouse secondary antibody
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6. In vivo biochemical characterization of the scFv-Mut antilody selected against the

NPMc+ fragment C-terminal

Thein vitro biochemical characterization of scFv-MutMyc allaves to conclude that the
purified antibody recognized, specifically and @#ntly, both the bacteria and insect cells
derived recombinant NPMc+ protein. Furthermore, vskfitMyc bound to and
immunoprecipitated NPMc+ as transiently expresse#iiela cells and as native protein
present in a primary cell line derived from AML aits. Given these findings, | decided
to try to express the scFv-Mut antibody directlgide the cells as an intrabody. Although
this approach is very challenging due to the difties related to the cytoplasmic
environment that is extremely unfavorable to thiévsilut proper folding, if successful, |
reckoned | could obtain a cellular system whersttioly any biological effect related to the

presence of the antibodly vivo.

6.1 Expression of the scFv-Mut as an intracellulaantibody: immunofluorescence

The scFv cDNA was fused either with GFP or Flagitmgnammalian expression vectors.
The antibody was efficiently produced in the inglhdar environment of HelLa cells
transiently transfected with the scFv-MutGFP exgigs plasmid. The cells showed a
diffused staining and, in some cases, accumulatiahe antibody in dense aggregates was
visible (white arrows, Figure 33). This is comp#dilwith the fact that the eukaryotic cell
cytoplasm prevents the antibody from folding cotlgeand promotes its oligomerization.
Moreover, the extremely crowded intracellular eomment and an unfavorable redox

potential contributes to the formation of detetgesoluble aggregates [215, 216].
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scFv-MutGFP scFv-MutGFP

scFv-MutGFP

Figure 33. scFv-MutGFP expresses as an intracellular antibody in transiently transfected Hel a

cells. Hela cells transiently transfected with the scFutIFP expression vector

Immunofluorescence on Hela cells transiently cadfaected with both scFv-MutGFP and
NPMc+ expression vectors showed that the two prstdocalized in the same cell
compartment (Figure 34, panel a). As shown in g4 panel b, T26 antibody, specific
for NPMc+ (Figure 34 panel c), did not recognizepeasfically scFv-MutGFP in

transiently expressing Hela cells.
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a)

scFv-MutGFP NPMc+ (anti-NPMc+ T26) Merge with DAPI
- - b)
anti-NPMc+ T26 scFv-MutGFP Merge with DAPI

DAPI NPMc+ (anti-NPMc+ T26) Merge with DAPI

B)

Figure 34. scFv-MutGFP and NPMc+ localize in the same cell compartment upon co-
transfection in HeLa cdlls. Panel a) Immunofluorescence on Hela cells transiently emsfected
with scFv-MutGFP and NPMc+ expression vectors atachiometric ratio of 1:1. The expression
of NPMc+ was detected by the mouse monoclonal eayibr26, diluted 1:100. Signals were
detected by an anti-mouse cy3 conjugated secorafarigody.Panel b) Immunofluorescence on
HelLa cells transiently transfected with the scFw&RP expression vector. Cells were stained
with the mouse monoclonal antibody T26, dilutedQ:1Signals were detected by an anti-mouse
cy3 conjugated secondary antibodyanel c) Immunofluorescence on Hela cells transiently
transfected with NPMc+ detected by the mouse monatlantibody T26, diluted 1:100, followed

by an anti-mouse cy3 conjugated secondary antibody
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6.2 Expression of the scFv-Mut as an intracellulaantibody: co-immunoprecipitation

assay

In order to investigate if the antibody was propddlded in the cells and it was able to
recognize and bind NPMc+ in the cytoplasm, | comedcan immunoprecipitation
experiment on lysates obtained from Hela cells siently co-transfected with scFv-
MutFlag and NPMc+-GFP expression vectors. As shimafigure 35A, the antibody was
able to immunoprecipitate NPMc+-GFP, even though linding efficiency was not
elevated. The bands visible at a lower moleculaigktethan the immunoprecipitated
NPMc+-GFP (lanes 5-8) corresponded to the immurimdios’ heavy chains. As negative
control, the same experiment was performed usimgnjogated mouse IgG-agarose beads
(Figure 35B); the bands corresponding to the immglotulins’ heavy and light chains
were visible (lanes 5-8). The results confirmed,thtileast to some extent, scFv-MutFlag
was functionally folded, and that the two proteingeracted in the intracellular milieu
upon co-expression. Co-immunoprecipitation expenitmgerformed on lysates obtained
from HelLa cells transiently co-transfected with gplads expressing scFv-MutFlag and
wild type NPM1-GFP, and, in parallel, on anti-FM@ agarose beads (Figure 36A) and on
mouse lgG-agarose beads (Figure 36B), further dstraied that scFv-MutFlag bound
specifically and exclusively to the mutant NPMc+otein in the cells; the bands

corresponding to the immunoglobulins’ heavy anttlichains were visible (lanes 4-6).
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Figure 35. scFv-MutFlag co-immunoprecipitates with the NPMc+-GFP in transiently co-
transfected Hela cells. Immunoprecipitation assay was performed using 490oft HeLa cell
lysates transiently co-transfected with scFv-MutfF-End NPMc+-GFP expression vectors. The
immunoprecipitated material was analyzed by westemmune-blotting. The experiment was
performed using anti-Flag M2 agarose beads (Pareéhfparallel with mouse IgG-agarose beads
as negative control (Panel B). Membranes were pilolih the mouse monoclonal antibody T26,
diluted 1:1000, and a mouse anti-Flag M2 antibodju¢ed 1:6000, Sigma). Lanes 1-2: inputs of
HeLa cells transiently transfected with NPMc+-GHBng 1) or scFv-MutFlag (lane 2). Lanes 3-
4: inputs of HeLa cells transiently co-transfecteith scFv-MutFlag and NPMc+-GFP at different
stoichiometric ratios [lane 3, 20:1 (scFv-MutFlagNPMc+-GFP); lane 4, 3:1 (scFv-MutFlag:

NPMc+-GFP)]. Lanes 5-8: corresponding immunopretdfions
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Figure 36. scFv-MutFlag does not co-immunoprecipitate with the wild type NPM1-GFP in
transiently co-transfected Hel a cells. Immunoprecipitation assay was performed using 4@
cell lysates from HelLa cells transiently co-transéel with scFv-MutFlag and wild type NPM1-
GFP expression vectors. The immunoprecipitated rahtevas analyzed by westernmmune-
blotting. The experiment was performed using afdgAVi2 agarose beads (Panel A) in parallel
with mouse IgG-agarose beads as negative contianh€PB). Membranes were probed with mouse
monoclonal antibody anti-wild type NPM1, (dilutedl@00, Zymed) and a mouse anti-Flag M2
antibody (diluted 1:6000, Sigma). Lanes 1-2: inpftsleLa cells transiently transfected with wild
type NPM1-GFP (lane 1) or scFv-MutFlag (lane 2).nka3: inputs of HeLa cells transiently co-
transfected with scFv-MutFlag and wild type NPM1fSkat the stoichiometric ratio of 3:1).

Lanes 4-6: corresponding immunoprecipitations
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7. Expression of scFv-Mut as an intracellular antilody fused to a nuclear localization

signal (NLS)

Considering the capability of the intrabodies tteract with NPMc+, | then decided to
explore the possibility to relocate NPMc+ to theleus by means of expressing the scFv-
Mut intrabody fused to a nuclear localization sigfl7, 218]. | subcloned the scFv
cDNA fused to the simian virus (SV) 40 large Tigaeh NLS [219] in tandem with the
hemagglutinin epitope sequence (HA tag) in a manamalexpression vector.
Immunofluorescence on Hela cells transiently tractsfd with the plasmid expressing
scFv-MutNLS showed a clear accumulation of thealmddy in the nucleus (Figure 37,
panel a). However, when | conducted the same imfluorescence experiment on HelLa
cells transiently co-expressing both the scFv-MusNnd NPMc+-GFP, | observed their
almost complete co-localization in the cytoplasng(fe 37, panel c), where NPMc+-GFP
normally localizes (Figure 37, panel b), stronglyggesting that the majority of the
antibody expressed in the cells was functional effitiently bound to NPMc+. This
observation could be explained by the strengthhef additional NES present in the
NPMc+: recent findings have demonstrated that SN&IS motif is more efficient in
mediating nuclear export compared to other phygiold NES [220].The specificity of
the binding between scFv-MutNLS and NPMc+ was frthsupported by
immunofluorescence experiments performed on Hella tmnsiently co-expressing the
antibody and wild type NPM1-GFP. As expected, sbftNLS localized to the nucleus,
but did not co-localize with the wild type NPM1-GRBcleolar staining (Figure 37, panel

d).
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DAPI scFv-MutNLS (anti-HA) Merge with DAPI

--b)

NPMc+-GFP anti-HA Merge with DAPI

g

c)

NPMc+-GFP scFv-MutNLS (anti-HA)

wild type NPM1-GFP  scFv-MutNLS (anti-HA) Merge with DAPI

Merge with DAPI

d)

Figure 37. scFv-MutNLS co-localizes with NPMc+-GFP in the cytoplasm of transiently co-
transfected HelL a cells. Panel @) Immunofluorescence on Hela cells transiently trectsfd with
the scFv-MutNLS expression vector. Cells were sthinith a mouse monoclonal antibody anti-HA
(diluted 1:200, Covance), followed by an anti-moog@ conjugated secondary antiboéanel b)
Immunofluorescence on HelLa cells transiently treciefd with the NPMc+-GFP expression
vector.Cells were stained with a mouse monoclonal antibaxty-HA (diluted 1:200, Covance),
followed by an anti-mouse cy3 conjugated secondatipody.Panel c) Immunofluorescence on
HelLa cells transiently co-transfected with scFv-NIus and NPMc+-GFP expression vectors at a
stoichiometric ratio of 1:1. The expression of séFutNLS was detected by a mouse antibody anti-
HA (diluted 1:200, Covance), followed by an antius® cy3 conjugated secondary antibody.
Panel d) Immunofluorescence on Hela cells transiently cafacted with scFv-MutNLS and wild
type NPM1-GFP expression vectors at a stoichiometatio of 1:1. The expression of scFv-
MutNLS was detected by a mouse antibody anti-HAtédi 1:200, Covance), followed by an anti-

mouse cy3 conjugated secondary antibody
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Finally, a mammalian vector expressing an unrelatelv cDNA fused to a nuclear
localization signal (NLS) in tandem with the hemlagigin epitope (HA tag) was
transiently transfected in HelLa cells. Immunoflismence experiments showed that the
antibody accumulated in the nucleus (Figure 38epa) and its localization remained

unaltered also in the presence of NPMc+-GFP (Fig8tepanel b).

---a)

DAPI unrelated scFv-NLS (anti-HA)  Merge with DAPI
- - - b)
NPMc+-GFP unrelated scFv-NLS (anti-HA) Merge with DAPI

Figure 38. An unrelated scFv-NLS does not co-localize with NPMc+-GFP in the cytoplasm of
transiently co-transfected Hela cells. Panel a) Immunofluorescence on Hela cells transiently
transfected with an unrelated scFv-NLS expressiector. Cells were stained with a mouse
monoclonal antibody anti-HA (diluted 1:200, Covandellowed by an anti-mouse cy3 conjugated
secondary antibodyranel b) Immunofluorescence on HelLa cells transiently emdfected with an
unrelated scFv-NLS and NPMc+-GFP expression vecttra stoichiometric ratio of 1:1. The
expression of scFv-NLS was detected by a mousbodgtianti-HA (diluted 1:200, Covance),

followed by an anti-mouse cy3 conjugated secondatiypody

96



Based on these data, | speculated that addingpleulLS sequences to the scFv-Mut
antibody could counteract the effects of the almrexport signal that is present in the
mutated NPMc+. | created a new cassette constitoyetvo NLSs at the N-terminus end
and two NLSs plus an HA tag at the C-terminus dratween them, | inserted the scFv-
Mut cDNA (scFv-Mut4xNLS, Figure 39, panel a). Imnufimorescence performed on
HelLa cells transiently transfected with the plasmigbressing scFv-Mut4xNLS showed
that it accumulated in the nucleus, as expectegli(Ei39, panel b) and in some cases in
the nucleolus as well (yellow arrows, Figure 39ngdac). This result might indicate that
this antibody cross-reacted with wild type NPM1, ieth normally localizes in the
nucleolus and interacts with NPMc+ through their mlodimerization interface,
contributing to its partial localization into theicleus [201, 220]. In order to understand
whether this was the case, | transiently expresbedantibody in Mouse Embryonic
Fibroblasts (MEF) knockout for both NPM1 and p52][1As shown in Figure 40, panels
a-b, immunofluorescence on these cells confirmedrtircleolar staining, excluding the
previous hypothesis. Then | tried to co-expressattéody and NPMc+ in HelLa cells in
order to evaluate its ability to re-locate NPMc+ ttee nucleus. Unfortunately, using
transient transfection, | routinely obtained a veny efficiency of co-expression (Figure
42). Moreover, although the staining was mainlyleaic when cells expressed only the
scFv-Mut (Figure 39) and cytoplasmic, when cellpressed only the NPMc+ (Figure 41),
in the rare co-transfected cells it was very heteneous both for localization and
expression levels (Figure 42). In particular, igu¥e 42 panel d, the scFv-Mut4xNLS
(yellow arrows) was predominantly nuclear and omgrtially delocalized to the
cytoplasm, where most of NPMc+-GFP (panel a, whit®ws) localized. In Figure 42
panel b, NPMc+ patrtially localized in the nucleusd( and white arrows) also in the
absence of the scFv-Mut4xNLS expression (panekeé,arrow) or when the scFv was

partially delocalized to the cytoplasm (panel dloye arrow), maybe indicating that only
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when the expression levels of the antibody werg Wgh, it was possible to observe a
partial re-localizing effect on NPMc+. In other IseINPMc+-GFP was predominantly
cytoplasmic (panel b, blue arrow and panel c, waitew) even though the antibody was
clearly nuclear (panel e, pink arrow and panekflogv arrow). In conclusion, these results
made it difficult to understand whether the antypded had any clear effect on NPMc+
localization. Further experiments are now in pregrén order to obtain retrovirally
infected AML cell lines (derived from patients atitat express endogenous NPMc+)
stably expressing the scFv-Mut4xNLS, to test whetthieas any effect on NPMc+ cellular
localization or whether it contributes to pl19/Adlacalization, by interfering with the
binding between NPMc+ and pl19/Arf. In both casewyiil be investigated whether the

antibody has any direct influence on cell growtld arability.
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a)

--- b)

DAPI scFv-Mut4xNLS (anti-HA) Merge with DAPI
K
K
K
: C)
DAPI scFv-Mut4xNLS (anti-HA) Merge with DAPI

Figure 39. scFv-Mut4xNLS localizes to the nucleus in transiently transfected Hela cells.
Panel a) Schemeof the cassette created for the expression of ¢ke-Mut4xNLSPanel b) and
Panel c) Immunofluorescence on Hela cells transiently tractsfd with the plasmid expressing
scFv-Mut4xNLS. Cells were stained with a mouse klonal antibody anti-HA (diluted 1:200,
Covance), followed by an anti-mouse cy3 conjugagabndary antibody. Yellow arrows indicate

scFv-Mut4xNLS nucleolar staining
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DAPI

scFv-Mut4xNLS (anti-HA) Merge with DAPI

anti-nucleolin

scFv-Mut4xNLS (anti-HA) Merge with DAPI

Figure 40. scFv-Mut4xNLS localizes to the nucleus and gives a distinctive nucleolar staining in
MEFs NPM1"p53”. Panel a) Immunofluorescence on MEFs NPMB3" cells transiently
transfected with the scFv-Mut4xNLS expression vedBells were stained with a mouse
monoclonal antibody anti-HA (diluted 1:200, Covandellowed by an anti-mouse cy3 conjugated
secondary antibodyPanel b) Immunofluorescence on MEFs NPKB3" cells transiently
transfected with scFv-Mut4xNLS expression vectaitibAdy was detected by using a mouse
monoclonal antibody anti-HA (diluted 1:200, Covandellowed by an anti-mouse cy3 conjugated
secondary antibody. Nucleoli were stained with &abia anti-nucleolin antibody (diluted 1:800

Abcam), followed by an anti-rabbit cy5 conjugatedandary antibody
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--

DAPI NPMc+-GFP Merge with DAPI

Figure 41. NPMc+-GFP localizes to the cytoplasm in transiently transfected HelLa cells.
Immunofluorescence on HelLa cells transiently tracisfd with the NPMc+-GFP expression

vector.
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NPMc+-GFP scFv-Mut4xNLS (anti-HA) Merge with DAPI

Figure 42. scFv-Mut4xNLS partially co-localizes with the NPMc+-GFP protein in transiently
co-transfected HelLa cells. Immunofluorescence on Hela cells transiently cadfacted with
NPMc+-GFP Panes a, b, ¢) and scFv-Mut4xNLSPanels d, e, f) expression vectors. The
expression of scFv-Mut4xNLS was detected with asen@ntibody anti-HA (diluted 1:200,

Covance), followed by an anti-mouse cy3 conjugasstndary antibody
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DISCUSSION
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1. Mutated nucleophosmin (NPMc+) is a potential thepeutic target in AML

Mutation of NPM1 has been demonstrated to be the most frequentigeaiteration
present in adult AML patients with normal karyotyfebout 35% of the cases, [11]).
Different sequence variants have been observedhatacterized by a reading frameshift
in the C-terminal portion of NPM1, that leads te ttreation of ale novonuclear export
signal (NES, [185],[186]) and to the abnormal aculation of the mutated protein in the
cytoplasm. Mutation A (Figure 15) is the most reeat and it is found in 75-80% of AML
patients characterized by mutatdé®M1 (NPMc+, [200]). NPMc+ is responsible for the
delocalization of proteins normally localized inte nucleolus thanks to their interaction
with wild type NPM1. NPMc+ binds, delocalizes amdgtivates the F-box protein Fbow7
and the tumor suppressor pl9/Arf [14, 15]. Basedtlmese data, NPMc+ may be
considered &#ona fideonco-protein whose activity can initiate the tuimgenic program at
least through two different, but strictly connectquhthways: 1. Delocalization and
destabilization of Fowy/(a ubiquitin ligase involved in proteasome-dependiegradation
of c-Myc), leading to c-Myc overexpression; 2. Dmbzation and destabilization of
p19/Arf, thus impairing its ability to activate pB8d induce cell cycle arrest in response to
c-Myc overexpression. Even though other moleculacimanisms and biological effects
derived by the altered expression of the mutateM&#Premain to be further elucidatéed
vivo, the available data strongly support the appealieg that NPMc+ can be a good
target for therapy. Considering that NPMc+ actiuitgpends on the ability to export its
intracellular interactors from the nucleus to tlygoplasm inducing their degradation, one
option for intervention might be to target downatreof NPMc+, by mimicking p19/Arf
activity and trying to reactivate p53. For this pose, a new class of compounds called
nutlins, which act as Mdm2 antagonists inhibitingdivR-p53 interaction, have been

recently demonstrated to be effective as antitumotecules bothin vitro andin vivo
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[221]. Nevertheless, this approach recovers ony specific NPMc+ function, which may
be not the most important in determining tumor dmwyeent. Moreover, the success of
this strategy essentially relies on the functidgadf the p53 pathway in human tumors, but
the presence of a single cell clone with a new pbBation might be sufficient to induce
the relapse of the disease. An alternative thetapstiategy should consider blocking the
NPMc+ degradation activity. In this regard, a newiaancer therapy, based on proteasome
inhibitors, has been recently introduced [222]. dreclinical and clinical trials, the
compound Bortezomib was shown to give significasuits in several cancers [223, 224].
Moreover, there are reports of its effectivenesgh@ treatment of myeloproliferative
disorders [225-228] and of anti-proliferative amd-japoptotic [229-231] effects on human
acute myeloid leukemia blasts. Interestingly, is leen shown that all the AML blasts
carrying FLT3 mutations (associated with NPMc+, [11]) are sérsito Bortezomib,
therefore this molecule may be considered a patetiterapeutic agent in this type of
leukemia. However, the administration of Bortezonaiuld only block the NPMc+-
dependent degradation of p19/Arf and Fpyhut not relocate them into the nucleus where
they carry out their physiological functions. THere, a better strategy is to directly target
the whole NPMc+ molecule with the aim to interfevith its pathological activities i) by
re-localizing it to the nucleus, or ii) by prevergiNPMc+ binding to its interactors. For
this purpose, highly specific molecules able ofvonally target NPMc+ in the cells, are
necessary. Indeed, one major problem is the higiiasity between wild type NPM1 and
NPMc+ proteins: they differ only in the last elev€Aerminal amino acids and they are
both present in the leukemic cells, sil¢BM1 mutations always occur in one of the two
NPM1 alleles [11]. Recently, it has been isolated a oatomal antibody that specifically
recognizes only the mutated form of NPM1 [232], mgkthe antibody-based therapy an
attractive possibility. Monoclonal antibodies (mAkme amongst the most widely used

molecules in both basic research and clinics, akral of them are now currently

105



employed in cancer therapy (Table A)jthough important results have been achieved in
the treatment of solid tumors and hematologicalignahcies, the application of mAbs
presents some drawbacks: their large dimensiongepteefficient tissue penetration and
result in dishomogeneous distribution. Furthermotieey can often elicit adverse
immunological reactionsin the last years, the introduction of recombinantibodies,
together with phage display technology [32], hagrmga new frontiers in the field of
immunotherapy. The selection of high-affinity amaviimmunogenicity reagents that can
be easily manipulated, has led to thevitro engineeringof recombinant antibodies with
different formats designed for a wide range of maplons. In particular, expression of
intrabodies in the cells (intracellular antibodiegs successful i) in inhibiting specific
functions of intracellular antigens, ii) in disrupgy intracellular protein-protein interactions
by competitive inhibition and iii) in diverting agens from their usual compartment. To
date only one monoclonal antibody has been appréwethe treatment of patients with
relapsed AML [233, 234]. It is a humanized anti-GDI§G, chemically coupled to the
cytotoxic agent calicheamicin (Gemtuzumab Ozogami@iO). CD33 is a surface receptor
expressed during myeloid differentiation and présen leukemic blast cells in 90% of
AML patients, but neither on normal hematopoietens cells nor in non-hematopoietic
tissues [235]. However, in June 2010 it was withardrom the market because a post-
approval clinical trial raised new questions abdst safety and effectiveness. Very
recently, a scFv isolated against CD33 and fusesbloble tumor necrosis factor-related
apoptosis-inducing ligan@TRAIL) has been demonstrated to perform bettem B® in
terms of tumor selectivity, activity and stabilitypening new possibilities in the treatment

of AML [236] and confirming then vivo efficacy of recombinant antibodies.
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2. Recombinant mutated NPMc+ can be used as targgdr specific antibody selection

from phage display libraries

In my work | focused on the selection of specicambinant antibodies targeted against
the NPMc+ epitope, starting from two non-immune gehalisplay libraries. In order to
perform an efficient selection of specific bindeitsis essential that the protein used for
bio-panning is properly folded. For this reasongipto proceeding with my experiments, |
investigated the biophysical properties of the frdiNPMc+-GST protein. Although the
Aggregation Index measure resulted in a significdegree of aggregation (Figure 20A,
[205]), Far-UV CD spectra measurement showed ti@ptrified NPMc+-GST conserved
at least its secondary structure (Figure 20C). dfoee, | designed a high-throughput
selection procedure, starting from the llama nagikiaege display library in VHH format.
Such library has been developed in our institutd has already demonstrated to be
functional, enabling the isolation of several haffinity antibodies targeted against
different recombinant antigens [56, 85]. It is wkhown that, in spite of their small
dimensions, VHHs can have a strong binding actif{8tj and display unique molecular
and structural features [82-84] which render thentable for many applications in the
therapeutic [89, 237-239] and diagnostic fieldsOp2412], [102, 243]. The results obtained
in the ELISA test performed with the soluble peghic extracts of the five selected
VHHs showed that they all recognized the N-termMBM1 region, common to the wild
type NPM1 and the mutated NPMc+ (Figure 23). Eveugh they were not useful for my
initial purpose, however | wanted to evaluate tladiility to recognize the native NPMc+
protein. In vitro characterization of the selected VHH binders isvnim progress:
immunofluorescence experiments using clone 23Hugatgd to a rabbit Fc domain have
shown that it efficiently recognizes both the erglomus wild type NPM1 and NPMc+ in

AML-derived cell lines and in patients’ samples. &dhused in combination with the T26
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mouse monoclonal antibody specific for NPMc+ [232]double staining is obtained:
nucleolar, corresponding to wild type NPM1 and plésmic, corresponding to NPMc+
(not shown). Experiments performed so far are &dhiby the fact that all the results
obtained are derived from single-antibody stairasgall of antibodies available that work
in immunofluorescence are of murine origin. Fostreason, it is difficult to design co-
staining experiments, necessary for achieving apbtet@ picture of NPM1 cellular

distribution. Our preliminary data underline theguaial application of the VHH-rabbit Fc
antibody as an helpful diagnostic tool. In viewtbé results obtained from the VHHs
selection, | reasoned that the extruding VHH pamataight not be able to target the
almost completely unfolded NPMc+ C-terminal dom§03]. Therefore, | decided to
perform a new selection by panning the human syieth€rH2-Gold scFv library [16]

against a PCR synthesized small peptide coveriegldht 45 C-terminal amino acids
(NPMc+ mutation-specific epitope). This procedulieveed the selection of a single scFv
positive clone (scFv-Mut), which specifically tatgd the mutated C-terminal region of
NPMc+. Due to its potential therapeutic relevancdecided to further characterize the

antibody using the full length NPMc+ in native cdrahs.

3. The scFv-Mut antibody univocally targets the C#rminal epitope of NPMc+

The scFv-Mut antibody was purified by affinity chmatography and then subjected to gel-
filtration chromatography, in order to separatesgein the monomeric and the polymeric
forms (not shown). Western immuno-blot analysis destrated that scFv-Mut specifically
recognized both the full length recombinant NPMg#t@in and the C-terminal peptide
used for bio-panning. | could also confirm its dbito discriminate between the NPMc+
and the wild type NPM1 proteins overexpressed i8 Bisect cells (Figure 28A).
Successful immunoprecipitation experiments on Bsabbtained from Hela cells

transiently transfected with a plasmid for the esggion of NPMc+, confirmed that the
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selected binder was functional and specificallgriatted only with the mutation-specific
NPMc+ epitope (Figure 29). Moreover, scFv-Mut wdseato immunoprecipitate the
endogenous NPMc+ expressed in OCI-AML3 primaryscekrived from AML patients
(Figure 30), and to bind the overexpressed NPMest+steown by immunofluorescence
assays (Figure 31 and 32). This set of data clesdrbwed that my selected scFv-Mut
antibody univocally targeted the native NPMc+ prot@nd, more importantly, it was able
to recognize NPMc+ in its native conformation iresithe cells. This was a crucial result,
because my specific aim was to obtain an antibddg t functionally interact with the
endogenous NPMc+ expressed in AML patient’s céellse antibody binding affinity
toward its antigen is difficult to determine sin&PM forms oligomers of variable
complexity and the scFv itself tends to dimerizewdver, although antibody specificity
and antigen-binding affinityn vitro are two key factors for the functional evaluataira
scFv, over the years many studies have pointethatiextended half-life (that is an index
of the overall intracellular stability) and elevatsteady state expression levels in the cells
may be more critical parameters in predicting tfectiveness of an intrabody vivo
[244-246]. Furthermore, the affinity of an intralydidr its target in the intracellular milieu
depends on several factors, such as the concensatf the different species present
during the expression of the antibody or its fotdefficiency [247]. | decided to proceed
in the attempt to express the scFv-Mut antibodyamasintrabody in order to evaluate
whether it was able to target the endogenous NPiNeAvo. To assess whether the scFv-
Mut could be expressed as an intrabody, | prepaifidrent mammalian expression

vectors for the transient transfection of Helasell
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4. The scFv-Mut antibody can be expressed as an fatellular antibody

The limiting step in order to achieve efficient eagsion of an intrabody is its ability to
fold in the mammalian cytoplasmic environment. Fagempts to express intrabodies in
eukaryotic cells showed that they often failed todbtheir target under physiological
conditions [248-250]. Normally, immunoglobulins arsecreted into the body’s
extracellular space, where they exploit their fiort. The requirement for high stability
has kept a selective pressure to retain both ttex-iand intra-chain disulfide bridges
localized in each domain and formed into the oxndjzendoplasmic reticulum before
secretion. In particular, scFvs need their twoandnain stabilizing disulfide bridges for
proper folding, solubility, and stability [251], bthey are unlikely to form them in the
unfavourable reducing eukaryotic cell cytoplasm2RT herefore, it may happen that even
though successfully expressed, scFvs may underg@apm intracellular degradation.
Accordingly, the expression of intrabodies in thakaryotic cytoplasm often results
impaired because of i) reducing environment, wipckvents the formation of disulfide
bridges, ii) absence of accessory factors, likgpehanes, that facilitate their proper folding
and iii) intracellular macromolecular crowding. Wy, recombinant antibodies are
produced in the bacterial periplasmic space wherdfatle bridges are allowed. Very few
antibodies, obtained by hybridomas or selected lhggp display, have revealed to be
functional and soluble when expressed in the eukargell cytoplasm. However, it has
been demonstrated that reduced intracellular #halibes not necessarily mean lack of
functionality [253, 254]. Some scFvs have been sheevtolerate the absence of these
bonds in vitro [255-258]. The intracellular behaviour of an imtoay is almost
unpredictable and it has been reported that eaEl shows a distinct propensity to
aggregate, depending on different factors rangiag fthe intrinsic stability of its primary

sequence to the specific cellular milieu in whitksisynthesized [215] and it is not easily
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predictablea priori [259]. A recent work has compared the cytoplasexpression of
several related scFvs and VHHs in mammalian cglisying that their solubility is highly
influenced by the CDR amino acid content and caarfenced by overall negative charge
at cytoplasmic pH and by reduction of hydrophiiicithe working hypothesis is that ionic
repulsion and weak hydrophobic interactions couwdhpgensate, to different extent, for
impaired disulfide bond formation in the cytoplasthereby decreasing the risk for
intrabody aggregation [260]. Some efforts have beesmde to generate functional
molecules i) by systematically mutating the framegw@sidues to create an optimized one
to be used for the construction of dedicated libsaf261-263], ii) by fusing the antibody
coding sequence to a tag protein that can helparece its solubility [264] and iii) by
trying to isolate functional intrabodies from larghage display libraries using boi
vitro and in vivo suitable selection strategies [265-267]. | startb@ intrabody
characterization by checking for the expressiothefscFv-MutGFP in the cell cytoplasm
of HelLa cells and | observed a diffused cytoplassta&ning with the occasional presence
of visible insoluble granules, indicating a modesipensity of the antibody to aggregate
(Figure 33). Considering these positive premisex)-expressed both scFv-MutGFP and
NPMc+ proteins in HelLa cells, showing by immunofiescence experiments that they
localize in the same cell compartment (Figure 24¢gonfocal microscopy analysis would
be necessary to understand whether the two protextscalize in the cell cytoplasm. A
co-immunoprecipitation assay was then essentiatawfirm that the intrabody could
recognize NPMc+ inside the cells (Figure 35). sdhuFlag immunoprecipitated NPMc+
in vivo, although the binding efficiency was not elevat®dferent problems might have
contributed to this result: i) the stoichiometrytbé scFv-Mut versus NPMc+ molecules in
the cells was apparently too low, ii) only a fraatiof the recombinant antibody was
properly folded and functional, iii) the affinityf the antibody for its substrate was too low.

As | mentioned before regarding this last pointh@igh | did not evaluate the binding
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affinity of the recombinant antibody, recent stgdidave revealed thain vitro
characteristics, such as affinity, may not be adegjindicators of intrabody activity in the
cytoplasm [268, 269] and many scFvs that displgp laffinity in cell-free systems behave
poorly as intracellular antibodies [247, 270, 27d]any case, the data show the successful
binding between at least part of the intrabody #rel target NPMc+. Thefore, | asked
whether the successfully expressed scFv-Mut wowdable not only to interact with
NPMc+, but could also interfere with its patholagiactivities. In particular, | wondered
whether | could try exploiting the scFv-Mut antilyo re-locate NPMc+ to the nucleus: |

decided to further investigate this possibility.

5. The scFv-Mut intrabody can be targeted to the ncieus

It has been already showmvitro that, using inhibitors of the CRM1/Exportin1-defdent
nuclear export machinery (like leptomycin B, thatgets CRM1/Exportinl) responsible
for the delocalization of NPMc+, it is possible telocate NPMc+ and its interactors
(p19/Arf and Fbwy) into the nucleus [272], [14]. However, these moales cannot be
usedin vivo due to their extreme cellular toxicity [273]. Oné tbe advantages of the
intrabody technology is that the intracellular botdies may be directed and restricted to
different cellular compartments, like the endoplesmticulum (ER), the Golgi apparatus
or the mitochondria, by creating fusions with pnop#racellular trafficking sequences.
Alternatively, intrabodies can be expressed angetad to the nucleus, by fusing them to
nuclear localization signals (NLSs). It is indeaxsgible to re-target and sequester cellular
proteins into the nucleus by fusing intrabodieshviite SV40 NLS (PKKKRKY), which
has been demonstrated to direct very efficientlietodogous proteins into the nucleus
[121, 217, 218, 244, 245, 274]. Therefore, | predaa dedicated vector for the fusion of
scFv-Mut to the SV40 NLS, and used it to transfeetLa cells. Immunofluorescence
experiments showed that the antibody clearly actated into the nucleus (Figure 37,
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panel a) but, upon transient co-transfection with NPMc+ expression plasmid, the two
proteins co-localized in the cytoplasm (Figure Banel c), where NPMc+-GFP normally
localizes. Although these results confirmed thatdhtibody and NPMc+ bound each other
in the cellular environment, unfortunately demoaistd that the NLS that | fused to the
scFv-Mut was not enough to counteract the effectthef additional NES present in
NPMc+. Indeed, recent findings have demonstratat ghch NES motif is more efficient
in mediating nuclear export than other physiolog&S [220]. Based on these data, |
prepared a new construct with the recombinant adsifused to four NLSs (ScFv4xNLS).
However, immunofluorescence experiments on Hells celtransfected with the NPMc+
and scFv4xNLS plasmids did not allow to draw anfyniteve conclusion about its ability
to relocate NPMc+ to the nucleus due to the highabdity in the levels of expression and
in the localization of the two proteins (Figure 4R)oreover, though preliminary, these
data suggested that a very high expression levideo§cFv might be required, in order to
observe an effect on NPMc+ localization. This carrddated to the fact that the intrabody
was unstable and partially unfolded in the cytopliasenvironment and therefore, only a

small fraction was able to bind NPMc+ and exerbitdogical effect.

6. Conclusions and future remarks

In summary, | reported here the successful seledtam the ETH2-Gold library of a scFv
antibody specific for the NPMc+ mutation. Furthersnd demonstrated that the scFv-Mut
could be expressed into mammalian cells as anbiothy retaining its ability to interact
with native NPMc+. Importantly, fusion to a NLS letb the antibody nuclear
accumulation; however, in the presence of NPMce,ttio proteins co-localized into the
cytoplasm. Addition of multiple NLSs to scFv-Mutddnot clearly result in re-localization
of NPMc+ to the nucleus, likely because of the idifities linked to co-transfection

experiments and problems related to the high viitiain the expression levels obtained
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with transient transfections. Experiments are novpriogress in order to set up a system
for stable expression of the antibody, by retrdiyirmfecting leukemic patients’ cell lines.
This approach would allow working with a populatioh cells expressing endogenous
NPMc+ and that might be sorted for scFv-Mut expmsdy FACS analysis. In such a
way, it would be possible to standardize the irdthblevels and investigate whether the
ScCFv-Mut4xNLS might compete for the binding betwe&PMc+ and pl9/Arf,
contributing to p19/Arf nuclear re-localizationwhether it could have any direct effect on
NPMc+ localization. In both cases, cell growth amability will be evaluated. A further
possibility that can be explored is the direct\iaty of the purified antibody to the cells by
encapsulating it into liposomes, avoiding the peaid related to the low intracellular
expression levels and to the instability due to uh&avourable eukaryotic cell cytoplasm
[137, 138, 142, 253]. Lipid-based carriers haveaative biological properties, including
general biocompatibility, biodegradability and higbrsatility. Today, some liposomes
have been approved by regulatory agencies as agemoyed in targeted therapy of
cancer and are employed to carry a range of cheragihutics, like Doxorubicin (DoXil
[275]), Camptothecin and Daunorubicin (Daunox8méurthermore, recent advances in
liposome research enabled liposomes to prevent menreactions, making them very

promising tools for targeted therapy.
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