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Abstract

Riassunto

L'osso € un tessuto connettivo che & continuamente rimodellato dall’interazione tra
cellule del sistema immunitario e cellule dell’osso. In particolare i due attori principali
sono gli osteoblasti (deputati all formazione di nuovo o0sso) e gli osteoblasti (deputati al
riassorbimento osseo). Per mantenere 'omeostasi del tessuto lattivita di queste due
cellule deve essere in equilibrio. Quando I’ equilibrio viene interrotto si va in contro a
patologie come l'osteoporosi. Essa & caratterizzata da un eccessivo riassorbimento
osseo dato dalla non regolazione dell’attivita osteoclastica. Infatti, I'osteoporosi &
caratterizzata da perdita della densita ossea, con conseguente aumento del rischio di
fratture. Ad oggi esistono diverse terapie per il trattamento della patologia, ma esse non
sono definitive e inoltre presentano diversi effetti collaterali. Ad oggi € stata studiata una
nuova via di segnalazione coinvolta nel processo di rimodellamento: ICOS/ICOSL. In
particolare & staato visto che trattando gli ostoclasti con una molecola ricombinante
chiamata ICOS-Fc (creata da Novaicos) € possibile innescare ICOSL sulla superficie
degli osteoclasti, determinane una inibizione dell’attivita e della maturazione sia in test
in vitro che in vivo.

Il progetto mira, in collaborazione con Novaicos, alla sostituzione della molecola ICOS-
Fc con un anticorpo monoclonale che sia in grado di legare ICOSL sugli osteoclasti e
causarne l'inibizione della maturazione e dell’attivita. Per far cido sono state utilizzate le
tecnologie in vitro di isolamento degli anticorpi. In particolare € stata usata una
combinazione del phage e dell’ yeast display per unire gli aspetti positivi delle due
tecniche e dimunuirne gli svantaggi. Infatti, & stato possibile sfruttare la capacita di
formare delle librerie anticorpali di grandi dimensioni tramite phage display ma anche
sfruttare le modifiche post traduzionali e i processi di selezioni effettuati in tempo reale
tramite yeast display.

Tramite phage display € stato possibile isolare, a partire da una libreria naive di
frammenti anticorpali, di isolare un anticorpo monoclonale chiamato G10. Il clone
isolato ha mostrato specifitaa di legame verso la molecola ICOSL e anche una buona
affinta (calcolata tramite BLI: Biolayer interferometry). Inoltre, per comprendere meglio
la capacita del clone di legare ICOSL nella sua conformazione nativa, sono state
effettuate delle analisi citofluorimetriche su diversi tipi cellulari ICOSL*. Da questi

esperimenti & stato dimostrato che il clone riconosce ICOSL sulla superficie

cellulare.
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Viste le ottime caratteristiche di questo clone, si € deciso di migliorare
ulteriormente I'affinita attraverso la tecnica di ‘Affinity maturation’. Per far cio la
regione variabile della catena pesante (Vh) del cone G10 & stata mantenuta
costante e successivamente associata casualmente con una libreria di VL
(regione variabile della catena leggera). La nuova libreria & stata clonata
allinterno di un vettore che permette I'espressione del frammento anticorpale
sulla proteina del lievito. Infatti per I'isolamento di cloni ad affinita migliorata &
stata usata la tecnica dell'yeast display. Tramite FACS ¢& stato possibile
selezionare in real-time i cloni con migliore affinitd. Questo ha portato
all'isolamento di 4 cloni. La corretta riuscita dell’ ‘Affinity maturation’ & stata
verificata attraverso il calcolo della costante di dissociazione (kp). Tutti i nuovi
cloni presentano una kp inferiore rispetto a quella del clone parentale G10
dimostranto il successo della tecnica.

Il clone G10 & stato inoltre caratterizzato per la sua capacita di inibire la
maturazione e [l'attivia degli osteoclasti. Test condotti in collaborazione con
Novaicos hanno evidenziato un comportamento del clone G10 analogo a quello
di ICOS-Fc. Infatti, il clone G10 appare essere in grado di inibire
I'osteoclastogenesi e quindi la maturazione degli osteoclasti. Questi dati sono
confermati anche dalla riduzione dell’espressione di geni cruciali per lo sviluppo
degli osteoclasti.

Invece, la riduzione dell’attivita osteoclastica & stata valutata, quantificando
'enzima TRAP, allinterno degli osteoclasti trattati con I'anticorpo G10. | dati
hanno mostrato una riduzione della proteina TRAP negli osteoclasti trattati con il

clone G10 che & paragonabile a quella degli osteoclasti trattati con ICOS-Fc.
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Bone is a connective tissue that is continuously remodeled by the interaction between
the cells of the immune system and the cells of the bone. In particular, the two main
actors are osteoblasts (responsible for forming new bone) and osteoblasts (responsible
for bone resorption). To maintain tissue homeostasis, these two cells' activity must be
balanced. When the balance is hampered, pathologies like osteoporosis can occur. It is
characterized by excessive bone resorption due to the non-regulation of osteoclastic
activity. Osteoporosis is characterized by a loss of bone density, resulting in an
increased risk of fractures.

To date, there are several therapies for treating the disease, but they are not definitive
and have different side effects. Recently, a new signaling pathway involved in the
remodeling process has been studied: ICOS / ICOSL. In particular, it has been seen
that by treating the osteoclasts with a recombinant molecule called ICOS-Fc (created by
Novaicos), it is possible to trigger ICOSL on the surface of the osteoclasts, with
consequent inhibition of their activity and maturation both in vitro and in vivo tests.

In collaboration with Novaicos, the project aims to replace the ICOS-Fc recombinant
molecule with a monoclonal antibody capable of binding ICOSL on osteoclasts,
inhibiting their maturation and activity. To do this, in vitro antibody isolation technologies
were used. In particular, a combination of phage and yeast visualization was used to
combine the positive aspects of the two techniques and reduce their disadvantages. It
was possible to exploit the ability to form large libraries of antibodies via phage display
and to exploit post-translational modifications and selection processes carried out in
real-time via yeast display. Through the phage display technique, it was possible to
isolate, starting from a naive library of antibody fragments, to isolate a monoclonal
antibody called G10. The isolated clone showed specific binding to the ICOSL molecule
and also good affinity (calculated by BLI: Biolayer interferometry). Furthermore, to
better understand the ability of the clone to bind ICOSL in its native conformation, flow
cytometric analyzes were performed on different ICOSL + cell types. From these
experiments, it was shown that the clone recognizes ICOSL on the cell surface.

Given the promising characteristics of this clone, it was decided to further improve the
affinity through the 'Affinity Maturation' technique. To do this, the heavy chain variable
region (VH) of clone G10 was kept constant and subsequently randomly associated with

a library of Vi (light chain variable region).
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The new library was cloned into a vector that allows the expression of the antibody
fragment on the yeast surface. Indeed, the yeast display technique was used to isolate
clones with improved affinity. Through FACS, it was possible to select the clones with
the best affinity in real-time. This led to the isolation of 4 clones. The ‘Affinity maturation'
success was verified by calculating the dissociation constant ko (BLI) for all clones. All
new clones have a lower kD than the parental clone G10, demonstrating the
technique's success.

Clone G10 was also characterized as inhibiting osteoclast maturation and activity. Tests
conducted in collaboration with Novaicos showed a behavior of clone G10 similar to
that of ICOS-Fc. Clone G10 appears to inhibit osteoclastogenesis and, therefore, the
maturation of osteoclasts. These data are also confirmed by the reduction of the
expression of genes crucial for the development of osteoclasts.

The reduction of osteoclastic activity was assessed by quantifying the TRAP enzyme
within the osteoclasts treated with the G10 antibody. The data showed a decrease of
TRAP protein in G10-treated osteoclasts comparable to that of ICOS-Fc-treated

osteoclasts.
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1 The Immune System: an Overview

The immune system (IS) discriminates between self and not-self and defends itself from
pathogenic microorganisms [1]. The immune system is composed of humoral factors
such as complement proteins, as well as immune cells that lead to the production of
antibodies, cytokines/chemokines, and growth factors (Fig. 1 [2]) [1, 3].

In this vision, in the IS, it is possible to distinguish two different types of immune
response: the innate response and the adaptive (or acquired) response [3].

Within a few seconds after overcoming the anatomical and physiological barriers
(epithelial cells, sebaceous glands, and mucus) and the consequent exposure to the

pathogen, the innate immune system generates an anti-inflammatory response [3, 4].

The lmmune System

/ Innate Immune System \ / Adaptive Inmune System \
. Physical barriers: Adaptive response:

Skin; organ mucosal layers Cell-mediated response; humoral
[ response
,F:é /\
ImmuSe sg’;tt_em Ii|r|1kage: Cell mediated Humoral
T endritic cells . .
Chemical barriers: response: Response:

Stomach acid; lysozymes in eye Tlymphocytes B-lymphocytes
Innate response: Inflammatory
response cells
oy s ; a ﬂ
“ 0 ;J}ﬂ,‘y ﬁ

Mastcells Neutrophils Macrophages Natural killer cells Products: Products:

\ @ and CD8+ T-cells Antibodies

Fig.1 Schematic figure of the components of the immune system. It is composed of the innate immune system
(physical and chemical barriers and inflammatory response cells) and the adaptive immune system (cell-mediated
response and humoral response). Figure taken from [2].

This kind of response has evolved to rapidly eliminate a wide range of pathogens, but
the pathogenic molecular patterns it can recognize are limited [5].

On the contrary, adaptive immunity is characterized by the interaction between the
antigen-presenting cells and T and B lymphocytes, leading to more specific
immunologic effector pathways, generation of immunologic memory, and regulation of

host immune homeostasis [3, 5].
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T lymphocytes differentiate into two types of cells: T helper and T cytotoxic. In detail, T
helper regulates the immune response depending on the pathogen, whereas T cytotoxic
has an effector function against pathogens [3, 6].

T lymphocytes must be activated through 3 signals mediated by Ligand-receptor
interaction to perform their functions.

In detail, the first activation signal is mediated by the interaction between the T cell
receptor (TCR) and the antigen carried by the MHC (major histocompatibility complex)
expressed by the antigen-presenting cells (APC). The second signal foresees the
interaction between the costimulatory molecules B7.1 (CD80) and B7.2 (CD86) on the
APC and the CD28 molecules on the T cell. Notably, the absence or interruption of the
second signal leads to an anergic or apoptotic state.

The third phase is called polarization. At this stage, APC cells and T lymphocytes
release specific cytokines that direct the T lymphocytes to cytotoxic or helper
lymphocytes [7, 8]. Another CD28 family receptor is the cytotoxic T-lymphocytes-
associated antigen 4 (CTLA-4). This has an opposite function (inhibitory) than CD28
and interacts with the same ligand of CD28 ( B7.1-B7.2) but with a higher affinity [8].
The balance between the CD28 and CTLA-4 molecules is crucial for maintaining a state
of immunological tolerance and maximizing the immune response [9].

Instead, the main characteristic of B lymphocytes, once they have become plasma
cells, is to produce antibodies. They have several duties, such as complement
activation, bacterial opsonization, toxin neutralization, and preventing organisms from

adhering to the mucosa surface [10].

1.1 ICOS/ICOSL Pathway

As mentioned before, T-cell activation is a complex process that involves different
signals mediated by receptor-ligand interaction. Another molecule belonging to CD28/
CTLA-4 family is expressed upon T-cell activation: ICOS (inducible T costimulator) [11].
The ICOS signal triggered by its ligand ICOSL leads to increased proliferation, survival,
and differentiation of T cells (Fig.2 [12]) [13]. Moreover, ICOS can co-induce the
secretion of several cytokines like IL-4, IL-5, IL-6, IL-10, IL-21, Interferon-gamma, and
TNF-a [14]. Its ligand ICOSL (B7h2) is a monomeric transmembrane glycoprotein of 60

kDa belonging to the B7 costimulatory superfamily. It comprises an extracellular domain
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of 240 aa, a transmembrane domain of 19 aa, and an intracytoplasmatic domain of 23
aa [15] [11].

The extracellular part of ICOSL contains two different immunoglobulin domains: the IgV
domain responsible for its binding with the receptor ICOS and the IgC domain that
maintains the structural integrity of the molecule [15]. The IgC portion of ICOSL is also
important for binding with another interacting molecule: OPN (osteopontin). This binding
appears to play an important role in tumor development [16].

The B7h2 molecule, differently from its receptor ICOS, is expressed by several cell

a) b)

T-cell

TCR ‘ n ICOS
() -
M

MHC © 1COS-L

|

APC

ICOS-L 29"
)

Fig. 2 a) Schematic representation of the binding between the ICOS receptor (T cells) and ICOS ligand (APC). b)
side view of the secondary structure cartoon of ICOS/ICOSL complex. Figure taken from [12]

types. In particular, it is constitutively expressed by B cells, macrophages, dendritic cells
(DCs), and monocytes (the expression is upregulated after activation). But it is also
expressed by epithelial cells, fibroblasts, vascular endothelial cells, and some tumor
cells [17, 18].

The widespread expression of ICOSL suggests that its role in the activation of T
lymphocytes occurs not only in the lymphoid organs but also in sites of inflammation far
from them [ 18].

New studies have demonstrated that the binding ICOS/ICOSL may trigger a
bidirectional signal that modulates the response of cells bearing ICOSL [19]. In
particular, Dianzani et al. [20, 21] have demonstrated that the triggering of the ICOSL
molecule by a soluble molecule ICOS-Fc (a recombinant molecule composed of the

extracellular part of ICOS fused with the Fc fragment of human IgG) inhibits

7
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adhesiveness and migration of HUVECs (human umbilical vein endothelial cells) and
several cancer cell lines, and improve cutaneous wound healing (increasing
angiogenesis and recruiting reparative macrophages [22]. Another effect of ICOSL
triggering by ICOS-Fc is hampering the development of experimental lung metastases
in B16 melanoma models. Moreover can cause the migration and adhesion of dendritic
cells (DC) but also modulate the release of cytokine and antigen cross-presentation in
MHC I [23].

1.2 ICOS/ ICOSL in tumor

The interaction between ICOS-ICOSL, as a pathway involved in the regulation of Sl,
plays a role in oncogenesis. Several studies have shown dual behavior in cancer
progression. The co-stimulatory signal mediated by the ICOS-ICOSL interaction
participates in an antitumor response of T lymphocytes but also shows pro-tumor
characteristics linked to the immunosuppressive activity of activated Treg (regulatory T
lymphocytes) [13]. Studies have seen that in metastatic melanoma, ICOS is expressed
by Tregs in tumor-infiltrating lymphocytes [24], while ICOSL is expressed by melanoma
cells [25]. The signaling pathway triggered by ICOSL on melanoma cells determines the
expansion of ICOS* Tregs, causing the tumor cells to escape immunity. A similar
situation exists in other solid tumors like renal clear cell carcinoma [26], gastric cancer
[27], and primary breast cancer [28], in which the presence of Tregs ICOS* correlates
with an immunosuppressive environment and poor prognosis.

On the other hand, in different hematologic malignancies, Treg ICOS* is associated with
a favorable prognosis [29].

Therefore, the therapeutic modulation of ICOS/ICOSL could be used to treat tumors.
Depending on cancer and the microenvironment, it is possible to use antagonist or
agonist mAbs. Antagonist antibodies could be used if cancer presents TILs ICOS*
Tregs. For example, MEDI-570 is an antagonistic mAb directed against ICOS, which
binds and eliminates ICOS-expressing cells in preclinical in vivo models [30].

In contrast, if ICOS is expressed on the surface of cytotoxic lymphocytes, a mAb
agonist could be used to enhance the immune response [13]. Preclinical models of
mouse melanoma and prostate cancer have demonstrated that ICOS agonists cannot

independently induce a potent immune response. However, a synergic treatment with
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mAb anti-CTLA-4 enhanced the function of antitumor T effector cells [31]. Two agonist
mADb are currently under investigation: GSK3359609 and JTX-20011 [13].

Finally, since the ICOS/ICOSL pathway presents a bidirectional signal that has pro-
inflammatory and anti-tumor abilities, it is necessary to investigate the use of mAbs
targeting ICOSL.

2 ICOS/ICOSL and Bone

2.1 Bone tissue: an overview

Recent findings [32] have demonstrated the involvement of the ICOS/ICOSL pathway in
the regulation of bone turnover.

Bone tissue is a rigid tissue that performs essential functions in our body. It involves
locomotion, protects soft tissue, supports, and covers the bone marrow. However, it is
also involved in biological processes; in fact, it allows the storage of calcium and
phosphate, allowing them to regulate their concentration in the bloodstream through
bone remodeling. Despite an apparently rigid and inert structure, bone is a highly
dynamic organ, continuously remodeled according to the stimuli and stress signals it
receives [33, 34]. Bone remodeling is not always constant throughout life. In childhood,
there is a high bone turnover that progressively decreases with aging, up to a net bone
loss in older subjects [34].

The bone extracellular matrix is composed of 60% of inorganic material (calcium
phosphate), 25% of organic material (collagen, proteoglycans, and osteocalcin), and
5% of water [35].

Inside the bone structure is possible to distinguish four different cell types clearly:
osteoblasts, osteocytes, lining cells, and osteoclasts (Fig 4) [34].

Osteoblasts represent 4-6% of the total bone cells and are specialized fibroblast-like
cells derived from MSCs (Fig. 4a) [36]. Osteoblasts are mainly responsible for the
formation of new bone and its mineralization. In detail, the synthesis of the bone matrix
involves a first phase in which the organic matrix is formed through the release of
collagen (mainly type 1), osteonectin, osteopontin, and proteoglycans by the osteoblasts
[37]. Finally, thanks to the formation of hydroxyapatite crystals (calcium phosphate), the
mineralization process of the bone will take place [38]. At this stage, the osteoblast can

go into apoptosis or become osteocytes or lining cells [37]
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Bone lining cells are quiescent flat-shaped osteoblasts located on the surface of bone

Lining cells
_ @ESEEEEREEEEN  Osteoclasts Osteoblasts
4 < ‘-' 1
- o,
g Pa o-:° P
Bone matrix T ' %
° e \ B _
o
O o/ s
Osteotytes

Fig.3 Schematic representation of bone tissue cells. The lining cells are found on the surface of the bone;
osteocytes are trapped within the bone matrix they have formed, osteoclasts are cells involved in the formation of
new bone; osteoclasts are cells responsible for bone resorption

whose function is not entirely understood. However, studies have shown a protective
behavior, hampering the interaction between the bone matrix and the osteoclasts when
bone resorption should not occur [37]. Furthermore, findings show their involvement in
osteoclast differentiation through the production of osteoprotegerin (OPG) and RANKL
(receptor activator of nuclear factor kappa-B ligand) [39].

Osteocytes are the most abundant cells in the bone tissue (90-95%), with a lifespan of
up to 25 years. The osteocytes are osteoblasts incorporated into the bone matrix after
the mineralization process [40]. Osteocytes are the orchestrators of bone remodeling;
by acting as mechanosensory, they can respond to mechanical pressure and forces,
regulating the activity of osteoblasts and osteoclasts [41].

Finally, osteoclasts are end-differentiated multinucleated cells involved in bone
resorption. They derive from the hematopoietic stem cell, and osteoclast differentiation
is a complex process involving several factors. The first factor that comes into play is
the M-CSF (macrophage colony-stimulating factor), secreted by the osteoprogenitor
mesenchymal cells and the osteoblasts (Fig. 4b). Once M-CSF binds, its receptor
(cFMS) on the osteoclast stimulates their proliferation and inhibits apoptosis [42, 43].
RANKL is another crucial factor; it is expressed by osteoblasts, osteocytes, and stromal
cells, and when it binds to its receptor on the osteoclast induces the osteoclastogenesis
process [44].

Moreover, the interaction between RANK/RANKL promotes the expression of other

factors, such as NFATc1 and DC-STAMP. The first is crucial for expressing essential

10
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Fig.4 Schematic representation of the maturation process of osteoblasts and osteoclasts: a) Osteoblasts
develop from the mesenchymal stem cell through intermediate maturation stages. Once they have produced the
bone matrix, the osteoblasts either go into apoptosis or become osteocytes or lining cells; b)osteoclasts derive
from the hematopoietic stem cell. The osteoclastogenesis process involves several stages highly regulated by
factors such as M-CFS, RANKL (pro maturation) and Osteoprotegerin (inhibitor of maturation). This leads to the
activation of transcription factors (Nfk-B, Stamp, NFATc1) which will allow the formation of multinucleated cells
with active bone resorption capacity. Figure created with BioRender.com

enzymes involved in bone resorption (TRAP and Cathepsin K). Instead, DC-STAMP is
necessary to form multinucleated cells, allowing osteoclast precursor fusion [45]. On the
other hand, the osteoclastogenesis process must be inhibited to avoid excessive bone
resorption, which would cause a weakening of the bone structure. To do this,
osteoclasts and stromal cells produce a factor called osteoprotegerin, which binds

RANKL preventing it from binding to its receptor and inducing osteoclastogenesis [46].

2.2 Osteoporosis

As mentioned above, the bone remodeling mechanism is a complex process based on
the balance between the formation of new bone (osteoblasts) and bone resorption
(osteoclasts). Therefore, when this balance is impaired, bone pathologies can occur. In
particular, Osteoporosis is a “progressive systemic skeletal disease characterized by
low bone mass and microarchitectural deterioration of bone tissue, with a consequent

increase in bone fragility and susceptibility to fracture” [47] due to excessive bone

11
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resorption [48]. It has been estimated that about 200 million men and women worldwide
have osteoporosis: one in three women and one in five men over 50 years old will
experience osteoporotic fractures. Notably, more than 8.9 million fractures occur yearly,
one every three seconds [48]. Given the progressive increase in life expectancy, more
and more people will be affected by this disease, thus increasing the economic burden
and weighing on the health system of many countries; in fact, it has been estimated that
the direct cost of treating osteoporotic fractures is between 5000-6500 billion USD in
Canada USA and Europe [49]. For these reasons, it is crucial to understand the

molecular mechanism better to use the proper approach to cure this pathology.

2.3 Osteoporosis: treatments

To date, several therapeutic approaches against osteoporosis have been used,
targeting essential factors involved in bone remodeling at different levels.

The first compound widely used since the 1990s is Bisphosphonates (BPS); thanks to
its core structure of P-C-P bounds, it is able to bind the hydroxyapatite, which is taken
up by di osteoclasts during the bone resorption process. This molecule inhibits
osteoclast activity by inducing apoptosis [48]. However, BPs can be described for less
than five years because of their side effects: gastrointestinal and renal complications
[50, 51], atypical femoral fractures, and risk of osteomalacia [52].

Another effective molecule is strontium ranelate. It has a double effect by preventing
bone resorption (interfering with osteoclast differentiation) and promoting bone
formation (stimulating osteoblast differentiation). But it can only be used in severe
cases of osteoporosis or where other treatments have failed, as its use increases the
risk of heart problems [53].

The monoclonal antibody Denosumab is also used for the treatment of osteoporosis. Its
mechanism foresees the inhibition of the osteoclasts by binding RANKL, thus,
preventing its binding with the RANK receptor on the surface of the osteoclasts [54].
Since RANKL is also expressed by dendritic cells and activated T lymphocytes, using
an antagonist monoclonal antibody could affect the IS [55].

A different approach is used with the SERMs (Selective Estrogen Receptor
Modulators). A previous study has shown how estrogen regulates the survival of mature
osteoclasts [56] by interacting with the RANK/RANKL/OPG system, causing decreased

bone resorption [57]. Among the best-known SERMs, there is Raloxifene, which binds

12
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to estrogen receptors and produces estrogen-like effects on bone, causing the
reduction of bone loss in postmenopausal women [58].
However, these drugs are not recommended as a first-line treatment for osteoporosis in

postmenopausal women, as they present a risk of thromboembolism and stroke [48].

2.4 ICOS-Fc: The innovative treatment

Bone remodeling is quite a complex process, managed by osteoclasts and osteoblasts
but also by the immune system through a regulation mediated by cytokines and surface
receptors. As previously mentioned, the ICOS/ICOSL pathway is involved in bone
remodeling [32]. Furthermore, the binding of ICOS to ICOSL triggers a signaling
pathway not only in ICOS-expressing cells but also in ICOSL-expressing cells [19]. To
fully understand the involvement of the ICOS/ICOSL pathway in bone remodeling, a

new recombinant molecule was created; it is formed by the extracellular part of ICOS

a)

b)

W cosFe

[J1cos-msFe
[JF"sIcos-Fe 140

TRAP* multinuclear cells (%)

Fig.5 a) Microphotographs of MDOCs stained with TRAP. The cells were treated with F119S ICOS-Fc (mutated
and non-functional form), with recombinant molecule ICOS-Fc and ICOS-mFc (ICOS molecule fused with a
mouse Fc). It is possible to observe a reduction in the number of osteoclasts (giant cells) and in the quantity of
TRAP enzyme inside them (black colouration) in cells treated with ICOS-Fc and ICOS-mFc. b) Bar graphs show
the percentage of the multinuclear TRAP+ cells. ¢) Histogram representing the gene expression level of NFATc1,
OSCAR and DC-STAMP. ICOS-Fc and ICOS-mFc treatments reduce the expression of genes important in
osteoclast development and maturation. Figure taken from [32]

fused with the Fc fragment of IgG [18]. It has been seen that the triggering of ICOSL on
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MDOCs (human monocytes-derived osteoclast-like cells) using ICOS-Fc can impair
their maturation and differentiation (Fig.5 a) [32]. In agreement with these results, it was
observed that ICOS-Fc-treated cells exhibited a decreased expression level of TRAP,
DC-STAMP, OSCAR, and NFATc1, as well as inhibited osteolytic activity in vitro (Fig.5
b,c). All these findings align with the in vivo results, in which the treatment whit ICOS-Fc
strikingly inhibits bone resorption in mice models of osteoporosis [32]. Other studies
currently aim to combine the inhibition of ICOS-Fc osteoclast activity and differentiation
with the ability of strontium to promote osteoblast replication and stimulate the formation
of new bone [59]. In particular, treatment of cells with Sr-containing MBGs(mesoporous
bioactive glasses) functionalized with ICOS-Fc shows similar behavior to ICOS-Fc
treatment. This treatment has shown an inhibitory effect on osteoclast differentiation,
proved by a decreased expression level of osteoclast differentiation genes (DC-STAMP,
NFATc1, and OSCAR) [59].

3 Antibody: Structure and Function

3.1 Antibody : an overview

As mentioned before, the plasma cells can produce the antibodies continuously.
Antibodies, also known as Immunoglobulins (lgs), are molecules able to recognize a
specific portion of exogenous entity (photogenic, toxins, etc.) [ 10, 60].

Immunoglobulins belong to the Immunoglobulin superfamily and share structural
elements [60, 61]. Each immunoglobulin is composed of 2 heavy (H) and two light (L)
chains connected by disulfide bonds (Fig. 5) [60, 61].

The light chain is composed of one variable domain (VL) and one constant domain (C.),
whereas the heavy chain presents one variable domain (VH) and three-four constant
domains (CH1-Cn2-CH3; Ch4 only for IgM and IgE). Each V and C domain has about
110-130 amino acids (25 kDa), which gives the immunoglobulin a total molecular weight
of about 150 kDa [ 3, 60, 61].

In the antibody, we can find two types of light chains: k and A. These chains are present
in a 2:1 ratio, and there would appear to be no functional difference between them [3,
61, 62].

Differently, an antibody's class and the effector function are defined by the constant

region of the heavy chain. It is possible to distinguish five main classes of heavy chain:
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IgM, IgD, 1gG, IgA, and IgE. Moreover, are present also subclasses for IgG (IgG1-1gG2-
lgG3-1gG4) and IgA (IgA1-IgA2) [3, 61].

Since the modular nature of the Igs, the study of the structure and function of the
antibody was possible thanks to the use of proteases that cut the antibody into well-
defined portions.

Papain, for instance, cuts the molecule at the amino-terminal level of the disulfide
bonds, releasing two identical fragments called Fab (fragment antigen binding) and a

fragment called Fc (fragment crystallizable) (Fig.6 b) [2, 8].
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Fig.6 Basic structure of antibody: a) The immunoglobulins are composed of two heavy chains (blu) and two
light chains (green). The variable region of the light (VL) and heavy chain (Vu) form the Fv (fragment variable)
involved in the antigen’s binding. b) Papain separates the immunoglobulin in 2 identical Fab and one Fc, instead,
pepsin digestion leads to the formation of one F(ab’)2 and one Fc fragment. Figure created with BioRender.com

The Fab fragment contains a complete light chain (V.-CL) bonds to Vi and Cn1 of the
heavy chain; this is responsible for binding with the antigen. The Fc region (CH2-CH3)
is the molecule's effector part, and functional differences depend on the various Ig
subclasses.

On the other side, pepsin cuts at the carboxy-terminal level of the disulfide bonds. This
leads to the release of fragment F(ab’). and fragmented Fc fragment (Fig.6 b) [3, 61,
62]. The variable regions (V.-Vh) of the Fab fragment are called Fv (fragment variable)

and are the portion of the antibody in charge of binding the antigen [3, 61, 63].
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The variable regions of an antibody are unique compared to those of the other
antibodies. This is due to the presence in the sequence of highly variable regions called
hypervariable regions (or Complementarity Determining Regions: CDR) [2, 10].

There are three hypervariable regions for each variable region: H1-H2-H3 for V4 and
L1-L2-L3 for V., and the most variable region in composition (with 1023 diverse
sequences) and length ( 6-24 amino acids) is CDRH3 [64, 65].

Among the CDRs, some regions present lower variability, the framework regions (FR)
that have a structural function allowing the correct folding of the CDRs.

Interestingly, the folding of the VL and Vu brings the CDRs together, allowing them to

form the antigen-binding site, also known as the paratope [2, 8, 10].

3.2 Antibody Fragments

It is possible to exploit the antibody molecule's modular nature through biochemical or
genetic means to create optimized therapies with specific characteristics for targeted
biological applications [66, 67].

Thanks to this, it was possible to develop smaller antibody fragments that combine

correct folding with the binding specificity of a full-size-Ig [68].

19G, scFv, VHH
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VHH VHH
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Fab Single chain Fv fragment  Human 1gG Immunoglobulin
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Fig. 7 Schematic representation of antibody fragments. FAb fragments are heterodimers composed of Vy-Cy1
and V.-C. bonded through a disulfide bond. scFv is composed of Vy-Vi and is the smallest part of an antibody that
has binding capacity. VHH has the same function as conventional Fab but is derived from the heavy chain of
Camelidae antibodies. From Hybribody. com

The principal antibody fragments are the Fab and the scFv. The Fab (~50kDa) is a

heterodimeric protein composed of Vu-Cr1 and V.-C. linked tighter through a disulfide
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bond (Fig.6). The scFv (~ 25 kDa) is the smallest part of an antibody that retains the
binding capacity. It is composed of the variable region of the heavy and light chain (Vk-
VL) joined by a flexible polypeptide of approximately 15 amino acids which helps the
molecule to fold; usually, the sequence of the linker is (Gly4Ser)3 (Fig.7) [66, 67, 69].
Furthermore, it is possible to create multivalent scFv molecules reducing the linker’s
length (between 0 to 5 amino acids) and favoring the aggregation; in this way, it is
possible to obtain diabodies (2 scFv, ~50kDa), triabodies (3 scFv, ~ 75kDa) and
tetrabodies (4 scfv, ~ 110kDa) [66, 67].

Another type of antibody fragment that has caught the attention for the characteristics it
possesses is VHH (or nanobodies) which derives from the heavy-chain antibodies
(HCADbs) found in sera of Camelidae (Fig. 7).

In particular, the VHH has the same function as conventional antibodies' Fab fragment
[70, 71]. The altered physiochemical features of these molecules give them several
possible uses. For instance, their smaller size allows them to penetrate otherwise
inaccessible tissues; this could be important in diagnosis and therapy. Besides, they
can interact with cryptic epitopes as enzyme active sites not reachable by the full-length
antibody.[66, 67, 71, 72].0n the other hand, lacking the Fc domain leads to increased
degradation and, consequently, to a decreased circulating half-life. The antibody
fragment lacking the Fc portion cannot perform an effector function, so the therapeutic
effect can be effective only by binding either ligand or receptor [11, 12]. Their smaller
size allows them to be expressed to a high level in prokaryotic organisms (Escherichia
coli), and this made the antibody fragments worthwhile for the creation of an antibodies

library for the in Vitro Display Technology [69, 73, 74]

4 Monoclonal antibodies generation

4.1 Antibodies in Therapy

Their ability to bind a specific target with high affinity and specificity makes monoclonal
antibodies an excellent tool for therapeutic and diagnostic applications.

In particular, the number of therapeutic mAbs has dramatically increased since the first
approval, by the FDA, of the therapeutic monoclonal antibody (Muromonab-CD3, trade
name Orthoclone OKT3) [75] in 1985. In fact, they have become the fastest-growing
drug class in history [76].
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Over the years, monoclonals have proven to be really effective in the treatment of
pathologies like cancer and inflammatory disorders [77] [78]. Their essential therapeutic
efficacy has now made them the most purchased drugs in the world (most of the top 10
drugs for global sales are antibody therapies) [79], thus, making monoclonals
antibodies the main income factor of the pharmaceutical market [80].

In 2018, the market was estimated at around US $ 115 billion, with growth estimated at
around US $ 300 billion in 2025 [81]. To date, around 80 mAbs have been approved in
the US and EU, and 79 more are in late-stage clinical trials [82].

Given their versatility, various technologies have been developed over time to find
mAbs with suitable affinity, specificity, and functionality characteristics. Among them,
there are the Hybridoma Technology and the in vitro display system (phage, yeast,

ribosome) [81]. These techniques will be discussed in the following chapters.

4.2 Hybridoma technology

The Hybridoma technique was a milestone for producing monoclonal antibodies
(mAbs). Invented by Georges Kohler and Cesar Milstein in 1975, this technique allows
the isolation and production of mAbs by creating a particular cell, the so-called
Hybridoma (Fig.7) [83]. Even today, the hybridoma technique is widely used to produce
monoclonal antibodies; today, more than 90% of the antibodies approved by the FDA
are produced with this method [84, 85].

Myeloma
Cells

Antigen
a®

. Hybridoma cell
/&y L ,

— 4+ —

B lymphocytes l

A Monoclonal
Antibody

Fig.8 The hybridoma technique involves animal immunization with an antigen of interest by stimulating the host's
immune response. Subsequently, the B lymphocytes extracted from the animal's spleen are fused with immortal
myeloma cells to form the hybridoma. Each hybridoma cell will be able to produce a specific monoclonal antibody
against the antigen of interest. Figure created with biorender.com
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Hybridoma cell is formed by fusing B lymphocytes with immortal myeloma cells [84].
Each hybridoma cell can create one specific antibody (Fig.8). To obtain B lymphocytes
that produce antibodies with high specificity and affinity, the technique exploits the
immune system of the host animals.

B lymphocytes are isolated from the spleen after immunization with a specific antigen of
a host animal (mouse, rabbit, and chicken are the most used) which provokes the
immune response and triggers the maturation process of B lymphocytes [ 85].

Despite the widespread use of this methodology, the technique has several drawbacks.
First, it is a quite demanding and time-consuming technique whose effectiveness in
generating an appropriate humoral response depends on the proper activation of the
immune system. This leads to the impossibility of this technique in providing antibodies
against self-antigens or toxic antigens [86, 87].

Furthermore, due to the instability of the hybridoma cells, there could be a risk of losing
the clone with the selected immunoglobulin, resulting in reproducibility problems [88].
However, antibodies produced through hybridoma technology show a different Fc than
humans. Therefore, if the antibody is used in human therapy, it can induce an immune
reaction against it and render the treatment ineffective [89].

This problem was overcome thanks to genetic engineering by creating two different
molecules; the first is a "chimeric" antibody in which the Fc domain is replaced with a
constant human domain, and the second is a "humanized" antibody in which only the
antigen / CDR binding site is not human [90] [91].

Furthermore, it is possible to use transgenic animals, often mice and rats, that bear the
human immunoglobulin loci while their loci are knocked out. Consequently, the
immunoglobulin produced will be human after immunization [89].

However, recombinant DNA technologies provide another way to overtake the
hybridoma problems. This has led to the development of an in vitro display method for

producing mAbs.

5 In vitro antibody display technologies

In vitro antibody display technologies enable the isolation of specific antibodies with

different applications: mainly therapeutic and diagnostic.
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The critical factor is that the phenotype is coupled to the genotype, allowing the
antibody sequence to be easily and quickly traced [80]. The three main display methods
widely used to isolate mAbs are ribosome, phage, and yeast display.[73].

The ribosome display is a method in which the antibody is produced in vitro, exploiting
the prokaryotic or eukaryotic cell-free expression systems [92]. In the ribosome display,
it is necessary to respect certain conditions that make the environment suitable for
producing antibodies. In detail, the reaction environment must have a high
concentration of magnesium ions, low temperature, and plasmid without a stop codon.
The presence of these elements allows the ribosome to slow down at the end of mMRNA
while the emerging antibody is folded and displayed [73].

A good advantage of this technique is the possibility to rapidly generate an extensive
library because the transformation of a vast amount of plasmids into a host is no longer
required [92]. The ribosome display is a challenging technique due to several
drawbacks that limit its effectiveness. Some problems are associated with the mRNA,
which is easily degraded by RNAse, with the possible premature cessation of antibody
generation, or dissociating of the synthesized peptide from the ribosome during
translation [73, 92].

The phage and yeast display will be discussed in the following chapters.

5.1 Phage Display Technology

The phage display is a tool for isolating mAbs [74] based on the work of George Smith
in 1985 [93]. Over the years, this technique has become one of the most potent and
effective for isolating antibodies [94, 95]. The phage display technique has allowed,
over time, the isolation of several mAbs to treat cancer, inflammatory, immunological,
and infectious diseases [96]. Some examples are Adalimumab (Humira®: treatment of
rheumatoid arthritis), Atezolizumab (Tecentriq™:treatment of urothelial carcinoma (UC)
and metastatic lung cancer), Belimumab (Benlysta®: treatment systemic Ilupus
erythematosus) and Avelumab (Bavencio®: treatment of metastatic Merkel cell
carcinoma in adults and pediatric patients) [96].

This method is based on the link between phenotype and genotype, which guarantees

the permanent availability of the antibody selected over time[97].
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Phage display relies on the expression, on the surface of the bacteriophage M13, of an
antibody library [98]containing several million variants used for the selection of

antibodies with the desired characteristics of affinity and specificity[69].

5.2 Filamentous Bacteriophage M13

The filamentous bacteriophage M13 belongs to a group called Ff phages [99] that only
infect Escherichia coli strains that express the F pilus (Fig.9 [87]) [100]) [98].

® G7P/G9P

() GP8
M13 ® GP6
bacteriophage O GP3

g Genome

Fig.9 Schematic representation of filamentous bacteriophage M13. Phage DNA is covered by 5 coat proteins:
G3P, G6P, G7P and G9P Figure adapted from [87].

The life cycle of M13 is neither temperate nor lytic but establishes a persistent infection
by continuously producing new phage particles. The M13 phage has a width of 6,5nm
and a length of 900nm[98].

Single-stranded phage DNA (ssDNA) has a length of 6407 bp [101]which encodes 11
different proteins: 5 are coat proteins, and 6 are proteins involved in the replication
process and assembly of the phage particles [98]. The five coat proteins are G3P, G6P,
G7P, G8P, and G9P. The envelope is mainly composed of G8P with approximately 2700
protein units; instead, the other proteins are each present in about five copies [98, 102].
The replicative cycle of the M13 begins with the adsorption process, in which the N2
domain of the G3P protein binds the F pilus on the surface of ‘male’ E. coli [103]. After
interacting with the pilus, the DNA is introduced into the bacterial cell thanks to the N1
domain of the G3P that binds the TolA protein, which, together with the other TolR and
TolQ proteins, depolymerizes the phage coat (Fig. 10 [104]) [ 103]. Once the ssDNA is
inside the bacterium, it is converted, by the host DNA replication machinery, into the

double-stranded plasmid termed the replicative form (RF) [98]. The ssDNA plasmid
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Fig.10 Filamentous phage infection, phage particles assembly and release from the host cell. Figure taken from
[109]

serves as a template for the production of the protein coat (G3P and G8P). Finally, the
new phage particles are assembled by packaging the ssDNA inside the coat protein

and released through the bacterial membrane [69].

5.3 Display strategy

Previous works have shown how the phage library could be generated as a fusion with
all five protein coatings (G3P, G6P, G7P, G8P, G9P), but most antibodies and peptides
are displayed fused with G3P and G8P [94, 105, 106]. Nevertheless, most phage
libraries are expressed as a fusion with protein G3P because the functionality of G8P
protein is maintained only with small no-cysteine peptides of 5-6 amino acids [107].
Moreover, the protein G8P is present in about 2700 copies, which can have an avidity

effect at the expense of affinity [108].

5.4 Phage and Phagemid library

For the construction of the antibodies library, two different strategies are used. The first
one foresees that the genes of the antibody library are cloned directly inside the phage

genome, while in the second case, the phagemid vector is used.
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In the first method, the phage genome carries all the genes fundamental for infection,
replication, assembly, budding, and the G3P-scFv fusion gene. This leads to a
multivalent display of antibody-G3P proteins [98].

The phagemid vector, instead, is based on a plasmid in which three key elements must
be present: 1) antibiotic marker (for selection and propagation), 2) G3P-antibody gene,
and 3) origin of replication for phage and its host (E.coli) (Fig. 11) [109] [98].

However, the phagemid lacks the gene required for replication and generation of
functional phage particles; to do this, it is necessary to use a helper phage (M13KO7 or
VCSM13) which bears all the structural proteins and a defective origin of replication
[94].

E. Coli ORI

Phage ORI \

M13
bacteriophage
displayinga
scFv expressed
as fusion with
plll

scFv coding
sequence

phagemid —

] + helper phage

8

Antibiotic
resistence

plll /

Figure legend:

® pVipIX O pvil e pVi . plll g phagemid ”scFv

Fig.11 Schematic picture of a phagemid: the bacterial and viral replication origins are represented in blue and
black, respectively. The scFv coding sequence is in red and is fused with the coat protein G3P coding sequence
(orange). The antibiotic resistance is in green. In the middle, the M13 bacteriophage bearing a phagemid. On the
right, the M13 displaying a scFv as a fusion product with the minor viral coat protein plll. Image adapted from [87]
and partially created with BioRender.com.

The helper phage infects E.coli that hosts the phagemid and, at the formation of the
phage particle, the wild-type G3P (carried by the helper phage) competes with G3P-
scFv (held by the phagemid) [94].

As a result, the phage particles will have wild-type G3P and G3P-scFv. The ratio
between them may be 1 to 9 and 1 to 1000 depending on the phagemid, polypeptide
type, growth condition, and proteolytic cleavage [110].

Although libraries built with phage vectors have shown greater diversity of antibody

ligands, phagemid is more widely used [111]. This may be because phagemids are
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more stable than phages’ genomes, and it is possible (thanks to the higher efficiency of
transformation in E.coli) to create large libraries more efficiently [112]. In general, the

larger the library, the higher the possibility of selecting antibodies with high affinity [97].

5.5 Phage display selection

The phage display selection, or panning, is a high throughput method that allows the
isolation of antibodies against a specific antigen. This process comprises different steps
in which unspecific antibodies are eliminated, and only the specific ones can be
selected [73]. In detail, the process foresees the phage library incubation with the
antigen of interest (antigen presentation), washes for the elimination of unspecific
unbound phages, and the final amplification of the selected clones through E.coli
infection [98].

Theoretically, only one selection cycle is necessary, but due to the clones’ unspecific
binding, 2-4 rounds of selection are required (Fig. 12) [69].

The presentation of the antigen is a crucial step because the characteristics of the
selected antibodies depend on it. The simplest way is to passively absorb the antigen
with an activated surface into the tube. However, adsorption presents several hurdles.
Small organic molecules or short peptides are not efficiently adsorbed to the surface
and, therefore, must be conjugated with transport proteins like KLH (Keyhole Limpet
Hemocyanin) or BSA (Bovine serum albumin). Above all, passive adsorption is
accompanied by a diverse degree of antigens’ structural change and a reduction of the
antigen-exposed area [98]. This can lead to isolating antibodies that recognize linear
epitopes and may not bind the antigen in its proper conformation [113, 114]. It is
possible to overcome this problem by using a steptavidin-biotin capture system. In this
case, the streptavidin coated on the tube binds the biotinylated antigen; thus, the
antigen will be lifted from the surface. This allows the antigen to maintain its native
conformation and have more surfaces available for interaction with the antibody [98,
115].

The principal disadvantage of this system is the over-biotinylation; indeed, it can alter
the physic-chemical proprieties of the antigen causing side effects such as antigen
aggregation or decreasing the available surface, hampering the binding. A further

downside to this system is the possibility of nonspecific bonds between phages and
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Fig.12 Schematic representation of the selection process. During biopanning the generated phage library is
put in contact with the antigen of interest. Washes will be useful in eliminating non-specific clones or those that
bind weakly to the target. Positive clones will be eluted and amplified for a new selection cycle. Adapted from
“Phage Display Panning”, by Biorender.com

biotin; thus, a negative selection must be added to the antibody selection process to
avoid the problem [98].

Another method that allows for the maintenance of the native conformation of the
antigen during the selection process is the selection in solution. This technique involves
the use of paramagnetic beads functionalized with streptavidin. As explained above, the
biotinylated antigen will be bound by the antibody fragments, and through a magnet, it
will be possible to isolate the positive clones from the negative ones. Again, a negative
selection step must be included in the selection process to eliminate the clones that
bind the beads or biotin [69].

6 Yeast Display

Despite some studies showing that yeast display was used in the past only in the
affinity maturation process of pre-existing antibodies, recent studies have demonstrated

the validity of this technology in isolating antibody fragments.
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As with the other two display technique, the primary advantage is the direct linkage
between the genotype and phenotype [73].

The antibody libraries are expressed on the surface of the Saccharomyces cerevisiae
yeast strain, and the antibodies of interest are selected through FACS and MACS
techniques [106] [116].

6.1 Saccharomyces cerevisiae

Saccharomyces cerevisiae (S.cerevisiae) (Fig.13a,[117]) is a model organism belonging
to the kingdom of Fungi. Its genome was the first wholly sequenced eukaryotic genome
[118, 119]. It is composed of 12068 kilobases (kb) organized in 16 chromosomes that
contain approximately 5570 protein-encoding genes [118, 120]. The density within the
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Fig.13 a) SEM of yeast Saccharomyces cerevisiae [117]; b) Schematic life cycle diagram of budding yeast.
Haploid yeast cells can be: MATa (a cell) or MATa (acell). These cells can undergo mitotic cell division through
budding, producing daughter cells. In favorable condition, and in precence of partners of opposite mating type, a
dipoid cell can be formed (MATa/MATa (a/acell). Diploid cells also divide mitotically by budding to produce
genetically identical daughter cells. Under nutrient-poor conditions, diploids are induced to undergo meiosis,
forming four haploid spores, which can germinate into two MATa cells and two MATa cells. Figure taken from
[119]

genome of protein-coding genes is relatively high (one gene every ~2kb) compared to
that of man (~50-fold higher). This can be due to the low number of genes that contain
introns which are ~ 4% [119].

It is a unicellular organism of ~ 5 um with a replication time of approximately 90 minutes
under optimized laboratory conditions. Moreover, it presents a 200nm thick cell wall

composed of mannoproteins and B-linked glucans [121].
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S. Cerevisiae is also called “budding yeast” because of its replication methods; indeed,
during replication, small daughter cells bud from the mother cell [119].

The budding Yeast is a microorganism capable of living well both in a haploid and
diploid state and passes from one to the other only if precise environmental conditions
occur. It is possible to recognize two different mating types: haploid a and haploid a.
During a nutrient-poor phase, the cell undergoes a sporulation process, in which the
cell, through meiosis, forms four haploid spores, with two cells belonging to each mating
type [119]. The mating type is determined by two different alleles (MAT a and a: mating-
type locus) found in the middle of the right arm of chromosome Il (Fig.13 b) [122].
However, in favorable conditions, in the presence of partners with the opposite mating
type, the cells undergo conjugation. This event involves cell fusion and the formation of
the diploid zygote (Fig. 12b, [119]) [123]. To do this, cells of the opposite mating type
adhere through proteins called agglutinins on the yeast cell wall [124].

The agglutinin consists of two subunits, Aga1 (73kDa) and Aga2 (9kDa). In particular,
Aga1l is secreted by the cell and covalently binds to B-glucan in the yeast cell wall
extracellular matrix. In contrast, Aga2 binds to Aga1 via two disulfide bonds and, after
the secretion, remains attached to the cell via Aga1 [125]. Every yeast cell can display
104 to 105 agglutinins [119, 126].

6.2 Antibody Fragment Display

The yeast display technique is based on expressing a pool of antibody fragments,
whose sequences are cloned into specific plasmid vectors fused to the C-terminus of
the AgaZ2 protein [127].

The yeast strain used for the yeast display contains the Aga1 gene stably integrated
into the chromosome, and the expression of Agal and Aga2 is controlled by the
galactose-inducible GAL1 promoter (Fig. 14).

When galactose is present, the antibody fragment is expressed on the surface of yeast
cells fused to the Aga2 subunit. The inducible promoter GAL1 plays a crucial role in the
quality of antibody display. It allows the expression of antibody fragments to be
activated only after the growth phase, thus eliminating the possibility that potential
antibodies toxic to the cell can be selected negatively [116]. One of the main
advantages of this technique relies on the quality antibody displayed. The reason is due

to the post-translation modification. For example, yeast has a similar glycosylation
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Fig.14 Schematic representation of the scFv expression system. it is regulated by the inducible promoter
GAL1, which in the presence of galactose allows the expression of the scFv fused with the AgaZ2 protein. Note the
presence of two tags (HA tag) and SV5

pattern to the mammalian system that improves antibody solubility. Moreover, the
presence of molecular chaperon protein within the yeast endoplasmatic reticulum
allows the elimination of clones with unstable sequences but also the expression of
clones to complex for procaryotic system (E.coli in phage display) [126]

The main bottleneck of yeast surface display is the smaller library size (from 107 to 109)
than phage ( from 10¢to 10'") and ribosome ( from 10" to 1013) display [116].

Another disadvantage can be given by the presence of thousands of copies of the
antibody fraction on the surface of the yeast. Indeed, it may be possible to isolate
clones based on avidity rather than affinity during the selection process. This
mechanism is emphasized during the selection of oligomeric antigens in which

multivalent binding can occur [126].

6.3 Selection process: FACS

The most significant advantage of the yeast display technology is the possibility of
controlling in real time the progress of the selection through the use of FACS
(fluorescent-activated cell sorting) [125].

This is not possible with the phage display technique, where the quality of the selection
process is not clear until the screening of individual clones [128].

The cell sorter is an instrument (flow cytometer) capable of measuring each cell's
optical and fluorescent characteristics. Parameters such as fluorescence size and
granularity are chosen to differentiate and sort the cells of interest [129].

To select positive clones (which can bind antigen), yeast cells are incubated with
antigen, and binding is detected through 2 fluorescent markers [116]. First, it is

necessary to recognize the yeast cell that shows the antibody fragments on the surface
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Fig. 15 a) schematic representation of scFv expression on the yeast surface. Two fluorescent markers are used to
assess scFv expression level and antigen binding. Figure adapted from [106]; b) Schematic representation of a
flow cytometric dot plot representing a yeast population incubated with antigen .By cytometry it is possible to
identify double positive clones (4 quadrant) and set a gate to sort the clones of our interest. Figure taken from
[128].

from the ones that don't. This is possible thanks to a conjugated mAb (usually labeled
with PE: phycoerythrin) that identifies a tag at the end of the VL of the antibody
fragment. The second marker (usually Streptavidin-Alexa Fluor 488) recognizes the
biotinylated antigen (Fig. 15 a) [128]. With this construct, it is possible to sort only the
cells of interest that exhibit both fluorescences (Fig. 15b).

Different rounds of selection are necessary to select antibodies with determined
parameters. Typically, in the first selection round, the gate is opened on the 5% double
positive population to preserve the diversity of the antibody fragments. However, in the
following rounds (usually 2-3), the gate is narrowed up to 0.1% to 1% of double positive
cells, trying to take the most affinity clones (Fig.15 b [128]) [116]. Finally, from the
enriched population, the single clones are characterized one by one in terms of affinity

and functionality via flow cytometry without subcloning [80].

7 Antibody display libraries

The crucial point for the display technology is the creation of high-quality antibody

fragment libraries. For this reason, there are different strategies for library generation. In

29



Introduction

particular, it is possible to distinguish four kinds of libraries: Immune Library, Naive
Library, and Synthetic / Semi-synthetic Library.

Independently from the V gene sources, the library's construction is the same. The B-
cells are isolated, and the V(D)J rearranged domains are amplified through PCR using

oligonucleotides covering the diversity of antibody sequence [130].

7.1 Immune Library

The immune library is usually generated from V genes (variable genes) of IgG (another
isotype library with IgA and IgE [73]) mRNA from B cells from immunized animals [69]
like mice, chickens, rabbits, bovine, non-human primates, sheep, and camel (Fig.16)
[74]. However, it can also derive from patients previously exposed to a specific disease
or infection [73].

The main characteristics of this kind of library are the enriched antigen-specific
antibodies population and high-affinity antibodies since the antibodies have undergone
affinity maturation [69, 73]. Indeed, the selected high-affinity antibodies may be directly
used in diagnostic and humanized applications (therapeutics)[74].

The Immune library, however, has several setbacks; the need for immunization renders
this library animal-dependent and time-consuming. Moreover, a new library must be
generated for each new antigen. Besides, since the immune library relies on the
immune system's natural response, there are difficulties in isolating self or toxin
antigens [69, 74].

7.2 Naive Library: “single pot library.”

The Naive Library or single pot library is generated starting from rearranged V-gene
from B-cell of non-humanized donors [102], generally isolated from bone marrow, tonsil
peripheral blood lymphocytes, and spleen (Fig.16) [73, 131]. In particular, IgM mRNA is
usually used, even if IgD has been used [132].

The naive library has a bigger size (107-1010 clones) than the immune library because
the B-cell genes have not undergone the affinity maturation process [74].

As mentioned before [133], the library’s size can have a considerable impact on the

affinity of selected antibodies; studies have shown how it is possible to isolate
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micromolar to nanomolar from a library of 107-108 size and sub-nano molar to picomolar
from large libraries of 1010-1011[74].
The crucial point of this library, different from the immune library, is that it can be used

to select antibodies versus all the antigens: self, non-immunogenic and toxic.[69]

7.3 Synthetic and Semi-synthetic libraries

As the previous chapter (1.2) mentioned, the binding specificity is mainly due to the light
and heavy chain CDR regions. Since they play a crucial role in antigen-binding site
formation, the synthetic and semi-synthetic libraries are generated through the
randomization of the CDR regions (Fig. 16) (especially CDRH3, which presents the
highest diversity) [11-12].

CDR regions are randomized in synthetic phage libraries and inserted/grafted into fully
synthetic framework sequences. Instead, semisynthetic phage libraries are based on a
limited number of randomizations, typically in heavy chain CDR3. They are generated
from non-rearranged pre-B cell V genes or using an antibody framework. A CDRH3 is
randomly mutated using oligonucleotide-directed mutagenesis or PCR-based methods,

or all six CDR are mutated and cloned into one defined antibody framework [74].
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Fig.16 Library creation: Depending on the type of library, the coding sequences of the V genes can be recovered
from B lymphocytes or they can be designed de novo. Finally, the V genes are randomly assembled and cloned
into plasmids for the creation of libraries. Figure partially created with BioRender.com.
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Due to their nature, these libraries have the advantage of being independent of a
natural immune response repertoire. They also work as a naive library that allows the
selection of antibodies against several antigen types.

However, the construction of these libraries has a high cost, which makes them

inaccessible to most researchers [73].

7.4 Clones optimization

In vivo, high-affinity antibodies are generated by somatic hypermutation. It consists of
the insertion of mutations in the variable regions of the antibody. The in vitro display
technologies, in combination with mutagenesis, can be used to improve the affinity of
the clones directly selected from the library. Among the techniques used, there are
random mutagenesis, chain shuffling, and site-specific mutation (Fig.17) [98, 134].
Random mutagenesis (Fig. 17b) is based on introducing mutations within the coding
sequence of the antibody. Generally, this occurs randomly within predetermined
regions, such as the CDR regions. A well-established technique of random mutagenesis
involves the use of error-prone PCR that exploits the normal error rate of a low-fidelity
DNA polymerase [135]; in particular, after selecting the ideal antibody for affinity
maturation, PCR amplification with low-fidelity polymerase is performed to introduce
mutations in the CDR to generate a new small library of mutants [136]. However, this
technique may lead to mutations in the entire sequence, including the framework
regions, with consequences that can be positive such as increasing the stability and
affinity of the antibody, but also negative with the destruction of the site of interaction
with the antigen [134].

In contrast, site-specific mutagenesis (Fig.17c) is an approach capable of modifying a
gene locus or a DNA sequence in a targeted manner used to generate limited libraries
of specific variants. The positions where diversity must be introduced are predicted to
contribute to antigen binding. Structural data is required to perform this type of affinity
maturation, but improvement in affinity is very likely, and there is little chance of creating
problems with scFv stability [137].

Chain shuffling (Fig.17a) consists of keeping the Vy or the VL antibody domain constant
and subsequently combining one of the two with the entire repertoire of the opposite
variable domain used for constructing the naive library. This domain exchange mimics

the hypersomatic mutation process that occurs in vivo [134]. This leads to the
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Fig.17 Schematic representation of affinity maturation methods. a) chain shuffle: the Vy or Vi are kept
constant and combined with the entire repertoire of the opposite variable domain. b) Random Mutation: Mutations
in CDRs are randomly inserted through error-prone PCR. c) site-specific mutagenesis: mutations are inserted in
specific regions. It needs structural data to insert mutations that contribute to antigen binding

generation of a new library that will have to undergo another selection process to

identify the best clones [98].
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Aim

Osteoporosis is a disease of the skeletal system caused by excessive bone resorption.
This leads to an unregulated loss of bone density resulting in an increased risk of
fractures. This disease not only has a dramatic impact on the quality of life, but it also
has a significant impact on the health system. Therefore, it is necessary to understand
better the mechanism underlying this pathology in order to find therapeutic solutions
that improve the quality of life and affect the health system less. ICOS-Fc is a
recombinant molecule created by the NOVAICOS company that has been shown to be
effective in inhibiting osteoclast maturation and activity, both in vitro and in vivo tests,
through the triggering of ICOSL on the surface of the osteoclasts. However, since
ICOS-Fc is a recombinant molecule, it may present some problems in the validation
and approval phase. Consequently, it is necessary to find an alternative to this
treatment.

In light of this, this project has two aims: 1) the isolation of monoclonal antibodies
against the ICOSL and 2) and determine the inhibition of osteoclast maturation and
activity. The planned strategies and the related main points to reach the proposed

purposes are summarized below:

1) Isolation of monoclonal antibodies against ICOSL: This phase aims at the
screening of a naive library and at the subsequent characterization (test of specificity

and affinity) of the isolated clones.

2) Evaluation of the functional effect of the antibody: Once the clones have been
isolated, they are evaluated for their ability to recognize ICOSL on the cell surface of
different cell types (flow cytometry). Furthermore, their functionality will be evaluated in

functional tests (wound healing assay, osteoclastogenesis, and TRAP assay)

3) Improvement in antibody characteristics: The third phase aims to improve the
performance of the isolated clones through the affinity maturation technique called
chain shuffling. The use of phage display technology for the screening of high-affinity

antibodies has also been envisaged
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List of abbreviations
AP: Alkaline Phosphatase
BCIP: 5-Bromo-4-chloro-3-indolyl phosphate HRP: Horseradish Peroxidase

NBT: Nitrotetrazolium Blue chloride

TMB: 3,3',5,5'-Tetramethylbenzidine

IDA: lodoacetamide

DTT: Dithiothreitol

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

1.

Materials

Bacterial strains used are:

Escherichia coli DH5a [F’/endA1 hsd17(rK_mKp) supE44 thi-1 recA1gyrA (Nalr)
relA1 _(lacZYA-argF) U169 deoR (F80dlacD-(lacZ) M15)];

S.cerevisiae for scFv display: EBY100 (ATCC #MYA-4941): MATa AGA1::GAL1-
AGA1::URAS3 ura3-52 trp1 leu2-delta200 his3-delta200 pep4::HIS3 prbd1.6R can1
GAL;

S.cerevisiae  for antobody secretion: YVH10 (ATCC #MYA-4940): MATalpha
PDI1::GAPDH-PDI1::LEU2 ura3- 52 trp1 leu2-delta200 his3-delta200 pep4::HIS3
prbd1.6R can1 GAL.

GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich) for plasmid DNA preparation,
following the manufacturer's instructions.

Stock solutions of antibiotics (Sigma-Aldrich) are prepared by dissolving kanamycin
at 50 mg/ml in water and ampicillin at 100 mg/ml in water. Kanamycin and ampicillin
stocks are filtered with a 0,22 um filter device and stored at —20°C.

2xTY liquid broth: 16 g bacto-tryptone, 10 g bacto-yeast, and 5 g NaCl to 1 L of
ddH20. Final pH 7,0. Agar plates are prepared by adding 1,5% bacto-agar to 2xTY
broth.

Restriction endonucleases, T4 DNA ligase, and buffers are purchased from New
England Biolabs and used according to the manufacturer's suggestions and

standard molecular biology procedures.
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GenEluteTM Gel Extraction Kit and GenElute PCR Clean-Up Kit (Sigma-Aldrich) for
DNA purification from agarose gel, following the manufacturer's instructions.

The DNA Clean & ConcentratorTM-5 kit (Zymo Research) for purification and
concentration of the ligation reaction, following the manufacturer's instructions.
Helper phage M13KO7 (New England Biolabs).

Solution for precipitation of phages: 20% (w/v) polyethylene glycol (PEG) 6000 in
2,5 M NaCl. The solution is filtered through a 0,22 um filter before use.

PBS: 8 g NaCl, 0,2 g KCI, 1,44 g Na2HPO4, and 0,24 g KH2PO4 in 1 L H20, final
pH 7.4.

. 2XTYAG: 2xTY liquid broth supplemented with 100 pug/ml ampicillin and 1% glucose.
14.

2xTYAK: 2xTY liquid broth supplemented with 100 ug/ml ampicillin and 50 pg/mi
kanamycin.

YPDAK: YPD liquid broth supplemented with 15ug/ml ampicillin and 50 pg/ml
kanamycin. For a solid plate, add 15g of Agar per liter

SD-CAA AK: SD-CAA Yeast Selective Growth media liquid broth supplemented with
15ug/ml ampicillin and 50 pug/ml kanamycin. For a solid plate, add 15g of Agar per
liter

SG/R-CAA AK: SG/R-CAA Yeast Selective scFv induction media liquid broth
supplemented with 15ug/ml ampicillin and 50 pg/ml kanamycin.

SGT AK: SGT Yeast Induction Media liquid broth supplemented with 15ug/mi
ampicillin and 50 pg/ml kanamycin

PBS/Tween: PBS supplemented with 0,1% (v/v) of Tween-20.

2% MPBS: 2 g non-fat milk powder/100 ml PBS.

4% MPBS: 4 g non-fat milk powder/100 ml PBS.

EZ-Link™ Sulfo-NHS-SS-Biotinylation Kit (ThermoFisher) is used to biotinylate the
target antigen

HRP-conjugated antibodies were all purchased from Jackson ImmunoResearch,
except for the anti-human IgA and IgM antibodies purchased from Sigma-Aldrich.
Anti M13 HRP: the Ab was purchased from PROGEN and HRP-conjugated with a
commercial kit from Abcam

SV5 antibody-PE: The Ab was produced by a hybridoma cell line and conjugated
with PE/R-Phycoerythrin Conjugation Kit - Lightning-Link® (Abcam) following the
manufacturer’s instructions

Streptavidin-Alexa Fluor 488 was purchased from Thermo Fisher
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TMB ready-to-use, pre-mixed solution for colorimetric HRP-based ELISA detection
(Sigma- Aldrich)

2N sulfuric acid: 55,6 ml 97% H2S04 diluted up to 1 L H20

AP-conjugated antibodies: anti-V5 antibody was purchased from ThermoFisher
Anti-human and mouse IgG antibodies were purchased from Jackson
ImmunoResearch

POROS Mab Capture A Select (Applied Biosystems)

BCIP/NBT (Sigma-Aldrich)

MTT (Thermo Fisher)

DTT powder (Sigma-Aldrich)

IDA powder (Sigma-Aldrich)

Methods

2.1 Phage display library

2.1.1 Phage library production

Dilute the library glycerol stock in 15 ml of 2xTY. Read the OD600 and inoculate
in 100 ml of 2xTYAG OD600=0,05 bacteria.

Grow with shaking (250 rpm) for about 1,5-2,5 hours at 37°C to an OD600 of 0,5.
Add a 20-fold excess of helper phage. Leave at 37°C for 45 min, standing with
occasional shaking.

Spin the cells for 15 min at 4.000 rpm.

Discard the supernatant.

Resuspend the bacterial pellet in a volume 5 times greater than the initial culture
volume of 2xTY Ampicillin + Kanamycin.

Grow shaking (250 rpm) overnight at 28°C, using enough flasks to ensure that
the flask volume is five times greater than the culture volume.

The following day bacteria are centrifuged at 5000 rpm for 20 min at 4°C. The

supernatant containing phages is collected and subject to PEG precipitation.
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2.1.2 PEG precipitation of phagemid particles

1. Add 1/5 volume of PEG/NaCI solution to the cleared supernatant, mix well and
leave for 30-60 min on ice. Successful precipitation can usually be seen after a few
minutes as haziness.

2. Spin down at 4.000 g for 15 min at four °C; discard the supernatant. The pellet
should be white. If it is brown, this is usually due to contamination with bacteria, and the
PEG precipitation should be repeated.

3. Resuspend the phage pellet in 1/10 original volume with PBS.

4. Spin in a microcentrifuge (10 min, max speed) to remove the remaining bacteria; a
small brown pellet could be visible.

5. Transfer the supernatant to a new tube.

2.1.3 Phage titration into E. coli

1. Make serial 10-100 fold dilutions of the phagemid solution in 1,5 ml tubes in
2xTY medium to final volumes of 1 ml.

2. Add two pl of the diluted phages to 1 ml of exponentially growing E. coli.
Incubate without shaking at 37°C for 45 min.

3. Make five serial 10-fold dilutions of the infected E.coli. and make spots of all
dilutions to understand the library dimension. Incubate the plate at 30°C O/N

4. As a control, uninfected E. coli should be plated and grown on a separate
ampicillin plate. If colonies grow on this plate, it indicates possible contamination.

5. The next day, count the number of colonies and calculate the phage titer.

2.1.4 Selection Antigen immobilized on plastic surfaces

1. Add 1 ml antigen (at desired concentration) to a 75x12 mm Nunc-immunotube.
Leave O/N at 4°C.
Next day, wash 3x with PBS.
Block the immunotube by adding 2% Milk-PBS 1X to the brim. Seal the tube with
parafiim and leave for 45" at RT. Meanwhile, pre-block PEG-concentrated phage
in a final volume of 1 ml with 2% MPBS.

4. Wash the immunotube 1x with PBS, transfer the phage mix to the immunotube,
and cover the tube with parafilm. Incubate for 30 min on a rotator and then for
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1,5 hrs standing at room temperature. Wash tubes ten times with PBS-
Tween-20, then ten times with PBS. Each washing step is performed by pouring
buffer in and out immediately.

5. Elute phages from the tube by infecting E. coli cells at OD600 =0,5. Leave the
tube at 37°C for 45 min with occasional shaking. Plate bacteria directly on 2 x 15

cm 2xTY agar plates added with ampicillin and grown O/N at 30°C.

2.2 Screening of isolated clones

2.2.1 Bacterial library growth

After two or three rounds of selection, individual colonies from the selection are tested
for antigen binding by ELISA. A microtiter-well system can be used for individual phage
preparation. The principle involving growth, helper phage infection, and phage
production is the same as for the library, but it is applied to single clones in the 96-well
plate format.

1. Put 100 pl of 2xTY Ampicillin+Glucose into each well of a round-bottomed 96-
well plate. Inoculate a single colony in each well by touching the top of a colony
with a sterile plastic tip. Grow with shaking (250 rpm) at 37°C for 3-5 hours

2. Use a 96-well sterile transfer device or pipet to inoculate ten ul per well from this
plate to a new round-bottomed 96-well containing 120 pl 2xTY
Ampicillin+Glucose per well. Grow to OD600 nm 0,5 at 37°C, shaking (1,5-2
hours).

3. Add 50 pl 2xTY Ampicillin+Glucose containing 1x109 pfu helper phage to each
well. The ratio of phage to bacterium should be about 20:1. Stand for 45 min at
37°C.

4. After the incubation, spin at 2500 rpm for 20 min; then remove the supernatant.
Resuspend the bacterial pellet in 120 pl 2xTY Ampicillin+Kanamicin. Grow
overnight at 28°C, shaking.

6. Next day, spin at 2500 rpm for 20 min and use 50 ul supernatant per well for
phage ELISA.
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2.2.2 Phage Elisa: Antigen directly coated on the solid
surface

1.  Coat the plate with 100 ul per well at the final antigen concentration of 10 ug/ml.
Leave O/N at 4°C.

2. Discard the antigen solution, rinse wells twice with PBS, and block with 120 ul per
well of 2% Milk-PBS 1x for at least 45 min at room temperature.

3. Wash wells twice with PBS 1x.

4. Add 50 pl 4% Milk-PBS1x and 50 pl culture supernatant containing the phage
antibodies to the appropriate wells, and mix carefully. Leave approximately 1,5 hrs at
room temperature.

5. Discard the solution, and wash out wells 3x with PBS-Tween-20 and 3x with PBS.
6. Add 100 pl properly diluted HRP-conjugated anti-M13 antibody. Incubate for 1 hr at
room temperature.

7. Discard the solution and wash wells 3x with PBS-Tween-20 and 3x with PBS.

8. Dispense 100 pyl TMB solution per well, and leave it at room temperature in the
dark.

9. Quench by adding 50 ul stop solution 2N H2S04.

10. Read at 450 nm.

2.3 Construction of the G10 antibody VL library

2.3.1 Assembly PCR

The scFv library is generated by mixing equal amounts (5 ng) of VH of G10 clone and
VLI genes and performing a two-step overlapping PCR: 8 cycles of PCR without
primers followed by 27 cycles in the presence of VLPT2-VHPT2 primers. Cycling
parameters are 95°C for 15 sec (denaturation), 65°C for 30 sec (annealing), and 72°C
for 60 sec (extension). Four assembly reactions of 50 ul should be set up and the

product purified on a 1.5% agarose gel.
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Table 1: Assembly PCR protocol

1 95°C r

2 95°C 15>

3 65°C 30 x 8
4 72°C r

5 Pause -

6 95°C 30"

7 65°C 30’ x27
8 72°C 40>

9 72°C 7

10 8°C -

2.3.2 Ligation and electroporation of scFv library

Both phagemid cloning vector pDAN5 and purified scFv fragments are
sequentially digested with BssHII restriction endonuclease for two h at 50°C and
then with Nhel for two h at 37°C. Vector is loaded on an agarose gel and gel
purified using a purification kit; scfv inserts, instead, are purified using a clean-up
kit.

Ligation reaction is prepared as follows: double-digested and purified vector 500
ng, double-digested and purified scFv 300 ng (phagemid: insert molar ratio of
1:3); T4 ligase. Incubate reactions at two h at 22°C and then at 16°C overnight.
Clean up and concentrate ligation using a commercial kit (Zymo research)

Elute the DNA in ultrapure H20.

The ligation mix is electroporated into homemade electrocompetent E.coli cells
following the manufacturer's instructions.

Transformations are pooled and plated on 2xTY Ampicillin 15 cm plates and
grow O/N at 30°C to obtain a primary library. Make dilutions to estimate library
diversity.

The following day colonies are scraped up in 2xTY 20% glycerol and frozen

down in 1 ml aliquots.

41



Materials and Methods

2.3.3 Colony PCR amplification and DNA fingerprinting

—

Make up a PCR-Mastermix with 20 pl per clone. Use forward and back primers
mapping external to the 5’ and 3’ end of the scFv insert.
2. Aliquot 19 pL of the Mastermix.
Add one pl of culture taken from the master plate into the PCR reaction
Perform 30 cycles of denaturation, annealing, and elongation steps using the
temperature and incubation times indicated on the DNA Taq Polymerase
datasheet.
Check two pl of the PCR reaction on a 1,5% agarose gel.
Make up a fingerprinting-Mastermix and add 15 ul to each PCR tube. Mastermix
is as follows: BstNI buffer (10x), BstNI 1 unit per ug of DNA.
7. Digest samples at 60°C (BstNI).
Load on a 2% agarose gel, run and compare the banding patterns of individual

clones on a UV transilluminator.

2.4 Yeast Display

2.4.1 Yeast Display Selection

ScFv genes amplification from Phage Selection output and Yeast Display vector
preparation

1.  Obtain a pDANS [138] plasmid DNA miniprep from selection output and a pDNL6
[127] plasmid DNA miniprep from DHS5a glycerol stock.

2. Dilute the pDAN5 plasmid DNA miniprep to 1ng/uL and use 1uL as a template for
the PCR reaction.

3. Using the diluted template obtained above, set up the PCR reaction using a Taq
polymerase and pDANS5StopDNL6_5 and pDANtopDNL6 3 primers. Set up enough
reactions to generate 2 ug of PCR product for each output.

4. Load the entire reaction volume on a 1.5 % agarose gel. Cut out the band of interest
with a clean razor blade. Purify the PCR products using a Gel Extraction Kit and
following manufacturer instructions. Elute in UltraPure H20 and measure concentration
by spectrophotometer.

5. Digest the yeast display vector (pbDNL6) with BssHIl and Nhel. Run the digested

plasmid on 0.8 % agarose gel, and cut out the vector band (~6,000 bp) with a clean
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razor blade. Isolate the digested vector with a Gel Extraction Kit. Elute in deionized

H20 and measure concentration by spectrophotometer.

2.4.2 Transformation of EBY100 yeast competent cells

1. For each transformation, aliquot ten yL of 10 mg/mL boiled salmon testes DNA in a
1.5 mL tube.

2. Add 500 ng of digested vector and 1.5 ug of the purified PCR product to the tube or
500ng of pDNL6 (containing the scFv of interest as an insert) plasmid DNA miniprep
(By taking advantage of the gap repair system of the yeast cell, the scFv is recombined
into the yeast display vector).

3. Add 100 pL competent cells and vortex.

Add 600 pL of Yeast Plating Buffer and vortex.

Incubate for 30 min at 30°C with shaking.

Add 10 % volume (70 pL) of DMSO.

Heat shock for 15 min at 42°C in a water bath.

© N o o &

Spin for 5 sec. In micro-centrifuge and remove the supernatant.

9. Resuspend in 1 mL of ddH20.

10. Plate 10 pL of cell suspension on SD/CAA agar plates to estimate the library's size.
Place the rest of the transformed cells into 10 mL selective SD/CAA liquid media and

grow for 2-3 days at 30°C until colonies appear on the plate.

2.4.3 Induction and analysis of EBY100 yeast cells

DAY 1

1. Starting from the 10 mL culture of transformed yeast (which should have reached
saturation at OD600 >4), prepare a 5 mL culture at OD600 = 0.5 in SG/R-CAA and grow
at 20°C with shaking overnight. The culture reaches an OD600 of about 1/1.5. The
induced library can be stored for a week at 4°C.

DAY 2

2. If necessary, dilute the culture into 1mL PBS to have a starting OD600=1. Spin
down 100uL (108 cells) of the induced library at 10,000xg for 30 sec. Remove
supernatant.

3. Wash with 1mL of Yeast Wash Buffer, vortex, and spin down again.
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4. Resuspend cells in 100 pyL of a 1:2000 dilution of mouse anti-SV5-PE antibody (1
mg/mL) in PBS and vortex. Incubate at four °C for 30 min in the dark and vortex every
10 minutes.

5.  Wash with 1 mL of Yeast Wash Buffer, vortex, and spin down at 10,000xg for 30
sec.

6. Resuspendin 1 mL of PBS.

7. Store in ice until ready to analyze.

8. Analyze the cells by FACS and record 10,000 singlets.

2.4.4 scFvs Yeast library Selection (sorting)

1. Once analyzed the population by FACS, select the population of interest (clones
that bind the antigen);

2. Sort between 5,000 — 20,000 events directly into 1 mL of SD-CAA media;

3. Dilute the sorted population in 10 mL of SD-CAA media and grow at 30°C with
shaking at 250 rpm for 48 hours. The culture should reach saturation (OD600 >4).

4. Normally, 2-3 selection processes are necessary to reach the population of interest.
5.  If no other sorts are required, plate the sorted cells on 1-2 large SD-CAA plates.

The colonies are visible on the plates after three days at 30°C

2.4.5 Screening of individual clones

DAY 1

1. Pick individual colonies from the plate.

2. Inoculate the colonies in a tube with 1mL of SD-CAA.

3. Grow the colonies at 30°C with shaking at 250 rpm O/N.

DAY 2

4. Prepare a 1mL culture at OD600 = 0.5 in SG/R-CAA and grow at 20°C with shaking
O/N (16/20h). The induced yeast can be stored for a week at 4°C.

5. To prepare a glycerol stock, follow the instruction previously reported on page 14.
DAY 3

6. If necessary, dilute the culture into 1 mL PBS to have a starting OD600=1. Spin down
100 mL (1068 cells) of the induced library at 10,000x%g for 30 sec. Remove supernatant.

44



Materials and Methods

7. Resuspend the cells in 100 pyL PBS containing the desired concentration of
biotinylated target antigen. Incubate for one h at room temperature with shaking.

8. Wash twice with Yeast Wash Buffer by spinning the cells for 30 sec at 10,000xg and
carefully removing the supernatant.

9. Incubate the yeast with 100mL of PBS solution containing 1:2,000 diluted anti-SV5-
PE (1mg/mL) and 1:400 Streptavidin-Alexa Fluor 488 (1ug/mL) for 30 min on ice in the
dark (vortex every 10 minutes).

10. Wash the cells twice with Yeast Wash Buffer by spinning the cells for 30 sec at
10,000xg and carefully removing the supernatant.

11. Resuspend the yeast cells in 1mL of PBS.

12. Assess binding using a high-throughput flow cytometer.

Table 2: List of Primers

VHPT1 Forward CCAGGCCCAGCAGTGGGTTTGGGATTGGTTTGCCGCTA
VHPTL Reverse GGAGGGTCGACCATAACTTCGTATAATGTATACTATACGAAG

TATCCTCGAGCGGTA
VHPT2 Forward TGGTGATGGTGAGTACTATCCAGGCCCAGCAGTGGGTTTG

VLPTL Forward ACCGCTCGAGGATAACTTCGTATAGTATACATTATACGAAGTT

ATGGTCGACCCTCC
VLPT1 Reverse CGCTGGATTGTTATTACTCGCAGCAAGCGGCGCGCATGCC

VLPT2 Reverse  TACCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTC
pDAN_to_pDNL6 ATCCAGGCCCAGCAGTGGGTTTGGGATTGGTTTGCC

3’
pDAN_to_pDNL6 TCTGGTGGTGGTGGTTCTGCTAGAGGCGCGGCAGCAAGC
5 GGCGCGCATGCC

pPNL6 Forward GTACGAGCTAAAAGTACAGTG
PPNL6 Reverse TAGATACCCATACGACGTTC
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2.5 BLI ( Bio-layer interferometry)

Materials and Methods

2.5.1 Calculation of dissociation Constant

The instrument used is the OCTET® N1, purchased from the company Sartorius.

The software used to run the experiment is OCTET® N1 Software.

NB: Before starting the experiment, hydrate the tip containing the biosensor in 250 ul of

sample diluent for at least 10 minutes.

NB: The biosensor used in the calculation of the dissociation constant is the OCTET®

Sa Biosensor (functionalized with streptavidin)

Build an initial baseline by immersing the tip in 250 ul of sample diluent for 30”;

2. Load the biotinylated antigen onto the biosensor by immersing the tip in a drop

containing antigen solution concentrated at 10 ug/ml for 1207;

3. (Baseline 2): eliminate excess antigen by washing the tip in 250l of fresh sample

diluent for 30”;

4. (Association): incubate the biosensor with the antibody diluted in the sample diluent

for 120”. Make different concentrations of antibodies to get a more accurate

measurement.

(Dissociation): Incubate the biosensor in 250yl of sample diluent for 120”

Calculate the kD thanks to the OCTET® N1 Software.

Table 3: BLI program

Step Time Sample Drop /Tube
Initial baseline 30” Sample diluent Tube
Loading 120” Antigen Drop
Baseline 30" Sample diluent Tube
Association 120” Antibody Drop
Dissociation 120” Sample diluent Tube
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2.6 Real-time PCR.

1. Isolate the total RNA from MDOCs using TRIzol reagent (Invitrogen);

2. Retrotranscribe 500ng of RNA using QunatiTect Reverse Transcription Kit (Qiagen,
Hilden, Germany);

3. DC-STAMP, OSCAR, and NFATc1 expression was evaluated with gene expression
assay (Assay-on Demand; Applied Biosystems, Foster City, CA);
Use the GAPDH gene for normalization of the cDNA amounts.
Perform the real-time PCR in 10ul of final volume with 1ul of diluted cDNA, 5ul of
Taqg Man Universal PCR Master Mix ( Applied Biosystem), and 5ul of Assay-on
Demand mix;

6. Analyze with AA threshold cycle method.

2.7 Wound Healing Assay

1. Plate the BxPc3 (2x10%) in 12 well-plate and grow until confluence in 1ml of RPMI
1640 (Euroclone) with 10% FBS (Sigma-Aldrich), 1% glutamine (Sigma-Aldrich),
and 1% P/S (Sigma-Aldrich);

Scratch with a pipette tip from left to right of the well
Remove the medium and wash two times with PBS 1X;

4. Add 2pg/ml of treatment in 1ml of RPMI 1%FBS, 1%glutamine (Sigma), and 1% P/S
(penicillin-Streptomycin, Sigma) and incubate at 37°C for 24h.

Take three pictures for each well at 0 and 24h. Each condition was done in triplicate;

Calculate the migration difference via ImageJ/Fiji® plugin ‘Wound_healing_size_tool

2.8 Trap Assay

According to the manufacturer's instructions, tartrate-resistant acid phosphatase

(TRAP) activity was assessed using the Acid Phosphatase kit (Sigma-Aldrich).

 Cells were fixed with Citrate Solution 0.038 mol/L in 60% Acetone;

» Wash the cells and incubate them in a pre-warmed labeling solution (Fast Garnet
GBC Base Solution 7 mg/mL dissolved in Acetate Solution 2.5 mol/L, pH 5.2,
Naphthol AS-BI phosphoric acid solution12.5 mg/mL, Tartrate Solution 0.67 mol/L, pH

5.2) for 1 h at 37°C.
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Microphotographs of TRAP staining were acquired by EVOS FLoid Cell Imaging
System (Life Technologies, Carlsbad, CA, USA).

2.9 Osteoclastogenesis assay

Peripheral Blood Mononuclear Cells (PBMCs) were separated from human blood
samples obtained from buffy coats, provided by the local Blood Transfusion Service
(Novara, ltaly), by density gradient centrifugation using the Ficoll-Hypaque reagent
(Lympholyte-H; Cedarlane Laboratories, Burlington, ON, Canada).

Monocyte-derived Osteoclasts (MDOCs) were prepared from CD14+ monocytes
isolated with the Easy SepHuman CD14 Negative Selection Kit (STEMCELL
Technologies, Vancouver, BC, Canada).

The monocytes were plated in 6-well and cultured for 21 days in a differentiation
medium composed of DMEM (Lonza, Basel, Switzerland), 2 mM of L-glutamine, 10%
FBS (Invitrogen, Carlsbad, CA, USA), recombinant human M-CSF(25 ng/mL; R&D
System, Minneapolis, MN, USA), and RANK-L (30 ng/mL; R&D System).

The differentiation medium was changed every 3 days and, at different times

Cells were treated with free ICOS-Fc at 2 ug/mL.

Phase-contrast images were acquired by Axiovert 40 CFL microscope (Zeiss,

Oberkochen, Germany)

2.10 MTT viability assay

Grow the cells (BxPc3) in the 96-well plate until confluency is reached. Incubation at
37°C and 5% COy;

. Used RPMI medium with 10% FBS, 1% glutamine, and 1% P/S.

Remove the medium and wash two times with sterile PBS 1X;

Add treatment at a concentration of 5 ug/ml in RPMI medium with 1% FBS, 1%
glutamine, and 1% P/S for 24 at 37°C and 5% CO;

Remove the medium and wash two times with sterile PBS 1X;

Add MTT reagent in ratio 1 to 10 v/v (20pl MTT/200ul medium) for 4h 37°C and 5%
COgz;

Centrifuge at 2500rpm for 5’;

Remove de medium and resuspend in 200ul of DMSO;

Read the absorbance at 570 nm.
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2.11 Common procedures

2.11.1 ExpiCHO cells culture and transfection

ExpiCHO cells have been expanded, transfected, and stored, complying with the

manufacturer’s instructions.

2.11.2 Purification of the scFv-Fc/Full-size Ig

The general protocol is the same for the Protein A-resin or the CaptureSelect XL resin.
The technical details for the CaptureSelect XL resin are written between the brackets.

Each scFv-Fc was purified from 2,5 ml of cell culture medium.

1. The collected medium is filtered through a 0,22 um filter device and mixed with
1/10 of the final volume of 1 M Tris/HCI pH 8 (PBS 10x pH 7,4).

2.  Wash 50 ul-100 ul of the resin, the volume depending on its binding ability, twice
by transferring it into a tube containing 8 ml of 0,1 M of Tris/HCI pH 8 (PBS pH
7,4) and centrifuging for 5 min at 800 x g, 10°C.

Incubate the resin was the medium on rotation O/N at 10°C.

Transfer the medium into a plastic column allowing the package of the resin.
After flowing the medium, add 10 ml of 0,1 M Tris/HCI pH 8 (PBS pH 7,4) to
wash the resin.

6. Elute the resin-linked scFv-Fc (or full-size Ig) molecule by flowing 1 ml of 0,1 M
Glycine pH 3 (0,1M Glycine pH 2) through the resin, collecting 3-5 fractions of
200 pl each.

2.11.3 DNA electrophoresis, SDS-PAGE, and Western Blot

All these procedures were performed according to the manufacturer's protocols and the
standard molecular biology or biochemistry techniques (61 J. Sambrook i D. W. Russell.
Molecular cloning: a laboratory manual, Ill. Red. New York: Cold Spring Harbor
Laboratory Press (2001)), Western blots are detected with AP-labeled secondary
antibodies and BCIP and NBT solutions.
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Results and Discussion

Based on the isolation and characterization of antibodies against ICOSL, this work
consists of three interconnected phases.

The first phase involved the use of phage display technology for the isolation and
screening of specific antibody fragments against ICOSL. The second phase, instead,
focused on the functional evaluation of the antibody and its ability to inhibit the
maturation and function of the osteoclasts. Finally, the third phase, thanks to the display

yeast technology, was focused on improving the affinity of the isolated antibody (Fig.18)

fhase Phase 2: Phase 3:
Isolation of - ) ;
Improvement of
selected clone

Fig. 18 flowchart representing all stages of this work; starting from the isolation phase by phage display, passing
through the functional characterization and concluding with the improvement of the isolated clone

1 Isolation of monoclonal antibodies.

1.1 Phage Library

The whole process for isolating recombinant monoclonal antibodies started with
validating a preexistent naive library previously created in our laboratory.

The naive antibody phage display library was created from 25 healthy donors of
different ages and genders. The cDNA resulting from the RNA reverse transcription of
the genes of the variable regions (V genes) was used to selectively amplify some
families of V genes with a well-established set of primers described in [139].
Subsequently, the variable regions were randomly assembled and inserted inside the
phagemid (pDan5) for the construction of an scFv library. The phagemid library was,
thus, electroporated into TG1 E. coli electrocompetent cells, and a final library was

created.
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1.2 Naive phage Library Validation

The bacterial cultures, E. coli, containing the antibody library were thawed and cultured
to produce virions particles expressing the scFvs. After infection with the helper phage
(M13KQO7), the viral particles were collected from the supernatant, purified, and
concentrated through the use of poly(ethylene)glycol (PEG), able to precipitate proteins

from an aqueous solution [140].

MV Libk Libk LibA LibA
A 1pl 10pl 1pl 10pl

U8 =

o 90kDa

ror00 ) e (R, e,

mme

Fig.19 Validation of library production by western blot. Loaded two different amounts of each library and
evaluate the expression level with the anti-SV5 antibody. the band relative to the display has an apparent size of
90kDa. The level of visualization is comparable to that of the positive control (+). Partially created with
biorender.com

The display level of the library was assessed through Western Blot (WB) analysis. As it
is possible to see from Fig.19, the display level was evaluated separately for the two
light chains: k and A. G3P-scFv was detected with an anti-SV5 secondary antibody
since the phagemid pDANS has the SV5 tag coding sequence between the G3P and
the scFv sequence.

The molecular weight of G3P is about 45 kDa, but the presence of the glycine-rich
linker makes the protein migrate with an apparent molecular weight of about 65-70 kDa
[101]. The display level is observable from the band with an apparent size of
approximately 90kDa. This is the sum of the G3P protein and the scFv (molecular
weight 27.5 kDa). Both libraries present a comparable level of display with positive

control. In addition, according to Wen et al. [141], the display of the antibody fragment is
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around 10% of the total phages. To know the phage concentration, both libraries were

titer tested.

1.3 Antigen Validation

Before the selection process, the antigen was validated. ICOSL has been provided by
NOVAICOS s.r.l.s. as a purified recombinant protein produced in HEK 293 cells. The
antigen was supplied as a fusion protein between the extracellular portion of human
ICOSL and the Fc fragment of a human IgG. Another form of ICOSL was also provided
with His tag. In addition, the recombinant molecule ICOS-Fc was also provided and
used in tests as a control (produced in HEK293) (Fig. 20). All the antigens are validated

on the SDS page in reducing conditions to assess quality and quantity.

a) b)
ICOS-L ICOS-L ICOS
Fc His Fc
——
—
95kDa - 95kDa %
| (
66kDa 66kDa e ;

90 ~. | -
: :

37kDa &

\

37kDa

Fig.20 Validation of antigens: a) SDS page under reducing conditions of ICOSL-Fc and ICOSL-His. 1ug was
loaded for both proteins. Both have a characteristic pattern due to glycosylations. ICOSL-Fc has a spread band
from 70kDa to 95kDa, while ICOSL-His from 45 to 70kDa. b) SDS page under reducing condition of 1,56 ug of
ICOS-Fc that present a smeared band from 45 to 55 kDa.

The extracellular portion of ICOSL is about 27 kDa (240aa) [15], while the Fc fragment
weighs about 25 kDa [3]. However, as it is possible to observe from Fig.20 (a), ICOSL
presents a smeared band from 70kDa to 95kDa. This pattern is characteristic of
glycosylated proteins, and ICOSL is a glycosylated protein. ICOSL with His tag also has

the smeared band but with a lower molecular weight due to the absence of the Fc
52



Results and Discussion

fragment. The same pattern is present in ICOS-Fc protein (Fig 20 b), a glycosylated

protein that runs with an apparent molecular weight of about 45-55 kDa.

1.4 Selection Strategy and Screening

Once validated, the antigen was used to select antibodies starting from a Phage Naive
library. The selection process was performed on a solid phase. In particular, ICOSL was
coated in an immunotube, as shown in Fig. 21, and subsequently incubated with the
phage library. This process was repeated twice. The output of the first round of
selection (selected library) was used as input for the second round. Finally, from the

Incubation

of Phage Naive Library Washes

V4
/—’ T Unbound clones
/ '\\ or unspecific binders

Y

Cones
screening

.

e N
[ / \ £ Elution and
4——- - - amplification

) ;
Se= ¢

Plate
Selected library

Fig 21 Schematic representation of the selection strategy on solid phase. During the first round of selection
the naive phage antibody library has been incubated with the antigen coated at 10 ug/ml. The output of the first
round of biopanning has been used as input for the second round, were the antigen was coated at 5 ug/ml. After
the second cycle of selection 300 random E. coli colonies have been picked and tested for antigen recognition.

second output, random single E. coli colonies have been picked to be screened by
phage ELISA for antigen recognition.

In detail, for the first round of selection, ICOSL-Fc was coated on the immunotube at
the final concentration of 10 pg/ml; instead, for the second round, the concentration was
5ug/ml. The use of a decreased amount of coated antigen helps in selecting antibody

fragments with increased affinity. Since ICOSL-Fc was used for the selection process,
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the selection strategy involved a negative selection step to eliminate clones that bind
the Fc portion of the antigen.

To do this, the library was incubated with ICOS-Fc at a concentration 10-fold higher
than the antigen. This step was performed in both selection rounds. In addition,
stringent washes were performed during the second panning cycle to remove poorly
reactive or unspecific clones.

After two selection cycles, about 300 random clones were checked on the ICOSL-Fc

antigen by phage-ELISA. To facilitate screening, clones showing an ODasonm greater
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Fig.22 Output of 300 random clones tested by phage-ELISA assay on ICOSL-Fc antigen after two cycles of
selection. Clones showing an ODa4sonm greater than 1 were considered positive

than 1 were considered positive. The obtained output (Fig. 22) showed that almost 13%

(40 clones) of the tested clones resulted positive for the target.

1.5 Analysis of selected clones

Therefore, the isolated anti-ICOSL-Fc clones were first analyzed by PCR reaction by
amplifying the scFv fragment. Among the 40 clones analyzed, 20 were confirmed for the
full length of the scFv, while the other 20 clones had PCR products of lower length,

probably due to the loss of a single variable domain.
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To determine the specificity of the selected antibodies, the 20 positive clones were
tested in Phage-ELISA. The test was performed with ICOSL-Fc directly coated on a

solid surface at a 5 ug/ml concentration. As a negative control and to assess the
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Fig.23 Phage ELISA of the clones selected on the antigen coated on solid phase. Phages were incubated
with the antigen at a final concentration of 5 ug/ml. ICOS-Fc was used as negative control. Results show that only
G10 clone is positive and specific for ICOSL-Fc

presence of non-specific binding to the Fc fragment, ICOS-Fc was coated at the same
concentration.

The binding between the phages and the antigen was detected with anti-M13 antibody
HRP labeled secondary antibody that binds the G3P of the bacteriophage. As can be
seen from the graph (Fig 23), the only positive clone is the G10 clone. It presents a
signal on the ICOSL-Fc antigen and shows no binding on the ICOS-Fc molecule. This
indicates that the negative selection process has been performed successfully. A
possible explanation for this is that ICOSL-Fc is a highly glycosylated molecule. As a
matter of fact, glycosylations can cause false positives due to the sticky nature of this
macromolecule. Furthermore, it is possible to observe clones (10F, 8B, 9E,8B) that
present a weak signal but also show a signal towards ICOS-Fc. These clones were not

subsequently investigated
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1.6 Characterization of the anti-ICOSL isolated clone G10

Given the positivity of the G10 clone, we wanted to investigate the specificity of the
binding. In particular, to do this, the antibody was incubated with different antigens

coated at the same concentration (5 pg/ml).
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Fig.24 Phage ELISA of G10 clone. The specificity of the G10 clone was tested by phage ELISA on the solid
phase. The antigens were coated at a concentration of 5 ug / mL. G10 shows positivity only on ICOSL and not on
the other antigens. Furthermore, the G10 clone does not bind ICOSL treated with PNGASE.

The antigens are ICOSL-Fc, ICOSL-Fc treated with PNGASE (an enzyme able to cut
the glycosylation), ICOS-Fc, an unrelated antigen (ctr-), and BSA (Bovine serum
albumin). As it is possible to observe from the graph (Fig.24), the G10 clone shows
good specificity against the antigen of interest. As a matter of fact, the G10 has no
signal on the other unrelated antigens. Intriguingly, we did not observe any signal in
ICOSL-Fc-PNGASE as well.

This result is probably due to the fact that glycosylations play a fundamental role in
antibody binding. This could have two possible explanations. First, glycosylations
directly intervene in the binding between the antibody and the antigen. The second
explanation may be the change in the folding of the antigen, which hides or makes the

epitope inaccessible.
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1.7 Recombinant monoclonal antibody production

Given the promising results obtained in specificity, it was decided to proceed with
further characterization of the clone. Thus, we produced the G10 clone in a format
similar to a full-length immunoglobulin: the scFv-Fc (schematic representation in Fig

.25). The coding sequence of the scFv of the G10 clone was cloned into a mammalian

scFv G10 scFv-Fc G10
Phage format

Fig.25 Schematic representation of cloning strategy. Schematic representation of the cloning strategy that
allows the switching from the scFv to the scFv-Fc. The coding sequence of the scFv is cut from the phagemid
vector and cloned on the scFv-Fc expression vector.

expression vector (o.cDNA3.1 (+)) that allows the production of recombinant proteins in
a eukaryotic system (the detailed structure of these vectors is given in [142] ). To do
this, both the phagemid (pDANS), containing the scFv sequence of the G10 clone, and
the eukaryotic expression vector (pcDNA3.1 (+)) were digested with the restriction
enzymes BssHII and Nhel, allowing the extraction of the scFv sequence and the
preparation of the receiving vector.

In this case, the scFv was cloned into a vector presenting the human IgG Cn2-Ch3 (Fc)
coding sequence. A schematic representation of the cloning strategy is given in Fig. 25.
Once cloning was done, the antibody fragment was produced through ExpyCHO, a
commercial cell line optimized to ensure high production yields. The high titer protocol
was used in 30 ml of culture, and scFv-Fcs production was evaluated eight days post-

transfection.
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To verify the scFv-Fc G10 production, the supernatant of the transfected cells was used
for an ELISA test. The supernatant was diluted 1:10 and 1:50 in PBS and coated in an
ELISA well,

2.0

B G10
1.5- [ Ctr-
1.0

X ) =) Seco_ndary
antibody 0.5
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Antibodies secreted 1:10 1:50
in the medium

Fig.26 ELISA test to verify the production of the G10 scFv-Fc. The supernatant of the transfected cells was
diluted 10 and 50 times before coating. The presence of the scFv-Fc of interest was detected using a an HRP-
conjugated anti-human-Fc secondary antibody.

and production was evaluated by an HRP-conjugated anti-human-Fc secondary
antibody. The result is shown in Fig. 26. As can be seen, the G10 clone shows a signal
in both dilutions indicating that the G10 is indeed produced.

Subsequently, the scFv-Fc has been protein A purified and quantified by densitometry.
As shown from the SDS page (Fig. 27 a), the purified antibody (monomeric form
composed of the variable domains and Fc fragment) shows two different bands under
denaturing conditions. The first, with an apparent size of 60kDa, represents the entire
scFv-Fc molecule. Instead, the band around 45kDa is the degradation form of the scFv-
Fc molecule that probably has lost the variable domain (approximately 12-15 kDa).

As can be seen from the SDS page, the amount of non-degraded scFv-Fc is slightly
higher than that of degraded.

This is also confirmed by the Western Blot (WB) analysis of the purified scFv-Fc using
an anti-SV5 secondary antibody (the SV5 tag is at the end of the FC domain) (Fig. 27
b). It is possible to observe two bands with an apparent size of about 60kDa and one
with a size of about 45kDa. The first represents the entire scFv-Fc, while the second
represents the scFv-Fc molecule, presumably lacking a variable immunoglobulin
domain (probably the V. domain).

Only the full-length portion was considered for quantification of the antibody and the

future test.
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Fig.27 a ) Schematic representation of the scFv-Fc molecule. b) SDS-PAGE of the purified scFv-fc of the G10
clone. 2 ul of the purified scFv-Fc were loaded on gel and run in reducing conditions. c) anti SV5 WB analysis of
the purified scFv-Fc of the G10 clone. Loaded 1ug of the purified scFv-Fc g10

1.8 scFv-Fc G10 specificity

Once produced as scFv-Fc, the G10 clone was tested for its functionality. The first test
was an ELISA test to verify that the format change did not result in a change in ICOSL

antigen recognition. Several antigens were coated at a concentration of 5 ug/ml and
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Fig. 28 ELISA of G10 clone for evaluation of the specificity. The specificity of the G10 clone was tested by
ELISA tes on the solid phase. The antigens were coated at a concentration of 5 ug / mL. G10 shows positivity only
on ICOSL and not on the other antigens. Furthermore, the G10 clone does not bind ICOSL treated with PNGASE
and with ICOSL treated with denaturing agents
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then incubated with scFv-Fc G10 at a concentration of 1 pg/ml. Binding was detected
using an HRP-conjugated anti-human-Fc secondary antibody.

Due to the cross-reactivity due to the presence of the Fc fragment in the ICOSL-Fc
antigen, the ICOSL-His tag was used for these experiments. For this experiment,
ICOSL-His was deglycosylated but also reduced and denatured (using DTT and IDA) to
test the antibody's ability to recognize the antigen in non-native form.

As it is possible to see from the results in Fig. 28, the G10 clone maintains its ability to
bind ICOSL. The G10 clone shows no signal on PNGASE-treated ICOSL, confirming
the critical role of glycosylation for binding. Interestingly, we cannot observe any signals
in denatured ICOSL either. These results are essential for understanding the nature of
the binding. The G10 bond appears to depend on glycosylation and folding of the

antigen.
These data are also confirmed by Western Blot analysis. In fact, as shown in Fig. 29,
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Fig.29 Western blot analysis for evaluation of the binding specificity of clone G10. Loaded 500ng for each antigen
and evaluated the binding of ICOS-Fc or G10 antibody using an anti-human-HRP secondary antibody.

clone G10 does not bind either denatured or deglycosylated ICOSL-His. Curiously,
ICOS-Fc, used as a positive control, binds all forms of ICOSL. This result provided
important information about the nature of the binding between antigen and antibody. In
fact, it is very probable that ICOS-Fc and the G10 clone bind different epitopes of the

ICOSL molecule.
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1.9 scFv-Fc G10 affinity

Once specificity was established, the dissociation constant at equilibrium (ko) was
calculated. The kp is the ratio of the kq (antibody dissociation rate) to the ka (antibody
association rate) between the antibody and the antigen. Its value is related to the
antibody concentration, so the lower the kp, the higher the affinity of the antibody [143].
This was performed with the BLI instrument OCTET® N1 (bio-layer interferometry).

This optical technique exploits the interference pattern of white light that is reflected
between two surfaces: a layer of immobilized protein on the biosensor tip and an
internal reference layer. When the molecules bind to the tip of the biosensor, they cause

a change in the interference pattern, which is measured in real-time by the instrument.

Association Dissociation
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Fig.30 Calculation of the dissociation constant of clone G10. The streptavidin functionalized biosensor was
loaded with ICOSL-biotinylated at a concentration of 10ug / ml. the scFv-Fc G10 was subsequently added at
different concentrations: 0,25,50,100,200 nM. The graph was obtained using the OCTET® N1 software. b)
Schematic representation of the biosensor tip: Streptavidin-functionalized biosensor loaded with ICOSL-biot and
subsequently incubated with G10 antibody for affinity assessment c) Table resuming KD, Ka and Kd values of the
G10 clone

In particular, a biosensor (OCTET® Sa Biosensor) functionalized with streptavidin was

used. Therefore ICOSL-Fc was biotinylated and loaded on the biosensor at a
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concentration of 10ug/ml. The tip of the biosensor was subsequently placed in contact
(Association:120”) with a solution containing different concentrations of G10 scFv-Fc.

In fact, ko analyses performed with varying concentrations of antibodies make the
measurement more accurate. In detail, five different antibody concentrations were used:
0, 25, 50, 100, e 200nM. As can be seen from the graph in Fig.30 (a), as the
concentration increases, the height of the curve increases, indicating a greater quantity
of antibody that binds over time. Subsequently, the dissociation phase (120 ") was
evaluated after washing. As shown in the table (Fig.30 b), the G10 clone has a high Ka
value (fast association) but also a low Kd value (rapid dissociation) that leads to a Kp
value of 87nM. This value is in line with the Kp values of other antibodies isolated from

a naive library, which are between 10nM and 100nM.
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2 Functional characterization of anti-ICOSL G10 clone

Since one of the objectives of this project is to isolate antibodies capable of functioning
as the recombinant molecule ICOS-Fc, the second phase of this work has focused on
the study of the functional characteristics of the antibody against ICOSL G10. In
particular, its ability to inhibit the process of cell migration and osteoclastogenesis has
been explored.

2.1 Surface recognition of ICOSL by flow cytometry

For functional testing, the G10 clone must be able to bind ICOSL on the cell surface.
Therefore, the ability of clone G10 to bind ICOSL on the surface of ICOSL+ cells was
then evaluated. Different ICOSL+ tumor cell lines were used for this analysis: OVCAR-3
cells (ovarian cancer) [144], MDA-MB cells (breast cancer) [145], PC3 cells (prostate
cancer) [146], MCF7 (breast metastatic adenocarcinoma) [146], and BxPc3 (pancreatic
cancer) [146].
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Fig.31 Figure showing the histograms of ICOSL expression on different cell types. Clone G10 and ICOS-Fc
Positive Control were incubated with different cells (1.5 x 105 cells per condition) at a concentration of 15 ug / mL.
The G10 shows positivity in all cell types with a value comparable to the positive control, except on BxPC3.
Percentage of G10 positive population: BxPC3 32%, MDA-MB 86%, PC3 64%, OVCAR-3 67% and MCF7 60%.
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The cells were then incubated with scFv-Fc G10, and its binding was detected by an
antibody labeled with Alexa 488 fluorophore, capable of recognizing the Fc region of the
antibody. The ICOS-Fc molecule was used as a positive control for the effective
success of the experiment. Both ICOS-Fc and scFv-Fc G10 were used at a
concentration of 15ug/ml. As can be seen from the graphs in Fig. 31, by comparing the
fluorescence signal of the G10 clone with that of the control (only secondary anti-human
antibody), G10 binds ICOSL specifically on the cell surface. It is important to note that
there are different degrees of positivity depending on cell types (BxPC3 32%, MDA-MB
86%, PC3 64%, OVCAR-3 67%, and MCF7 60%). This is due to the different degrees
of ICOSL expression on the cell surface. Moreover, it can be noted that in almost all
cases, except BxPc3 cells, the G10 fluorescence signal is comparable to that of the
ICOS-Fc positive control. Therefore, the G10 clone recognizes ICOSL in its native form

on the cell surface, making it a good candidate for osteoclast testing.

2.2 Wound healing assay

Once the ability of the G10 antibody to bind ICOSL on the cell surface was established,
functional evaluation was performed.

Dianzani et al. [13] have demonstrated how the triggering of ICOSL on the cell surface
by ICOS-Fc is able to inhibit the cell migration of different tumor cell lines. Interestingly,
this effect was not attributable to ICOS-Fc toxicity because the proliferation and survival
were not affected.

In the same way, we performed a cell migration test to study the effect of our anti-
ICOSL G10 antibody on cell migration. We performed the scratch assay, an in vitro
“‘wound healing” assay, on BxPC3.

Pancreatic cancer is one of the most aggressive tumors nowadays, exhibiting a high
degree of tumor cell invasion into normal tissues and organs, making this cell type a
good model for studying cell migration [147, 148].

For the wound healing assay, the cells were plated onto 12-well plates and grown to the
confluence. A linear scratch was performed, whit a tip, on a confluent monolayer of the
cell line and then cultured in 1% FBS-medium to minimize cell proliferation in the
presence of ICOS-Fc (5mg/ml) or the antibody G10 (5mg/ml) for 24h. The control
consists only of culture with 1% FBS medium. A microscopic analysis allowed the

evaluation of cell migration. Through the Imaged / Fiji® plugin
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‘Wound_healing_size tool’ [147], it was possible to calculate the area inside the scratch
and compare it between treatments. As can be seen from the images (Fig.32a), the
treatment causes the inhibition of cells’ migration compared to the control. The control,

after 24 hours, appears almost entirely closed; on the contrary, treated samples show a
wider uncoated area.
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Fig.32 Effect of ICOS-Fc and anti ICOSL G10 antibody on the migration of the BxPc3, using a “wound-
healing” assay. The cells were grown to confluence on twelve-well plates. A scratch was made through using a
pipette tip; the cells were washed and then cultured in the presence or absence of 2 mg/ml of ICOS-Fc and G10
antibody for 24 h. To monitor the migration the photographs were taken immediately after the scratch (Oh) and at
24h. The wounded area was calculated by the ImagedJ / Fiji® plugin ‘Wound_healing_size_tool. Both treatments
are effective in reducing cell migration compared to control. b) Representative histogram of the percentage of cell
migration expressed as area (0h - area24) / (area 0h)x100. statistical analysis carried out through T-test towards
the control. **= p<0.0099 and ****= p<0.0001. Representative panel of three distinct experiments. c) histogram
representing the result of the MTT vitality test. Result expressed as % viability compared to the control without

treatment. The treatments (ICOS-Fc and G10 antibody) did not show any variation in viability compared to the
control

This is also confirmed in the histogram, where the percentage of migration (expressed
as area (Oh - area24) / (area 0h) x100) of cells treated with ICOS-Fc or with G10 is
significantly reduced if compared to the controls (Fig.32 b).

These data confirm the efficacy of our antibody, which shows a behavior similar to the
ICOS-Fc molecule. Interestingly, the histogram makes it possible to appreciate a better
outcome in inhibiting migration by G10 compared to ICOS-Fc.
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Furthermore, to evaluate whether the inhibitory effect of migration depended only on the
functional effect of the treatment and not on cell death, we performed an MTT viability
assay. To perform this assay, cells were grown to confluence in a 96-well plate (three
wells for each condition) in RPMI with 10% FBS. Then the cells were subjected to
treatment with RPMI 1% FBS and 5 ug/ml of G10 antibody and ICOS-Fc for 24 hours
(same conditions as the migration assay) (the viability control consists of cells grown in
1% RPMI FBS, on the other hand, the mortality control consists of cells treated with
10% DMSO + RPMI 1% FBS)

As can be seen from the graph (Fig. 32 c), the treatments do not cause changes in cell
mortality compared to the control. Therefore, the migration is due to a functional effect

of the treatment and not to a secondary effect caused by cell death.

2.3 Effects of ICOSL triggering on Onsteoclasts
differentiation.

2.3.1 Osteoclastogenesis Assay

As already mentioned, the ICOS / ICOSL pathway is involved in the differentiation and
activity of osteoclasts. Activation of ICOSL on the surface of MDOCs (monocyte-derived
osteoclast-like cells) by ICOS-Fc inhibits their differentiation into mature osteoclasts.

Also, it reduces the expression of enzymes necessary for their activity [32].

CTR ICOS-Fc

Fig. 33 Effect of treatment with ICOS-Fc and the G10 antibody on the osteoclastogenesis process.
Monocytes were induced to differentiate to MDOCs in the presence and absence of the ICOS or G10 antibody
added from day 0 (T0-21 treatment).on day 21 the treated cells have a different morphology than the control. The
control shows a typical progression towards the morphology of MDOCs, while the treated ones have a small and
spindle shape consistent with inhibition of osteoclastogenesis. Representative panel of three distinct experiments
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The osteoclast is a multinucleated giant cell whose maturation consists of cell
polarization with the formation of a ruffled membrane and the clear zone, which is the
secretion site of TRAP, cathepsins, and metalloproteinases, crucial enzymes involved in
the demineralization of the inorganic component of the bone [148]. In this work, we
want to demonstrate that the anti-ICOSL antibody G10 can behave like ICOS-Fc in
inhibiting osteoclasts' differentiation. To do this, an osteoclastogenesis assay was
performed in collaboration with the company NOVAICOS. Monocytes were cultured for
21 days in a differentiation medium composed of M-CSF and RANK-L. Cells were
treated with 2mg/ml of either ICOS-Fc or G10 antibody from day 0, and osteoclasts
morphology was analyzed on day 21. Fig. 33 (microscope images) shows a notable
difference between treated and untreated cells. In fact, on the 21st day, the untreated
control shows the presence of giant cells showing the typical progression toward the
MDOC morphology. At the same time, both ICOS-Fc and G10 antibodies show similar
results; in fact, in the microscope images, there are no multinucleated cells but cells
that have acquired a spindle morphology. These results are consistent with an inhibition

of MDOC differentiation in mature osteoclasts.

2.3.2 TRAP Assay: evaluation of TRAP enzyme amount

To further investigate the functionality of the G10 clone, we also performed, in
collaboration with the company NOVAICOS, a TRAP assay. This is highly expressed in
mature osteoclasts and is contained within lysosomes and vesicles, ready to be
released into the clear zone.

The presence of the TRAP protein and its quantity were analyzed by enzyme staining in
osteoclasts. As before, the monocytes were cultured in the presence of growth factors
and subsequently treated with ICOS-Fc and the G10 antibody from day 0. The
evaluation of the TRAP enzyme was done on day 21. Again, it is possible to observe
from Fig. 34 (a) that the control shows giant cells with a massive amount of TRAP
protein (stained in black) in them. On the contrary, the two treatments show a robust
inhibition of maturation. There is a smaller amount of multinucleated cells and a notable
presence of cells with spindle-like cell morphology.

Furthermore, the amount of TRAP protein significantly decreased compared to the
control. This is also confirmed by the histogram that shows the percentage of the
multinuclear TRAP+* cells at T21 (Fig. 34 b). The percentage of TRAP* cells is

67



Results and Discussion

comparable between the two treatments, showing a decrease of about 50% compared

to the control.

a)

o-ICOSL (G10)

it
_ ’ﬁ

TRAP
Enzyme

b) & 1504
®
3
o
g 100 —T—
4
S
3
=
- * % =
S 50
E “
.
o
g oLl
< S
& Cpé‘ @
§ &
©
¢

**Dunnett’test

Fig. 34 Effect of ICOS-Fc and G10 antibody on MDOC differentiation. Monocytes were i differentiated to
MDOC:s in the presence and absence of the two treatments reagents added from day 0 (T0-21 treatment). a)
Microphotographs of TRAP staining at T21 were observed at original magnification x40 (representative of three
experiments). b) Data are expressed as the mean +/- SEM of the percentage of inhibition versus the control (set
at 100%) obtained in three independent experiments by counting 10 fields per sample (**p < 0.01 versus the
control).

2.3.3 Real-time PCR: evaluation of the expression level of
NFATc1, OSCAR and STAMP genes

Since the osteoclasts differentiation depends on the upregulation of specific genes like
DC-STAMP (necessary for the osteoclast precursor fusion), OSCAR (regulator of
osteoclast differentiation), and NFATc1 (activation of genes needed for the production of
TRAP and cathepsin enzyme), we decided, in collaboration with NOVAICOS, to assess
the effect of the treatment on the expression of these genes by real-time PCR.
Similarly, monocytes were grown and matured into osteoclasts with or without
treatment, and on day 21, the genes expression level was evaluated.
The results showed that ICOS-Fc and the G10 antibody treatment decreased the
expression of all these mRNAs in the osteoclasts if compared with untreated cells (*=p
<0.05, **=p<0.01 versus the control) (Fig. 35). Interestingly, the G10 clone presents a
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better result in the inhibition of the genes OSCAR and NFAT-c1 compared to the ICOS-
Fc molecule.

Once again, these data confirmed the goodness of the anti-ICOSL G10 antibody in
inhibiting the processes of osteoclastogenesis and osteoclastic function. This was done
by behaving similarly to the recombinant molecule ICOS-Fc, which has proven effective
for these purposes. This lays new foundations for the continued characterization of this

clone to further explore its potential.
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Fig.35 Effect of ICOS-Fc and G10 antibody on MDOC expression of OSCAR, NFATc1, and DC-STAMP.
Histograms show the real-time PCR data of expression of NFATc1 (sx panel), of ctsK (middle panel) and OSCAR
(dx panel) on day 21. The treatments are effective in reducing the expression of genes involved in osteoclast
maturation compared to the control. Furthermore, the G10 antibody is more effective in inhibiting NFAT-c1 and
OSCAR. Data areexpressed as the mean +/- SEM from three independent experiments. The data are normalized
for the expression in thecontrol cells (control expression set at 100%). *p < 0.05, **p < 0.01 versus the control.
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3 Improvement of G10 clone affinity

Given the promising data obtained from the G10 clone both in specificity tests and in
functionality tests obtained with osteoclasts, the third phase was focused on improving
the affinity of the G10 clone through the affinity maturation technique called chain
shuffling.

3.1 Affinity maturation of the G10 clone and Antibody
library construction

For the affinity improvement of the G10 clone, it was decided to use the chain shuffling
technique [149]. The V1 sequence of the G10 clone was kept constant and randomly

assembled with a VL library deriving from the library naive (Fig. 36).

random assembly and
creation of a new library
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Fig.36 Schematization of the chain shuffle technique.

The heavy chain variable region (Vi) sequence was kept constant and randomly associated with a library of light
chain variable regions (V1) derived from the naive library. In this way, it is possible to build mini-libraries of the
clone G10 to look for variants that give greater affinity.

To do this, the Vi G10 sequence was amplified from the phagemid (pDan5) using
specific primers.

A random assembly of the G10 Vy with a VL library is done through an assembly PCR.
The first rounds of this PCR protocol are composed of just annealing and denaturation
steps, without adding any primers in the reaction. This step allows the annealing of the
linker region through the overlap regions previously created. In this way, mixing the two
V regions recreates the linker region that joins the two coding sequences. Once the VH
and V. are randomly paired, another set of primers is used in order to amplify the entire

scFv fragments. The correct success of the PCR reactions was verified by agarose gel
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electrophoresis, as shown in Fig. 37 (a-b). The amplification of the V.s and the Vu of the

G10 fragments have an aspected size of about 450 bp, while the assembly reaction led

a) M VL Mix b) M VH G10 c)

1,5 kb 1,5 kb

1,5kb
1kb

1kb 1 kb

500 bp

500 bp 500 bp

100 bp 100 bp

100 bp

VLPT2

—
—— )
H
VLPTL Vo I
VHPT1

- [ V.|
A | T
— R Vi

Fig. 37 Figure representing the phases of the chain shuffling technique. The first step involves amplifying the
G10's Vu and VL mix. Vy amplification was achieved by VHPT1-VHPTL primers while Vi.s were amplified by
VLPT2-VLPTL. The results of the amplifications are reported in the figures relating to the electrophoretic gel (a
and b). The amplified products show an expected length of about 450 bp. The second phase involves the random
assembly between the Vs sequences and the Vi of the G10 clone through the overlap region at the linker level.
The assembly product is shown in (c). The fragment has an expected size of approximately 900 bp

to the formation of a fragment of approximately 870 bp (Fig. 37 ¢) (sum of Vx, Vi, and
linker).

Finally, for the construction of the V. library of the G10 clone, both the phagemid and
the PCR fragments resulting from the assembly reaction were digested with the
restriction enzymes and the scFvs sequences were then cloned upstream of the G3P
coding sequence and finally electroporated into electrocompetent E. coli cells (Fig.38).
After 9 electroporations, we obtained a library of the size of 3x104 clones. The resulting
library is not the size we expected, but it still has a good size for selecting and isolating
new clones.

The bacteria resulting from the electroporation were then collected and grown in a liquid
medium. Subsequently, the plasmid DNA was extracted to obtain complete information

about the scFvs library.
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Fig.38 Schematic representation of the building of the library. The PCR fragments deriving from the PCR
Assembly are digested with the enzymes BssHIl and Nhel and cloned inside the pDANS vector, which is also
digested with the same enzymes. The plasmids were then electroporated into electrocompetent E. coli cells. A
total of 9 electroporations were performed

3.2 Transformation of the library into yeast

For the selection and isolation of new clones with increased affinity, we decided to use
the yeast display technique.

This technique has characteristics that would allow us to isolate clones with the desired
characteristics.

The yeast has a better quality of antibody exposure thanks to the post-transcriptional
modification (glycosylation pattern similar to that of mammals), which improves its
solubility (and stability). Furthermore, the presence of the endoplasmic reticulum (and
molecular chaperones) allows the elimination of antibodies that have unstable
sequences but also express complex clones for the prokaryotic system [126].

But above all, with the yeast display, through FACS, it is possible to select clones with
greater affinity in real-time.

To switch to the yeast display system, the created mini library has been cloned into a
vector (pDNLG6) that allows the expression of scFvs as fusion proteins with the AGA2
protein. To do this, the scFvs were amplified, starting from the miniprep of the library,
using specific primers (Fig.39).

The primers have bases homologous to those of the primers used to amplify the
sequence of scFvs from the phagemid allowing to exploit of gap repair mechanism in
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Fig. 39 Schematic representation of the gap repair process. the genes were amplified using a pair of primers
(PDAN_to_pDNLG6 3’ and pDAN_to_pDNLG6 5) showing bases of homology with the vector to its cloning site (black)
and regions of homology with the gene itself (grey). The amplified sequences were transformed into S. cerevisiae
together with the vector digested with the enzymes BssHIl and Nehl. After transformation, the recombination
process present in the yeast allows the recombination between the amplified gene and the vector. Finally the new
created scFvs library is cloned into the pDNL6 vector and transformed into competent chemical yeast cells for
library building.

yeast, avoiding laborious in vitro purification and ligation of DNA [150]. In fact, these
primers also have regions homologous to the vector in its cloning site. Thus, the
resulting PCR product, composed of the scFvs flanked by the regions homologous to
the vector's cloning site, is used for the yeast transformation together with the linearized
vector. In this way, the recombination between the amplified fragments and the plasmid
will occur in the transformed yeast, leading to the construction of the recombinant
vector in vivo.

Finally, 500ng of digested vector and 1.5ug of amplified scFvs were added to the
chemical yeast cells competent for the transformation process. The library obtained has
a size of 5x104 clones, a value comparable to that obtained in the transformation of the
library into E. coli.
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3.3 Analysis of the G10 library

In order to assess the quality of the mini-library, the yeast library was cultured in liquid
culture for 48 hours, and subsequently, the expression of the scFvs on the yeast

surface was induced. The expression of scFvs was verified by flow cytometry analysis,
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Fig.40 Analysis of the expression of scFvs on the yeast surface. a) Unstained library. b) Library incubated
with anti SV5-Pe antibodies for expression control. About 45% of the population express the antibody fragment.

marking with a fluorescent antibody labeled with PE (phycoerythrin) that recognizes the
SV5 tag at the C-terminus. It is possible to observe in Fig.40 how the anti-SV5-PE
binding is associated with a population shift along the x-axis, which represents the
population expressing scFv, compared to the unmarked population. It can be observed
that the percentage of positive cells for anti-SV5-PE is about 45%; this result confirms
how yeast is an excellent tool for eliminating clones that have an unstable sequence
and that do not reach the correct folding.

Furthermore, this provided us with information on the good construction of the library; in
fact, almost 50% of the population expresses the scFv on the surface.

Once the expression was verified, the ability of the library to bind the antigen was
evaluated. For this test, ICOSL-biotinylated, at different concentrations (1, 10, and 50
nM), was used to test the entire library's affinity level. The choice of these
concentrations is based on the kp of clone G10 (87nM) calculated by BLI. Since we aim
to isolate clones with higher affinity, we decided to test lower antigen concentrations.
Thus, a second label with Streptavidin-Alexa Fluor 488 was performed to observe the
binding of the library with the biotinylated antigen. A greater amount of bound antigen is

associated with an increase in the fluorescence signal along the y-axis (Fig. 41). The
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upper right quadrant shows those clones showing double fluorescence signals (scFv
expression and antigen binding). By observing this quadrant, it can be seen that at
different antigen concentrations, there are different percentages of positive cells
(Fig.41). At 1 nM of ICOSL-Bio, only 0,5% of the population recognize the antigen, at 10
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Fig.41 Evaluation of the binding capacity of the antigen. a) Library incubated with 1nM of ICOSL-biot. b)
Library incubated with 10nM of antigen. c) library incubated with 50 nM of antigen. Anti-Sv5-Pe and streptavidin-
alexa fluor 488 antibodies were used for staining. As it is possible to see as the antigen concentration increases,
the percentage of the population that binds the antigen increases

nM 34%, and at 50 nM 40% (almost the totality of the population that expresses the
scFv). Although these two last populations have a similar positive population
percentage, the mean fluorescence intensity is greater in the population incubated with
the highest antigen concentration. The population appears, in fact, to be more shifted
upwards in the quadrant, indicating only a greater quantity of antigen bound to single

yeast cells due to the increased concentration of the antigen.

3.4 Selection of affinity maturated clones through cell
sorting

Once the ability of the mini-library to bind the antigen was tested, it was decided to
carry out a selection cycle using FACS. It was decided to choose the population
incubated with 10nM of biotinylated antigen; at the 1nM antigen concentration, even if
the positive clones probably have a higher affinity, the population is too close to the

negative population, and there may be a risk of isolating false positives.
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Furthermore, at the concentration of 50nM, we have no more information than at the

concentration of 10nM.
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Fig. 42 Schematization of the sorting process. The yeast population incubated with 10 nM of ICOSL biot was
used for the sorting process. The sorting gate has been opened in the upper part of the double positive
population (red box). Specifically, 20,000 events were sorted by 1% of the population. After sorting, the population
was evaluated for its binding capacity. it is possible to observe an enrichment of the double positive population
quantity, compared to the pre-sorting

Then, a specific population was sorted from the ICOSL-biot 10nM incubated library. In
detail, 20,000 events (cells), corresponding to 1% of the population, were sorted from
the highest portion of the double positive population (P3) (Fig.42). The gate (red
squared in Fig.38) has been positioned at the top of the graph, as the clones with the
greatest affinity are usually placed there. Basically, the greater the fluorescence, the
greater the bound antigen. Finally, the P3 population was grown in culture and re-
analyzed for expression level and antigen binding. As can be seen from Fig.42, there
was an enrichment of the double positive population (53,8%) compared to the starting

situation (40%), confirming the correct success of the sorting process.

3.5 Isolation and characterization of new anti-ICOSL
clones.

Once the functionality of the sorted population was verified, the individual clones were

isolated. To do this, the P3 population was diluted and grown at 30 ° C for 48 hours.

To carry out an initial screening, a total of 25 colonies were used for screening (Fig.43)

and analyzed for diversity through the fingerprint technique. In particular, using a high

cutoff frequency restriction enzyme, it was possible to observe different digestion
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Fig. 43 schematic representation of the isolation process of single anti-ICOSL clones. A dilution of the P3

population was plated on a solid medium to obtain single colonies. 25 clones were selected and cultured for
subsequent analysis

patterns based on the nucleotide sequence of the individual clones. Therefore, the
sequences of the scFvs were amplified (Fig. 44 a) and digested with the enzyme Bstnl.

As expected, some of the patterns were the same due to the enrichment of a small

population during the sorting process. The general diversity has been summarized in

Fig. 44 (b). It can be seen that although part of the sequence is the same in all clones

a)
M

1kb
500 bp

[39]

4 5

G10

b)

1 2 3 4

5 GI10

500 bp

300 bp

200 bp

100 bp

Fig.44 a) amplification of the scFv sequence with pDNL6 For / Rev primers. b) Electrophoretic gel summarizing
the diversity of anti ICOSL clones. Among the 25 clones only 6 showed different digestion patterns
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(Vu G10), the patterns are visibly different from each other. Five clones with different

patterns were identified, while the clones with identical fingerprints were discarded.
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Fig. 45 Analysis of the functionality of single anti-ICOSL clones. Individual clones were incubated with 20nM
of ICOSL biot antigen and ICOS-Fc non-related antigen and tested for their specificity. All samples were treated
with two secondary antibodies: anti-Sv5-Pe (for scFvs expression) and streptavidin Alexa fluor 488 (for binding to
the antigen). An unrelated antibody was used as a negative control. All six clones show a binding capacity to

ICOSL-biot and not to ICOS. all, except clone 2, have a higher percentage of the population than the parental
clone
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Given this, a flow cytometric analysis was performed to evaluate the binding specificity
of the five clones compared to the parental G10 clone. These clones were incubated
with ICOSL-Fc and ICOS-Fc at 10nM (Fig. 45). A clone presenting an unrelated scFv
(Ctr-) was used as a negative control.

From the flow cytometric analysis, it was possible to observe that all the isolated clones
are able to recognize and bind ICOSL-Fc but do not recognize ICOS-Fc (Fig.45).
Watching the graphs, it is possible to observe how most of the clones, except clone 2,
seem to have a greater positivity towards ICOSL-Fc than G10 clone. This may be
caused both by a greater affinity of the new clones or by greater stability that

determines a better expression on the yeast surface.

3.6 Affinity evaluation by yeast display

Once the effective binding capacity of the selected clones had been established, it was
decided as a preliminary investigation to evaluate differences in affinity with respect to
the parental clone G10. To do this, each clone was incubated with different
concentrations of ICOSL-biotinylated (0, 10, 40, and 80 nM), and the binding capacity
was evaluated by calculating the MFI (mean fluorescent intensity) of the positive
population.

As shown in Fig.46, all clones show an increase in the population in the fourth quadrant
as the concentration of the antigen increases. It is interesting to note that at the
concentration of 10 nM, almost all clones have an almost identical positive population;
only clone 5 already shows substantial differences; in fact, almost all of the sv5 positive
population binds the antigen at a concentration of 10 nM. At the highest concentration
tested (80nM), the new 3,4,5 clones would appear to have a more positive population
than the parental clone G10. Only clone 1 has similar behavior to clone G10. These
preliminary results, therefore, show a different behavior between the different clones.
The result is that clone 3,4,5 may have a higher affinity than clone G10, while clone 1
may have a similar or slightly better binding affinity.

These results are an estimate of the affinity of the various clones, which will

subsequently be investigated by BLI.
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Fig.46 Affinity evaluation of the selected clones. Individual clones were incubated with 0, 10, 40, and 80 nM of
ICOSL biot antigen. All samples were treated with two secondary antibodies: anti-Sv5-Pe (for scFvs expression)
and streptavidin Alexa fluor 488 (for binding to the antigen). Clones 3,4,5 show a higher positive population than
clone G10, while clone 1 shows a similar behavior

3.7 Production of the new clones as scFv-Fc

To compare the affinity of the new clones with that of the parental clone G10, the new
clones were produced as scFv-Fc. The scFvs were cloned into a vector presenting the

human IgG Ch2-CH3 sequence. Once cloning was done, the antibody fragment was
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Fig.47 a) Schematic representation of the scFv-Fc molecule. b) SDS-PAGE of the protein A purified of the clone 1,
3, 4,5, and G10. 2 ul of the purified scFv-Fc were loaded on gel and run in reducing conditions.

produced through ExpyCHO, a commercial cell line optimized to ensure high production
yields. The high titer protocol was used, and scFv-Fc production was evaluated eight
days post-transfection. Subsequently, the scFv-Fc has been protein A purified and
quantified by densitometry. As can be seen from the SDS page (Fig. 47), all antibodies
were produced. As it is possible to see from Fig. 46, clones 5 and 3 were produced
better than the others because they are probably more stable than the parental clone.
The band corresponding to the loss of a variable region is less intense than the other
clones. In contrast, clones 1 and 4 have higher antibody degradation than the intact
antibody. For the quantification of the antibodies and for the future test, only the full-

length portion of the antibody was considered.
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3.8 kp calculation: comparison between G10 and new
clones

Once the effective ability to bind the antigen in solution in a specific way was
established, the new clones were subjected to an affinity test. To prove that the affinity
maturation process, through the chain shuffling technique, has worked, the affinities of
the new clones must be better than the parental clone.

Even in this case, the OCTET® N1 instrument was used to calculate the affinity. In
particular, a streptavidin functionalized biosensor was used to fix the biotinylated
antigen. ICOSL-biot was loaded onto the tip at a concentration of 10 ug/mL, and then
different concentrations of antibodies were added. Each antibody was used at 4
different concentrations: 0, 25, 50, 100, and 200 nM. Figure 48 (a) shows the graphs

related to the calculation of the ko of the single clones. While figure 48 (b) shows a
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Fig. 48 Calculation of the dissociation constant. a)The streptavidin functionalized biosensor was loaded with
ICOSL-biotinylated at a concentration of 10ug/mL. The scFv-Fcs were subsequently added at different
concentrations: 0,25,50,100,200 nM (The program used is shown in Tab 3 in the materials and methods section).
The graph was obtained using the OCTET® N1 software. b) summary graph of the kD of the different clones. The
streptavidin functionalized biosensor was loaded with ICOSL-biot at a concentration of 10ug/mLand then
antibodies at a concentration of 100nM were added. c) Table reassuming KD, Ka and Kd values.
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summary graph of all the clones. This allows us to appreciate the difference in affinity
between the individual clones visually.

Observing the table (Fig.48c), it is possible to observe differences in the values of
association and dissociation between the different clones. In fact, it is possible to note
how clones 3 and 5 present the highest association values (indicating that they
associate more rapidly with the antigen in the unit of time), while clones 4 and 1 present
even lower values than clone G10 despite having a better Kp. The values of Kd, on the
other hand, are different. In fact, clones 1 and 4 show lower values than clone G10,
demonstrating a slower dissociation of the antigen and a higher affinity. Finally, clone 3
has the lowest kd value, while clone 5 has a value comparable to clones 1 and 4.
Finally, all the new clones show an improved kp compared to the G10 (orange line in
Fig. 48 b), indicating success in the affinity maturation process.

Notably, clone 3 has an affinity value approximately ten times higher than the parental
G10 clone.
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Conclusion

This work aimed to isolate, through in vitro display technology, antibodies able to
replace the recombinant molecule ICOS-Fc in the treatment of osteoporosis. The first
step was the selection of a naive antibody phage library, previously built in our
laboratory. The selection strategy was based on immobilizing the ICOSL-Fc antigen
(provided by NOVAICOS srls) on a solid support. The selection process allowed the
isolation of a single clone, G10, specific for ICOSL.

To further study the potential of this antibody fragment, the scFv sequence was cloned
into pcDNA 3.1 (+) to obtain the scFv-Fc antibody format. Functionality and specificity
were tested on ELISA assays with different ICOSL forms. From this test, the G10 clone
demonstrated its ability to bind ICOSL. Interestingly, the absence of a signal indicated
that the binding is highly dependent on glycosylation and the folding of the molecule.

A crucial part of the work was also to understand whether the G10 antibody was able to
recognize ICOSL in its native conformation. To understand this, a cytofluorimetric
analysis was performed on different ICOSL+ cell types. The results confirmed the good
potential of this antibody, albeit with different percentages of positivity, the G10 clone is
able to recognize ICOSL on the surface.

Finally, the capability of the G10 clone to inhibit osteoclastogenesis was performed.

The G10 antibody was compared in its functional activity with the ICOS-Fc molecule,
which was found to be an effective treatment in previous studies [32]. In the
osteoclastogenesis assay, clone G10 was found to have comparable capabilities to
ICOS-Fc in decreasing osteoclast maturation. Furthermore, through an assay aimed at
quantifying the TRAP enzyme inside osteoclasts, it was confirmed that clone G10 is
able to inhibit osteoclast maturation. In fact, the amount of TRAP protein inside the
osteoclasts was similar between the two treatments (clone G10 and ICOS-Fc) and
lower than in the untreated sample. Furthermore, by staining the cells for the TRAP
protein, it was again possible to observe a decrease in giant cells, with an increase in
spindle cells, in the treated samples.

These results were also confirmed by analyzing the expression of some genes involved
in the osteoclast maturation process. In particular, the genes analyzed are NFATc1,
OSCAR, and STAMP. Interestingly, in all three genes analyzed, osteoclasts treated with

ICOS-Fc and clone G10 showed lower gene expression levels than untreated ones.
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Furthermore, the G10 antibody had a better ability to inhibit the NFATc1 and OSCAR
genes than the ICOS-Fc molecule.

In light of these promising results, it was decided to improve the affinity of this clone
through the chain shuffling technique.

To do this, the Vi sequence of clone G10 was randomly shuffled with a library of Vis
from the naive antibody library. This has led to the formation of a mini-library of 3x104
clones. For the selection of new antibodies with greater affinity, it was decided to use
the yeast display technique. This allowed us to exploit real-time sorting through the
FACS technique. Once the library was validated, the selection process envisaged a
sorting phase of 20,000 yeast cells presenting binding capacity against ICOSL. From
this process, it was possible to isolate four different anti-lICOSL antibodies able to bind
ICOSL. To further characterize them and to understand the success of the affinity
maturation technique, the new clones were produced as scFv-Fc and subsequently
calculated their affinity (Kp). In this work, the calculation of the Kp was performed by the
Biolayer Interferometry technique. From the data analysis, it was possible to confirm the
correct functioning of the chain shuffling technique; in fact, all new clones have better
affinity if compared with the G10 parental clone.

The anti-ICOSL G10 clone proved to be a great candidate for our purposes. Indeed,
these tests revealed its potential as a possible substitute for the recombinant molecule
ICOS-FC in inhibiting osteoclast maturation and function and in the possible future
treatment of osteoporosis.

In light of this, further functional characterizations will be needed. Among these, there is
certainly the possibility of testing the molecule in a mouse model of osteoporosis in
order to evaluate its ability to inhibit the disease and its toxicity.

Furthermore, it would be interesting to test the new clones, which have a better affinity
than the parent clone, in functionality tests. In particular, it would be useful to
understand whether or not an increase in affinity could give better functional effects

than the starting clone G10 in the inhibition of osteoclast maturation and functionality
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