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“1COS-Fc, an innovative immune modulator suggested as a new

pharmacological strategy in a wide range of pathologies”

CHIARA MONGE

Department of Drug Science and Technology (Turin, Italy)

ABSTRACT

Inducible T-cell costimulator (ICOS) upon binding to its ligand (ICOSL), which was found widely cells
expressed, can mediate several immune responses and trigger bidirectional signals on ICOSL
expressing cells leading to ICOS/ICOSL targeting in many different pharmacological fields.

The aim of this study was to investigate the therapeutic potentialities of ICOS-Fc, a recombinant form
of ICOS, studying its effect upon ICOS/ICOSL system triggering in settings different from the immune
system.

Promising results showed that ICOSL has a central role in tissue repair. Since it is able to trigger
ICOSL, ICOS-Fc showed itself able to improves cutaneous wound healing by increasing angiogenesis,
enhancing fibroblasts and reparative macrophages recruitment.

Despite ICOS/ICOSL system has been poorly investigated in sepsis context, surprising ICOS-Fc effect
emerged on the complex interplay of hyperinflammation and immunosuppression host response
developing in septic patients. ICOS-Fc treatment showed to be able to significantly ameliorate the
clinical sepsis context and, moreover, the plasma level of ALT, AST, creatinine and urea reported how
ICOS-Fc treatment was able to protect from liver and renal injury or dysfunction sepsis caused.
Choosing ICOS/ICOSL pathway as a pharmacological target for antitumor therapies hold a great
promise for cancer therapy as well. In this regard, ICOSL triggering by ICOS-Fc hampered
adhesiveness and migration of dendritic, endothelial, and tumor cells in vitro and metastatic
dissemination in vivo. On the other side, the inhibition of tumor growth was reached only when
ICOS-Fc was encapsulated into nanodelivery system. All these previous findings were confirmed also
in myeloma multiple context. Indeed, ICOS-Fc was able to inhibit migratory property of MM cell line
expressing high level of ICOSL. Furthermore, when ICOS-Fc was loaded into PLGA, it significantly
counteracted tumor growth in MM subcutaneous in vivo model.

In addition, the ICOS-Fc antitumor effects were studied more in depth considering the involvement
of OPN, another important player in the ICOS/ICOSL axis. Intriguingly, the OPN or ICOS different

interactions exert opposite ICOSL triggering effects: OPN support metastasis and angiogenesis,
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which is dominantly inhibited by ICOS. The in vitro migration assay and the in vivo evaluation of
melanoma lung metastasis spreading were performed comparing the metastasizing capability of
lower or higher ICOSL expressing melanoma cells. The results confirmed that melanoma cell
migration induced by OPN is strictly correlated to ICOSL expression, while ICOS-Fc was significantly
able to inhibit it.

The promising ICOS-Fc antitumor effect observed supported its potential application in combined
cancer therapies and highlighted nanotechnology strategy as a precious tool to improve its
therapeutic efficacy. Important findings are here reported regarding the involvement of ICOS-Fc in
an innovative drugs combination with SOR and TMZ co-loaded in injectable nanoemulsions for total
parental nutrition (Intralipid© — IL) or in B-cyclodextrin based nanosponges (NS) loaded with GEM
(NS[GEM+ICOS-Fc]). They were used to optimize melanoma or pancreatic cancer therapy
respectively. In both case the results collected highlighted the important ICOS-Fc contribution. For
the IL-polychemotherapy proposed, it consisted of an immunostimulatory and antiangiogenic
activity with an optimally synergic effect with the other drugs loaded in the nanodelivery system.
Compared to free drugs administration, the IL-loading drugs MIX showed an increased inhibition on
melanoma cell invasion in vitro and significant tumor growth inhibition in vivo.

In pancreatic cancer scenario, ICOS-Fc involvement in a combination therapy depicted a promising
strategy to overcome pancreatic cancer drug resistance, as a suitable alternative to only GEM
standard treatment. The GEM loading into NS functionalized with ICOS-Fc enhanced its cancer cells
viability and proliferation inhibition in both 2D and 3D model, depicting a more efficient
internalization of the system proposed compared to GEM administered in free form. The migration
experiments in both static and dynamic condition highlighted a significant NS[GEM+ICOS-Fc] anti-
invasion effect. These results gained even more weight for GEM resistant cells on with GEM in free
form was even able to induce cell migration and metastatization. Furthermore, the synergist effect,
resulted from the ICOS-Fc anti-invasion with the GEM antiproliferative one, was highly supported by
the results collected by the MIVO dynamic migration assay performed. Indeed, it suggested the B-
cyclodextrin-NS loaded with ICOS-Fc as a valid strategy that might improve the GEM efficacy in
pancreatic cancer treatment.

All these promising findings supported the wide ICOS-Fc pharmacological potentialities and how

ICOS/COSL axis represents an important therapeutic target in different pathological scenarios.

Keywords: ICOS:ICOSL system; immunomodulation; chemo-immunotherapy; nanodelivery system
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AML: acute myeloid leukemia
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CNS: central nervous system

CRC: colon rectal cancer

CTLA-4: Cytotoxic T-Lymphocyte Associated Protein 4
CVID: common variable immunodeficiency

DCs: Dendritic cells (immature iDCs; mature mDCs)
DLS: dynamic light scattering

ECs: Vascular Endothelial cells

ECM: extracellular matrix

EMT: epithelial-to-mesenchymal-transition

EPR: enhanced permeability and retention effect
ERK: extracellular signal-regulated kinase

FA: folate acid

FAK: focal adhesion kinase



5-FU: 5-fluorouracile

Froi: FA binding proteins

GEM: gemcitabine

GEMMs genetically engineered mouse models

Hb: haemoglobin

hCNT1: human concentrative nucleoside transporter 1
KO: knockout

ICI: immune checkpoint inhibitor

IDP intrinsically disordered protein

Ig: immunoglobulin

IL: intralipid

LPS: lipopolysaccharides

MDCSs: myeloid-derived suppressor cells

MDOCs: human monocyte-derived OC-like cells

MDR: multidrugresistance

MEK: mitogen-activated protein kinase

MEKi: MEK inhibitors

MFI-R: mean fluorescence intensity ratio

MGUS: monoclonal gammopathy of undetermined significance
MHC: major histocompatibility complex

MM: Myeloma Multiple

MMP: matrix metalloproteinases

MPO: Myeloperoxidase

MRP1: multidrugresistance associated protein

mMTOR inhibitor: mammalian target of rapamycin inhibitor
NK: natural killer cells

NPs: nanoparticles

Nrf2: nuclear factor erythroid 2-related factor 2



NSCLC: Non-small-cell lung cancer

NSG: NOD-SCID-IL2R null mice

OBs: osteoblasts

OCs: osteoclasts

OPN: osteopontin

OS: overall survival

PARP: poly ( ADP-ribose) polymerase
PCs: plasma cells

PD1: Programmed Cell Death 1

PDAC: pancreatic ductal adenocarcinoma
PDI: polydispersity index

PEG: polyethylene glycol

PFS: progression-free-survival

P-gp: P-glycoprotein

PLA: Proximity Ligation Assay

PLGA: poly lactic-co-glycolic acid nanoparticles
PMN: polymorphonuclear cells

pSS: Primary Sjogren's syndrome

QUR: quercetin

RA: Rheumatoid arthritis

RANK: receptor activator of NF-kB
RANKL: receptor activator of NF-kB ligand
RAP: rapamycin

SLE: Systemic Lupus Erythematosus
SMM: smouldering multiple myeloma
sICOS: soluble ICOS

sICOSL: soluble ICOSL

SLNs: solid lipid nanoparticles



SOR: sorafenib

SRANKL: soluble RANKL

t-AML: therapy-related AML

T1D: type 1 diabetes

TCR: T cell receptor

T :T follicular helper cells

Treg: T regulatory cells

TMD: tumor micro-vessel density
TME: tumor microenviroment
TMZ: temozolamide

TNBC: triple negative breast cancer
VEGF: vascular endothelial growth factor
WT: wild type

YAP: yes-associated protein 1
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1. AlM

My thesis aim was to investigate the therapeutic potentialities of ICOS-Fc, studying its effect through
ICOS/ICOSL system triggering in cells not belonging to immune system.

The specific objectives were:

1) Studying ICOS-Fc as a novel player in ICOSL triggering promising pharmacological
applications, such as tissue repair, in sepsis and cancer contexts
2) Studying ICOS-Fc different nanoformulations as novel strategies in immune combination

cancer therapy

The experiments, whose data are here reported, were performed in the laboratory of Pharmacology
in the Department of Drug Science and Technology (University of Turin, Italy), in the laboratory of
Immunology in the Department of Health Science (University of Novara, Italy) and in the laboratory

of Pathology in the Department of Clinical and Biological Sciences (University of Turin, Italy).

The project | worked on was in collaboration with different research groups, such as those of Prof.
Umberto Dianzani (Department of Health Science - University of Novara), Prof. Stefania Pizzimenti
(Department of Clinical and Biological Sciences - University of Turin), Prof. Roberta Cavalli
(Department of Drug Science and Technology - University of Turin), Prof. Luigi Battaglia (Department
of Drug Science and Technology - University of Turin) and Prof. Caterina Guiot (Department of

Neurosciences "Rita Levi Montalcini" — University of Turin).
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2. BACKGROUND

2.1 ICOS

ICOS is an inducible T-cell co-stimulator receptor, originally discovered in 1999 on the surface of T
cells upon T-cell receptor (TCR) stimulation. It is a homodimeric protein, of a molecular weight of
55~60 kD approximately and third member of the CD28 family, next to CD28 and CTLA-4. If CD28
role is enhancing T-cell functions essential for an effective antigen-specificimmune response, on the
other side a counterbalance, essential to prevent an overstimulation of the lymphoid system, is due
to the homologous CTLA-4 mediated signals (Brown, 2012; Liu Jie et al., 2014; Boggio et al., 2016).
It has been found involved in several diseases including atherosclerosis, chronic inflammatory
diseases, and several autoimmune diseases (Hutloff et al., 1999).

In this regard, CD28 and ICOS share many similarities in structure and function. Indeed, they act
likewise during expansion, survival and differentiation of T-cells and they are both necessary for
proper IgG responses (van Berkel & Oosterwegel, 2006). The major difference is shown by the fact
that ICOS cannot be constitutively expressed on resting T-cells (Li & Xiong, 2020). However, it shares
with CD28 the capacity to induce, when highly expressed on activated T-cells, similar amount of
cytokines, such as IFNy, TNFa (Th1) and IL-4, IL-10, IL-5, IL-13 (Th2) and IL-17 (Th17) responsible for
T-cell differentiation (Hutloff et al., 1999; Park et al., 2005). Several investigations reported its
expression on Th1, Th2, Th17, T follicular helper (Tfh) cells, T follicular regulatory (Tfr) cells, Tregs,
type 1 regulatory T (Trl) cells, and innate lymphoid cells (ILCs) (D. Y. Li & Xiong, 2020b). Its wide
distribution on T-cells population highlighted its relevant role in immune responses. Indeed, once
triggered, it regulates T-cell activation in lymphoid organs and T-cell function at inflammation sites
by supporting the differentiation of regulatory T-cells (Treg) and type 17 T helper cells (Th17).
Moreover, it modulates Tfh cells function and CD8+ cell-mediated response to tumors and
intracytoplasmic pathogens (Clemente et al., 2020).

ICOS has a unique ligand, ICOSL (also named B7RP-1, B7h, B7-H2, B7-like protein GI50, GL50,
KIAA0653, LICOS or CD275), which was firstly detected on a small subset of T-cells, accounting 5% of
CD3+ T cells and discovered being expressed on the surface of multiple cells types, such as antigen
presenting cells (APCs), B cells, dendritic cells (DCs), macrophages and other cell types from non-
lymphoid tissue, including fibroblasts, vascular endothelial cells (ECs) and epithelial cells (Yoshinaga

Steven K. et al., 1999; Sharpe & Freeman, 2002; Greenwald et al., 2005).
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2.2 ICOS/ICOSL pathway

Considering ICOSL widely distribution, it could be easily explained why ICOS/ICOSL pathway was
found involved in mediating several immune responses (Nurieva, 2005; Dianzani et al., 2010) and
how much anti-ICOS/ICOSL monoclonal antibodies could show an excellent potential in several
clinical applications (D. Y. Li & Xiong, 2020a).

Co-stimulatory pathways were studied as a natural target for immunotherapy in autoimmune
diseases. It has been well documented the strict relationship between an increased expression of
ICOS bearing Tfh cells and several autoimmune disorders. ICOS ligation induces the expression of
numerous cytokines, including IL-21, which is critically required for the Tfh cells formation and
function (Gigoux et al., 2009). The abnormal humoral responses caused by ICOS-induced over-
release of IL-21 is what detected in Systemic Lupus Erythematosus (SLE) and others autoimmune
conditions (Edner et al., 2020). The SLE is a chronic autoimmune disease characterized by multiorgan
damage and life-threatening consequences caused by altered production of inflammatory cytokines
and autoantibodies. Antagomir-21, niclosamide and prezalumab are examples of potential
immunomodulation drugs able to act on Tfh cell-mediated autoimmune response, thus recently
proposed as novel pharmacological strategies for SLE treatment (O’'Dwyer et al., 2018; Jang et al.,
2021; Gao et al., 2022).

Increased ICOS expression has been identify responsible of the pathological synovial inflammation,
hyperplasia, and cartilage destruction in multiple joints of patients affected by rheumatoid arthritis
(RA) (Lu et al.,, 2021; Weyand & Goronzy, 2021). The growing understanding of ICOSL biology
promoted its use also in RA as a viable therapeutic target next to the commonly used
TNFa antagonist therapy. Clear evidence of that is shown by the interesting findings of Ronan
O’Dwyer research group, who proved the efficacy of anti-mouse ICOSL domains in a collagen-
induced mouse model of RA (O’'Dwyer et al., 2018).

Immunotherapy was widely investigated as a potential treatment option for type 1 diabetes (T1D),
considered as suitable strategy to forestall or reverse the destruction of B-cells through immune
system manipulation. A long time of research was focused on studying the T-cell differentiation
involvement in the development of autoimmunity in T1D. The findings highlighted an elevated
expression of archetypal Tfh molecules, including CXCR5, IL-21, PD-1, ICOS, and BCL6 in memory T-
cells of T1D patients (Kenefeck et al., 2015), which were carefully taken into account as potential
pharmacological target (Singh Akash et al., 2023).
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Targeting costimulatory molecule was deeply studied also in Primary Sjogren's syndrome (pSS), a
systemic autoimmune disease characterized by a lowered salivary secretion, due to an abnormal
activation of T and B cells, next to the periductal lymph cells infiltration in the lacrimal and salivary
gland tissues (Manoussakis & Moutsopoulos, 2000). The work by Ping Li et al (P. Li et al., 2022)
showed how the salivary weight was negatively correlated with the expression of ICOS in patients
with pSS. Next to its potential use as pharmacological target, it has been suggested also as an
alternative candidate for pSS diagnosis.

On the other side, an ICOS deficiency has been associated with a severe reduction in circulating
memory T helper cells, which results in a progressive loss of B cell repertoire and an increased rate
of variable immunodeficiency scenario (Grimbacher et al., 2003; Salzer et al., 2004; Bossaller et al.,
2006; Warnatz et al., 2006; Yong et al., 2009). The importance of T-cell costimulatory molecules in
host defense is highlighted much more when ICOS deficiency promote defective Thl, Th2, and Th17
T-cell cytokine production and/or impaired activation of macrophages, which express ICOS ligand,
occurs and is responsible to contribute opportunistic infections. Human ICOS mutations were found
involved in antibody deficiency contexts, such as those described in common variable
immunodeficiency (CVID). CVID patients are predisposed to recurrent bacterial infections of the
respiratory and gastrointestinal tract, due to their markedly reduced serum levels for IgG and IgA or
IgM, an impaired ability to specific antibody production after vaccination or exposure, and exclusion
of secondary causes for antibody deficiency (Salzer et al., 2004; Warnatz et al., 2006). Indeed, the
current therapy preventing most CVID-predisposed infections is the regular administration of Ig
(Remiker et al., 2023). However, all findings confirming the critical role of ICOS/ICOSL interaction in
germinal center formation, antibody production and B-cell survival encouraged the research for
more genetic defects in CVID, both upstream and downstream of the ICOS/ICOSL pathway and
beyond (Yong et al., 2009).

2.3 ICOS/ICOSL bidirectional signal

ICOS/ICOSL axis can elicit a bidirectional signal, acting on ICOSL-expressing cells (Mak et al., 2003;
Tang et al., 2009).

For instance, it was found playing an important role in the development and biological functions of
dendritic cells (DCs). This are the only type of APCs that can transfer information from the outside

world to the cells of the adaptive immune system. They play a crucial role not only for inducing
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primary immune responses, but also for relevant involvement in immunological tolerance
(Banchereau et al., 2000). Indeed, they were found responsible of regulating the type of T cell-
mediated immune response, such as the sensitization of MHC-restricted T-cells, the rejection of
organ transplants, and the formation of T-dependent antibodies and cytokines release (Banchereau
et al., 2000; Tang et al., 2009; Occhipinti et al., 2013).

In this regard, reverse signaling mediated by B7h has been studied as strategy to modulate DCs
function with effects on their maturation, adhesiveness and migratory ability, and their recruitment
into tissues (Occhipinti et al., 2013).

More recently, ICOS/B7h interaction has been detected in important modulation of OCs functions,
which, similarly to DCs, are cells deriving from the monocyte lineage (Boggio et al., 2021). OCs are
giant cells formed by cell-cell fusion of monocyte-macrophage precursors playing a crucial role in
bone metabolism, acting next to osteoblasts (OBs) and osteocytes. The OCs function and its
pathological increased activity was deeply investigated in pathological bone metabolism conditions,
such as osteoporosis and RA bone pathologies, and the osteolytic bone metastasis of solid cancers
(Myeloma Multiple - MM). As ICOSL expressing cells, OCs were found to be potentially driven by
ICOS/ICOSL bidirectional signals, highlighting how much the immune system results involved in the
complex bone remodeling process (Gigliotti et al., 2016).

Moreover, recent findings showed how ICOSL expression levels on tumor infiltrating T-cells were
correlated with patient survival (Zhang et al., 2016). In addition, both ECs and several kinds of tumor
cells lines were found expressing ICOSL and interestingly involved in the ICOS/ICOSL reverse signaling
of cancer development. The complex interplay between the tumor and the microenvironment
supports cancer progression promoting cancer cells growth, angiogenesis, invasion and
dissemination (Weis & Cheresh, 2011; Dianzani et al., 2014). In particular, a successful cancer
metastasis spreading appears when tumor cells can invade the extracellular matrix and intravasate
taking root into healthy tissues. This is the most dangerous cancer skill, responsible of depicting
higher rate of tumor aggressiveness and poor therapy outcomes. In the cells movements across the
tissues both ECs, correlated to inflammatory and immune responses leukocyte recruitment into
tissues, and tumor cells assume a crucial role.

Studies of ICOS/ICOSL interaction in cancer immune response opened a new field in the

pharmacological use of ICOSL as a potential target in antineoplastic therapy as well.

15



3. ICOS-Fc

In the extensive search of interactors of ICOS/ICOSL system as immunomodulatory drugs, ICOS-Fc
stood out with its several promising pharmacological applications. It is a recombinant protein
consisting of Fc portion of IgG1 and two molecules of the extracellular portions of ICOS, whose was
found able to modulate the function of several human cell types acting on ICOS/ICOSL axis.

In vitro ICOS-Fc showed itself able to modulate human monocyte-derived DCs functions. Occhipinti
et al. (2013) demonstrated that ICOS-Fc is capable to substantially block ICOS/ICOSL interaction,
resulting in counteracting the adhesion of both iDCs and mDCs (immature and mature respectively)
to vascular and lymphoid ECs and their spontaneous and chemokine-driven migration. Dramatically
increased migration of DC, due to higher motility and responsiveness to lymph tropic
chemoattractant, occurs during infection and inflammation scenarios (Banchereau et al., 2000). In
this regard, the inhibition of iDCs migration was found as a relevant ICOS-Fc effect, essential for
arresting these cells in the inflamed tissues and in the secondary lymphoid tissues, where they can
support the differentiation of Th17 cells and highly inflammatory cytokine release (Occhipinti et al.,
2013).

How it has been mentioned, ICOSL has been detected also on OCs (Boggio et al., 2021) and recent
findings depicted ICOS-Fc potential pharmacological application in some bone pathologies. The
immune system was found involved in the complex bone remodeling process, since it showed itself
able to regulate OCs and OBs cells functions through cytokine activity and surface receptors. Several
inflammatory cytokines, such as TNFa, IL-1, IL-6 and M-CSF were found able to upregulate the
expression of the receptor activator of NF-kB (RANK) ligand (RANKL) and inducing OCs activity. In
addition, Th cells were found having a crucial role in the immune control of bone formation. In
particular, Th17 cells express high level of RANKL and secrete IL-17, which induces the expression of
RANKL and recruitment of inflammatory cytokines. These are some of the key players responsible of
the progressive bone loss showed in osteoporosis and RA pathologies and the osteolytic metastasis
of MM cancer scenario. Interesting findings showed its capability to inhibit the osteolytic activity of
human monocyte-derived OC-like cells (MDOCs) in vitro, detected by decreased expression of TRAP,
OSCAR, DC-STAMP and NFATc1 in cells ICOS-Fc treated. These data were supported by in vivo results
showing that treatment with ICOS-Fc strikingly inhibits the systemic bone reabsorption in
ovariectomized or soluble RANKL-treated mice. These findings suggested a novel field in the

pharmacological use of agonist and antagonist of the ICOS/ICOSL system (Gigliotti et al., 2016).
16



In addition, ICOS-Fc was proposed as a novel immunomodulatory drug capable to play a large role
in the immune inflammatory response and cancer metastasis dissemination as well. Dianzani et al.
(2010) demonstrated that ICOS-Fc can significantly counteract the adhesion of ECs to both several
tumor cell lines and polymorphonuclear cells (PMNs) (Dianzani et al., 2010). Among the several
molecules expressed by ECs and which are involved in T-cell activation, ICOSL is expressed at low
level and upregulated upon activation (Khayyamian et al., 2002). The ECs-T cells interaction has been
involved in activation of the memory adaptive immune response, graft rejection and even
recruitment of Ag-specific effector T-cells in sites of infection.

The promising effect of ICOS-Fc highlighted how ICOSL triggering in ECs is involved in immune and
inflammatory response. Upon ICOSL triggering and during their extravasation into inflamed tissue,
ICOS+ T-cells may modulate ECs adhesiveness. For instance, the inhibition of PMN adhesiveness
switches this interaction on one side promoting an acute-type inflammation driven by PMNs and
macrophages, on the other side a chronic-type inflammation driven by lymphocytes and
macrophage (Dianzani et al., 2010).

First evidence showing ICOS-Fc potential application against cancer spreading came out by ICOS-Fc
in vitro activity demonstrated on E-selectin signaling. ICOS-Fc was found able to inhibit ERK and p38
axis activation. Those are key player, induced in ECs trough proadhesive stimuli, responsible of
enhancing endothelial permeability and enabling transedothelial migration of cancer cells. Thus,
ICOS-Fc showed how ICOSL triggering could result in antiadhesive effects, due to an interference
with ERK and p38 signaling pathway (Dianzani et al., 2010).

Subsequently, additional research contributed to describe more ICOS-Fc antitumor effects,
supporting its use in novel immunocancer therapies. Striking results showed that ICOS-Fc was
capable to inhibit epithelial-to-mesenchymal-transition (EMT) and migration in vitro, as well as
metastasis in vivo. As it is well known EMT is promoted by cancer cells in order to acquire invasive
and metastatic proprieties, several reports showed its involvement with epithelial cells disruption of
intercellular contacts, induction of cell motility, survival and proliferation (“invasive growth”) (Son &
Moon, 2010). ICOS-Fc showed itself able to strongly counteract the HGF-induced migration, by
preserving the cell epithelial morphology and protecting them from cells scatter HGF-induced
(Dianzani et al., 2014).

The ICOS-Fc antimetastatic effect was supported by in vivo experiments: mice treated with ICOS-Fc

showed lowered lung metastasis formation whether injected with a human (CFPAC-1 Luc) or a
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mouse (B16-F10) tumor cell line. This suggested that the effect was ascribable to ICOSL triggering
on both kind of tumor cells, as well as ECs (Dianzani et al., 2014).

Moreover, in ECs and tumor cells ICOSL"8", ICOSL triggering by ICOS-Fc inhibits the phosphorylation
of focal adhesion kinase (FAK), a cytoplasmic tyrosine kinase highly expressed in numerous cancers,
regulating several tumorigenic pathways, and is able to promote a downmodulation of 3-Pix, which
is a Rac-1 activator required by activated integrins and rapid nascent adhesion turnover (Kuo et al.,
2011; Dianzani et al., 2014). Considering that the overexpression and activation of both of them are
found in several human cancers and have been involved in cancer migration, invasion, EMT and
angiogenesis (J. Zhao & Guan, 2009), those findings highlighted more in depth ICOSL triggering by
ICOS-Fc immunomodulation potentialities.

With a in depth evaluation of all these data collected, ICOSL-mediated signaling responsible of cell
invasion could be analyzed not only in the tumor progression context, but also in physiological

processes, such as tissue remodeling during embryonic development and skin wound healing.
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Figure 1: Summary scheme of ICOS-Fc multiple applications

3.1 ICOS-Fc application in wound healing

Skin wound healing starts immediately after injury and involves three phases. The inflammatory
phase is the first one, in which platelets tend to aggregate and sequential infiltration of inflammatory

cells is induced at the wound site (Guo & DiPietro, 2010). The second proliferative phase, which
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generally follows and overlaps with the inflammatory one, consists in the formation of granulation
tissue and re-epithelialization. In the reparative dermis, fibroblasts and endothelial cells are the most
highly recruited cells, which support capillary growth, collagen and granulation tissue formation at
the site of injury. Within the wound bed, fibroblasts produce major components of the extracellular
matrix (ECM), like glycosaminoglycans and proteoglycans. Following robust proliferation and ECM
synthesis, wound healing enters the final remodeling phase, during which the vascular density of
the wound returns to normal and the ECM remodeling ends to an architecture approaching that of
normal tissue. This could be achieved allowing the reorganization of the connective tissue in order
to promote scar formation (Singampalli et al., 2020; Stoppa et al., 2022).

The immune system plays a central role in orchestrating the tissue healing process (Larouche et al.,
2018), this could be confirmed by macrophages, which were found to play multiple roles in wound
healing process. In the early wound, they release cytokines promoting inflammatory response by
recruiting and activating additional leukocytes. They are responsible for clearing apoptotic cells and
promoting successively the tissue regeneration undergoing a phenotypic transition to a reparative
state that stimulate keratinocytes, fibroblasts, and angiogenesis (Meszaros et al., 2000; Mosser &
Edwards, 2008; ).

Upon inflammatory cells and macrophages, T lymphocytes migrate into wounds as well, it is usually
registered their peak during the late-proliferative/early-remodeling phase. Hence, in the design of
novel therapeutic strategies promoting tissue repair, much more targeting relevance is gifted to the
immune system role and the advantage achievable with its modulation (Larouche et al., 2018).
Maeda et al. (2011) demonstrated how important is the role of T-cell costimulatory molecules in
wound healing (Maeda et al., 2011). A significant delay in skin wound healing was detected in mice
with disruption of the ICOS/ICOSL pathway. The loss of ICOS and/or ICOSL showed to negatively
affect the recruitment of all cells types necessary for repairing the wound, such as infiltrating T-cells,
macrophages, and neutrophils and was correlated to suppressed keratinocyte migration (epithelial
gap), granulation tissue formation, angiogenesis, and myofibroblast proliferation. Several authors
demonstrated the key role of ICOS/ICOSL system in lymphocytes migration and how crucial is the
cytokines, chemokines, grow factors supplying in handling cell movement in wound healing
inflammatory response (Martin, 1997; Kondo & Ishida, 2010; Brancato & Albina, 2011; Maeda et al.,
2011).

Prior studies had shown that an IL-6 deficiency resulted in reduced inflammatory cell infiltration,

collagen deposition, and angiogenesis at wound site (Maeda et al., 2011; Johnson et al., 2020).
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Moreover, an impaired or accelerated wound healing process is correlated to a reduced/absence or
increased number of tissue-repairing macrophages respectively (Danon et al., 1989). It has been
recently demonstrated how ICOSL activation could modulate human M1 and M2 cells activity and
promote tissue repair, thanks to the overall anti-inflammatory effect achieved with the M2-like
macrophages recruitment at the wound site (Gigliotti et al., 2023).

Therefore, the local wound inflammatory response could be managed by T-cells not only by
producing cytokines but also triggering ICOSL signaling on macrophages. According to the data
collected it was suggested that ICOSL-M1 interaction in the first inflammatory phase would induce
increased secretion of IL-23, which induces a type 3 response and the neutrophil recruitment, while
activating ICOSL on M2 cells would consist in IL-10 and CCL3 increased secretion in the second phase,
which again would promote the neutrophils recruitment supporting the removal of tissue debris and
the release of pro-angiogenic factors (L. Chen et al., 2018).

Starting from the proved evidence that ICOSL triggering by ICOS drives a “reverse signal”, acting on
ICOSL-expressing cells, including APC, activated ECs, epithelial cells, fibroblasts and keratinocytes
(Sharpe & Freeman, 2002; Yoshinaga Steven K. et al., 1999), ICOS-Fc was proposed and tested as an
immunomodulator potentially useful for cutaneous wound healing improvement, since capable of
inducing angiogenesis and recruitment of reparative macrophages. During my PhD years promising
findings were collected on this research topic, which were performed in collaboration with the

laboratory of Professor Umberto Dianzani of the UPO University (Novara).
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ICOSL Stimulation by ICOS-Fc Accelerates Cutaneous Wound Healing In Vivo

Background: Wound healing is a complex biological process that consists of hemostasis,
inflammation, proliferation, and remodeling phases. A wide numbers of cell types are involved in
this process and the immune system is a key player actively participating to reestablish homeostasis
following tissue injury via multiple mechanisms. ICOS/ICOSL involvement in tissue repair has been
already demonstrated (Maeda et al., 2011), proving that the disruption of the ICOS/ICOSL pathway
dramatically delayed skin wound healing in mice, due to a markedly reduced numbers of infiltrating
T-cells, macrophages, and neutrophils into wounds and decreased production of IL-6 (Johnson et al.,
2020).

Aim: The aim of this work was evaluating the in vivo effect of ICOS-Fc, a recombinant soluble form
of ICOS, on skin wound healing.

Methods: The effect of human ICOS-Fc on wound healing was previously assessed performing an in
vitro scratch assay on HaCat human keratinocytes expressing ICOSL, but not ICOS. A linear scratch
was performed on a confluent cell monolayer, which was then cultured in serum free medium (to
minimize cell proliferation) with or without ICOS-Fc or human 11%51COS-Fc, mutant form of ICOS-Fc
unable to bind ICOSL. The in vivo evaluation of ICOS-Fc effect was conducted performing a wound
healing assay firstly on wild type (WT) mice C57BL6/J, evaluating fibroblast migration, the collagen
deposition, vessel density and infiltration of inflammatory cells (histological staining and mRNA level
through real time PCR).

Successively, the in vivo wound healing was performed including ICOS-/- and ICOSL-/- knockout
mice and NOD-SCID-IL2R null (NSG) mice, lacking T, B and NK cells. All the animals were wounded
on their back using a 4mm puncher, treated daily and monitored for 12d.

Results: /n vitro treatment of ICOS-Fc significantly enhanced HaCat wound closure in scratch assay,
showing a completely opposite effect of ICOS-Fc on cell migration, whose inhibition effect has been
previously demonstrated on several kind of cells (ECs and tumor cell lines) (Dianzani et al., 2010;
Occhipinti et al., 2013; Dianzani et al., 2014).

ICOS-Fc in vivo experiments showed how ICOS-Fc treatment on wild type mice significantly improved
wound closure in the first six days of the treatment. In absence of ICOS-Fc treatment all knockout
mice showed a substantial healing delay, compared to wild type mice, suggesting the important role
of ICOS/ICOSL system and mediated cells recruitment. Moreover, ICOSL triggering relevance in

driving tissue repair stood out from the totally negligible ICOS-Fc effect observed in ICOSL -/- treated
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animals. On the other side, it significantly improves wound closure in both ICOS-/- and NGS mice
and again in the initial part of the healing (1-6d).

The histological staining of fibroblast and collagen showed that ICOS-Fc treatment promote tissue
repair, inducing an increased fibroblast migration, but not scar formation suggested by an
unchanged collagen deposition.

Moreover, surprising was the enhanced wound angiogenesis found in mice treated with 1COS-Fc,
since it previously showed ability to curb neoplastic angiogenesis in several mouse tumor types
(Dianzani et al., 2010; Clemente et al., 2020). Differently, in the wound healing scenario, the ICOS-Fc
treatment led to an upregulation of CD31 and VEGFa of skin samples with an increased T-cell
recruitment.

Likewise intriguing was the increased macrophages wound recruitment, which was detected
studying ICOS-Fc effect on in vitro migration of M1 and M2 macrophages. Differently from how it
inhibited the migration of all cell types analyzed till then (Dianzani et al., 2010; Occhipinti et al.,
2013; Dianzani et al., 2014, Raineri et al., 2020; Boggio et al., 2021; Raineri et al., 2022), ICOS-Fc
promoted a higher M2-like reparative macrophages migration, compared to M1-like inflammatory
macrophages.

On the other side, the ICOS-Fc treatment was correlated to a decreased neutrophils recruitment,
confirming its capability to inhibit neutrophil adhesion to ECs, affecting their recruitment to inflamed
tissues (Dianzani et al., 2010).

Finally, ICOS-Fc strictly increased IL-6 expression at day 2, supporting the ICOSL-induced IL-6
production, responsible of a substantial improvement of tissue repair.

Conclusion: Promising results showed that ICOSL has a central role in tissue repair. Since it is able to
trigger ICOSL, ICOS-Fc showed itself able to improves cutaneous wound healing by increasing

angiogenesis, enhancing fibroblasts and reparative macrophages recruitment.
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Abstract: Background: ICOS and its ligand ICOSL are immune receptors whose interaction triggers
bidirectional signals that modulate the immune response and tissue repair. Aim: The aim of this study
was to assess the in vivo effects of ICOSL triggering by ICOS-Fc, a recombinant soluble form of ICOS,
on skin wound healing. Methods: The effect of human ICOS-Fc on wound healing was assessed,
in vitro, and, in vivo, by skin wound healing assay using ICOS~/~ and ICOSL~/~ knockout (KO)
mice and NOD-SCID-IL2R null (NSG) mice. Results: We show that, in wild type mice, treatment
with ICOS-Fc improves wound healing, promotes angiogenesis, preceded by upregulation of IL-6
and VEGF expression; increases the number of fibroblasts and T cells, whereas it reduces that of
neutrophils; and increases the number of M2 vs. M1 macrophages. Fittingly, ICOS-Fc enhanced
M2 macrophage migration, while it hampered that of M1 macrophages. ICOS ™/~ and ICOSL~/
KO, and NSG mice showed delayed wound healing, and treatment with ICOS-Fc improved wound
closure in ICOS~/~ and NSG mice. Conclusion: These data show that the ICOS/ICOSL network
cooperates in tissue repair, and that triggering of ICOSL by ICOS-Fc improves cutaneous wound
healing by increasing angiogenesis and recruitment of reparative macrophages.

Keywords: ICOS:ICOSL system; wound healing; reparative macrophages

1. Introduction

Skin wound healing starts immediately after injury and evolves in three phases.
The first one is an inflammatory phase during which platelets tend to aggregate, while
inflammatory cells are recruited to the wound site. The second proliferative phase is
characterized by the formation of granulation tissue and re-epithelialization due to the
migration and proliferation of keratinocytes, fibroblasts, and ECs, and by ECM deposition.
The last one is the so-called remodeling phase during which the regenerative process
comes to an end and the wound becomes avascular and acellular, thereby allowing the
reorganization of the connective tissue to promote scar formation [1,2].

ICOS (CD278) is a T cell co-stimulatory receptor, member of the CD28 family [3],
mainly expressed on activated T-cells. ICOS binds ICOSL (CD275, also called B7h, GL50,
B7H2), a member of the B7 family. ICOS triggering in T cells promotes not only the
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activation of effector T cells in peripheral tissues but also the development of regulatory
T cells [4]. ICOSL is expressed on multiple cell types, including antigen presenting cells
(APCs), activated ECs, epithelial cells, fibroblasts, and keratinocytes [5,6]. ICOSL triggering
mediated by ICOS drives a “reverse signal” that inhibits the migration of endothelial,
dendritic, and tumor cells, modulates cytokine secretion while promoting antigen cross-
presentation in dendritic cells, and inhibits osteoclast differentiation and functions [7-11].

We have recently shown that ICOSL also binds osteopontin (OPN) at a different site
from that used to bind ICOS [12], which suggests that the ICOSL/OPN axis may play a
role in wound healing besides tumorigenesis. This hypothesis is also supported by the
observation that OPN can act as both an ECM component and a soluble cytokine involved
in inflammation and angiogenesis [13,14]. Indeed, ICOSL triggering by OPN induces
tumor cell migration and promotes tumor angiogenesis, both of which are counteracted by
ICOS-mediated activation of ICOSL [12].

The formal demonstration of a functional role of the ICOS/ICOSL pathway in wound
healing comes from the observation that ICOS~/~,ICOSL~/~, and ICOS/ICOSL~/~ mice
show delayed wound healing [15] likely due to decreased production of IL-6 [16]. In good
agreement with a role of the ICOS/ICOSL dyad in normal tissue repair, we have recently
shown that CCl-induced liver damage, which is dependent on massive recruitment of
blood-derived monocytes/macrophages, is dramatically worsened in both ICOS™/~ and
ICOSL~/~ mice [17]. Interestingly, we were able to rescue this impairment by treating
mice with ICOS-Fc, a recombinant soluble protein composed of the ICOS extracellular
portion fused to the IgG1 Fc portion, which has been previously shown to trigger ICOSL,
thereby inhibiting the development of experimental tumor metastases in vitro and tumor
angiogenesis in vivo [9,11,17,18].

As the aforementioned findings support a functional role of ICOS/ICOSL in tissue repair,
in the present study, we sought to determine the effect of ICOS-Fc in both in vitro and in vivo
models of skin wound healing. Our in vivo results show that ICOS-Fc improves would
healing likely by increasing angiogenesis and recruitment of reparative macrophages.

2. Results
2.1. ICOSL Activation by ICOS-Fc Increases Keratinocyte Migration In Vitro

To begin to explore the role of ICOSL in tissue repair, we assessed the effect of human
ICOS-Fc on keratinocyte wound healing in vitro by scratch assay on HaCat human ker-
atinocytes, which are known to express ICOSL but not ICOS (Figure 1a). For this purpose,
we performed a linear scratch on a confluent monolayer of HaCat cells, which were then
cultured in serum-free medium to minimize cell proliferation in the presence or absence
of human ICOS-Fc or human F11%ICOS-Fc (2 ug/mL), an ICOS-Fc mutant unable to bind
ICOSL. After 24 h, microscopic evaluation revealed that treatment with ICOS-Fc but not
FI9STCOS-Fc led to a substantial increase in the percentage of migrating cells compared
to that of the untreated control (Figure 1b,c). This result came as a surprise given that we
had previously shown that ICOS-Fc inhibited migration of several cell types and wound
closure in scratch assays performed on ECs and several tumor cell lines [8-10].

2.2. ICOS-Fc Treatment Accelerates Skin Wound Healing In Vivo

To assess the effect of ICOS-Fc on skin wound healing in vivo, skin wounds were
created on the back of wild-type C57BL/6 mice, which were then daily instilled with 1x PBS
with or without mouse ICOS-Fc. Wound healing was then followed up for 10 days. Consis-
tent with our in vitro data, we found that treatment with ICOS-Fc significantly improved
wound closure at days 1-6, while the healing curve gradually aligned with control levels at
later time points (Figure 2a). Histological staining of fibroblasts and collagen performed
at day 3 and 4 by H&E and picrosirius red staining, respectively, revealed that treatment
with ICOS-Fc increased fibroblast migration into the wound compared to control at day
3 and, to a higher extent, day 4. In contrast, collagen deposition in ICOS-Fc-treated mice
was similar to that of their control counterparts, indicating that treatment with ICOS-Fc
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favors repair but not scar formation (Figure 2b-d). Consistently, we observed a dramatic
increase in xSMA gene expression, a marker of reparative myofibroblasts [19], at day 2
following treatment with ICOS-Fc, which decreased to control levels in the following days
(Figure 2e).
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Figure 1. Effect of ICOS-Fc stimulation on the motility of HaCat cells by scratch assay. HaCat cells
were cultured to confluence on 6-well plates. A scratch was made through the cell layer using a pipette
tip and cells were then cultured in the presence or absence of 2 pg/mL ICOS-Fc or F11%ICOS-Fc for
24 h. (a) ICOS and ICOSL expression in HaCat cells. (b) Wound area % after 24 h of treatment as above,
calculated as: 1 — (scratch width of the treated group/scratch width of the control group) x 100; re-
sults are the means from three independent experiments; ** p < 0.01 vs. CTR; # p < 0.05 vs. F11951COs-
Fe, calculated by paired f-test. (c) Representative microphotographs of the wounded area taken
immediately after the scratch was made 0 h and 24 h later to monitor cell migration into the wounded
area (original magnification 10x).
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Figure 2. Effect of treatment with ICOS-Fc on wound healing in wild-type C57BL/6 mice. (a) Wound
healing % in mice treated with PBS (n = 21) or ICOS-Fc (n = 22) calculated as (wound area™-
wound area™)/wound area™ x 100%; mean -+ SE; (b) representative microphotographs of the
staining (magnification 200x ) at day 4; upper panels: Hematoxylin/eosin (H&E) for fibroblast area
quantification (black arrows); lower panels: picrosirius red for collagen deposition quantification
(black arrows). (c,d) Wound area % occupied by fibroblasts and collagen as detected by H&E and
picrosirius red staining, respectively, at day 3 and day 4. (e) xXSMA mRNA expression analysis by
real time PCR at day 1, day 2, and day 3. Results are expressed as mean + SE from 4 independent
experiments; * p < 0.05; ** p < 0.005; *** p < 0.001, calculated by Mann-Whitney test.
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Next, immunohistochemical staining of vessels with an anti-CD31 antibody revealed a
significant increase in CD31* vessels in mice treated with ICOS-Fc at day 3 and 4 compared
to their control counterparts (Figure 3a), indicating enhanced wound angiogenesis. This
was further supported by augmented CD31 and VEGF mRNA levels at day 1, both of
which decreased to control levels in the subsequent days (Figure 3b).
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Figure 3. Treatment with ICOS-Fc stimulates angiogenesis during wound healing. (a) Wound area
occupied by CD31* vessels as detected by immunohistochemistry. Left panel: results at day 3 and
day 4 expressed as mean + SE from four independent experiments. Right panels: Representative
microphotographs of CD31 staining (magnification 200 ) at day 4. (b) Expression of the CD31 (left)
and VEGEF (right) mRNA levels as assessed by real time PCR at day 3 and day 4 and expressed as
mean + SE from four independent experiments. Results are expressed as % of the mRNA amount
detected in PBS-treated mice at each time point; * p < 0.05; ** p < 0.005; calculated by unpaired
Student’s {-test.

To further characterize the healing process in wounded mice, we next sought to
determine the infiltration extent of inflammatory cells by immunohistochemistry using
antibodies specific for MPO, CD3, and F4/80. Results showed that treatment with ICOS-Fc
decreased MPO™ neutrophils at day 3, whereas it increased CD3* T cells at day 3 and 4,
and F4/80* monocyte/macrophages at day 3 (Figure 4a—c).

To better characterize the inflammatory microenvironment of the healing wound, we
next assessed mRNA expression levels of IL-6, TNF-«, TGF-f, IL-33, IL-10, IL4, IFN-y,
OPN, TREM1, TREM2, ICOS, and ICOSL at day 1 to 3 by real time PCR. We found that
treatment with ICOS-Fc strikingly increased expression of IL-6 at day 2, which decreased
in the following days (Figure 5a). In contrast, expression of TNF-« was homogeneously
decreased at all time points, while expression of TGF-3 was moderately decreased at
day 3 (Figure 5b,c). Expression of TREM1 and TREM2, respective markers of M1 and M2
macrophages, displayed opposite patterns since treatment with ICOS-Fc downregulated
TREMI1 and upregulated TREM2 at day 1, so that the TREM2/TREM1 ratio was increased
about 5-fold (Figure 5d,e,g). ICOSL gene expression was decreased at day 3 upon ICOS-Fc
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treatment (Figure 5f), whereas no differences were detected for IL-10, IL-33, IL-4, IFN-y,
OPN, and ICOS (data not shown).
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Figure 4. Effect of treatment with ICOS-Fc on the infiltration of inflammatory cells in the wound
bed. Infiltration by neutrophils, T cells, and macrophages was assessed by immunohistochemistry
using antibodies against MPO (a), CD3 (b), and F4/80 (c), respectively. Upper panels: number of
positive cells per field counting 9 fields in each experiment at day 3 and day 4; results are expressed
as mean =+ SE. Lower panels: representative immunohistochemical staining (magnification 400 ) at
day 3. Statistical analysis was performed with Mann-Whitney test: * p < 0.05; ** p < 0.01; *** p < 0.0005.
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Figure 5. Effect of treatment with ICOS-Fc on the expression of inflammatory molecules in the
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assessed by real time PCR at day 1, day 2, and day 3, and expressed as mean =+ SE from 3 independent
experiments. (g) TREM2/TREMI ratio. Results are expressed as % of the mRNA amount detected

in PBS-treated mice at each time point; * p < 0.05; ** p < 0.005; *** p < 0.001, calculated by unpaired
Student’s t-test.
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2.3. Effects of ICOSL Triggering on Macrophages

As our results demonstrated that treatment with ICOS-Fc increases the recruitment
of macrophages to the healing wound, with apparent predominance of TREM2*" M2
macrophages, we sought to determine the effect of ICOS-Fc treatment on the migration
of mouse M1 and M2 macrophages differentiated in vitro. To this end, spleen adherent
cells were differentiated into macrophages by culturing them for 14 days in the presence
of M-CSF. Cells were then cultured for an additional 2 days in the presence of IFN-y to
obtain M1 cells, or with IL-4 to obtain M2 cells; both culture conditions were performed
in the presence or absence of LPS. At the end of the culture, differentiation was assessed
by evaluating expression of NOS2 and ARG1 mRNA levels, marking M1 and M2 cells,
respectively. As expected, M1 cells expressed higher levels of NOS2 and lower levels of
ARG1 than M2 cells (Figure 6a). Analysis of ICOS and ICOSL mRNA showed that both M1
and M2 macrophages expressed ICOSL but not ICOS (data not shown), whereas M1 cells
expressed higher ICOSL levels than M2 cells (Figure 6b).
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Figure 6. Effect of ICOS-Fc on the migration of murine M1 and M2 macrophages. Macrophages
obtained by culturing adherent spleen cells with M-CSF for 14 days (M0) were polarized to M1 or
M2 macrophages by culturing them with IFN-y or LPS + IFN-y (M1) or with IL-4 or LPS + IL-4 (M2)
for 48 h. (a) NOS2, ARG1, and (b) ICOSL gene expression analysis by real-time PCR. Values are
expressed as % of the mRNA detected in MO macrophages stimulated with LPS for 48 h (* p <0.05,
**p <0.01 vs. IEN-y, ° p <0.05, °° p < 0.01 vs. IL-4, ## p < 0.01 vs. LPS + IFN-y, Mann-Whitney
test). (c,d) Cell migration assay. Murine M1 and M2 macrophages were cultured in the presence
and absence of ICOS-hFc or FI1%ICOS-Fc using either CCL2 (30 nM) (c) or OPN (10 ug/mL) (d) as
chemotactic factors. Values are expressed as number of migrating cells, stimulated with either CCL2
or OPN. The results are expressed as mean =+ SE from n = 3-8 experiments; differences versus either
FI9S1COS-Fe (* p <0.05; ** p < 0.01) or the untreated control @ p <0.05; §§ p < 0.01) for each condition
are calculated by Dunnett test.

These cells were then used to assess the effect of ICOS-Fc on cell migration induced by
either CCL2 or OPN through Boyden chamber assay. To minimize the possible confounding
effects due to interactions with Fcy receptors (FcyRs), we used the recombinant ICOS-hFc,
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which consists of the extracellular portion of murine ICOS fused to the Fc of human IgG1.
In addition, human F19SICOS-Fc, which does not bind to either ICOSL or mouse FcyRs,
was used as negative control [8-11]. Consistent with our previous results in vivo, stim-
ulation with ICOS-hFc increased the migration of M2 macrophages—regardless of the
presence of LPS in the culture medium—compared to that of F11%ICOS-Fc-treated cells. In
contrast, ICOS-hFc treatment inhibited the migration of M1 macrophages stimulated with
LPS, whereas it had no effect on those cultured in the absence of LPS. Similar results were
observed by using either CCL2 (Figure 6¢) or OPN as chemoattractant stimuli (Figure 6d).
On the other hand, treatment with F1'%ICOS-Fc did not show any effect under any experi-
mental conditions when compared to control migration assays performed in the absence of
any form of ICOS-Fe.

2.4. Wound Healing in KO Mice

To determine the functional role of ICOS and ICOSL in wound healing in vivo, we
investigated the effect of ICOS-Fc treatment in wounded mice deficient for ICOS or ICOSL,
and NSG mice, lacking T, B, and NK cells.

Analysis of wound healing in the absence of ICOS-Fc treatment showed that ICOS /=,
ICOSL~/~, and NSG mice displayed a substantial healing delay, compared to wild type
mice, starting from day 4 (Figure 7a). Treatment with ICOS-Fc significantly improved
wound closure in ICOS™/~ and NSG mice, while it was ineffective in ICOSL~/~ mice
(Figure 7b—d). Thus, the fact that ICOS-Fc treatment promotes wound healing in all strains
expressing ICOSL but fails to do so in ICOSL™/~ mice suggests that ICOSL triggering
drives tissue repair. Consistent with the data obtained in wild type mice, also in ICOS™/~
and NSG mice, ICOS-Fc significantly improved wound closure mainly in the initial part
of healing (day 1-6), while the healing curve gradually aligned with control levels at later
time points.
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Figure 7. Effect of treatment with ICOS-Fc on wound healing in various KO mice. Wound healing %
was calculated as described in the legend to Figure 2. (a) Comparison of wound healing in wild-type
mice (n = 21), ICOS™/~ (n = 16), ICOSL™/~ (n = 18), and NSG (n = 15) mice. (b—d) Effect of treatment
with ICOS-Fc on wound healing in ICOS™/~ (PBS: n = 16; ICOS-Fc: n = 11), ICOSL~/~ (PBS:n = 9;
ICOS-Fc: n =9), and NSG (PBS: n = 15; ICOS-Fe: n = 16) mice. * p < 0.05; ** p < 0.005; *** p < 0.001;
#p < 0.05; ## p < 0.005; ### p < 0.001; +++ p < 0.001; calculated by Mann-Whitney test.
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3. Discussion

The present study shows that ICOS and ICOSL cooperate in skin wound healing
and that triggering of ICOSL by instillation of ICOS-Fc into the wound bed favors tissue
repair in vivo. These results extend those obtained by Maeda et al. [15] showing that
wound healing is delayed in ICOS™/~, ICOSL~/~, or ICOS/ICOSL ™/~ mice, possibly due
to defective production of IL-4, IL-10, and, especially, IL-6 at the wound site. Since this
defective repair was overcome by adoptive transfer of wild-type T cells (expressing ICOS)
in ICOS™/~ but not ICOSL™/~ mice, the authors concluded that the healing defect in KO
mice could be ascribed to the impaired development of T helper type 2 cells due to the lack
of ICOS-mediated co-stimulation of T cells.

Even though our findings confirm that wound healing is defective in mice lacking ICOS
or ICOSL, the observation that ICOSL stimulation by ICOS-Fc is sufficient to accelerate the
early phases of the healing process underscores the importance of ICOSL in ICOS /ICOSL-
mediated tissue repair. Indeed, enhanced wound healing in response to ICOS-Fc treatment
is readily apparent in both wild-type and ICOS~/~ mice, but not in mice lacking ICOSL,
which indicates that this effect is not due to the inhibition of ICOS activity in T cells, but it
is instead caused by ICOSL-mediated “reverse signaling” in other cell types. The fact that
ICOS-Fc treatment is effective also in immunodeficient NSG mice confirms that T cells are
not involved in ICOS-Fc-induced wound healing. Moreover, the lack of effect in ICOSL™/~
mice rules out possible confounding effects due to the potential interaction of ICOS-Fc with
Fcy receptors.

A key effect of ICOS-Fc is represented by increased angiogenesis and recruitment of
fibroblasts at day 3 and 4, as judged by histologic analysis, both of which are preceded by
upregulation of CD31 and VEGF-a—two markers of angiogenesis—and «SMA—a marker
of reparative myofibroblasts—mRNA expression at day 1 and 2, respectively. Enhanced
angiogenesis in response to ICOSL triggering was unexpected since previous works had
shown that in vivo treatment with ICOS-Fc curbed neoplastic angiogenesis in several mouse
tumor types, and in vitro experiments showed that ICOS-Fc had no effect on angiogenesis
induced by VEGF whereas it inhibited that induced by OPN [8,18].

Another interesting observation from our histological analysis is that ICOS-Fc treat-
ment can also modulate the infiltration of inflammatory cells by decreasing neutrophils and
increasing T cells and macrophages. The decrease in neutrophils is in line with previous
data showing that ICOS-Fc inhibits neutrophil adhesion to ECs, which may affect their
recruitment into inflamed tissues [8]. The increase in T cells might be ascribable to the
enhanced vascularization of the wound or to the functional antagonism between ICOS-Fc
and ICOS expressed on T cells given that, at least in tumors, ICOS-Fc treatment is known to
increase effector T cells and decrease regulatory T cells [18,20]. The increase in macrophages
is quite intriguing as it is accompanied by a five-fold increase in TREM2/TREM1 expres-
sion ratio, which suggests that ICOS-Fc favors recruitment of TREM2* M2-like reparative
macrophages, as compared to TREM1* M1-like inflammatory macrophages. This possi-
bility is also supported by our cell migration experiments in vitro, showing that ICOS-Fc
enhances the migration of M2 macrophages, whereas it inhibits that of M1 macrophages.
The increased migration of M2 macrophages was unexpected, since ICOS-Fc had always
inhibited the migration response of all cell types analyzed until then [8-10,12,20,21]. The
different response of mouse M1 and M2 macrophages may be due to differences in their
migration and adhesive properties likely caused by higher expression levels of 32 integrins
in M1 vs. M2 cells [22]. Intriguingly, ICOS-Fc treatment also led to increased migration of
keratinocytes, as judged by our scratch assay analysis, which could be the result of changes
in size, shape, adhesiveness, and organization of keratin intermediate filaments of these
cells as shown previously [23].

Overall, the effects of ICOS-Fc on wound healing are in line with our previous work
showing that CCly-treated ICOS~/~ or ICOSL~/~ mice develop a more severely acute
inflammatory liver damage, along with a reduction of reparative macrophages, compared to
their wild-type counterparts. Moreover, treatment with ICOS-Fc protected ICOS-deficient
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mice from this increased damage, simultaneously restoring the number of reparative
macrophages, whereas it had no effects in ICOSL~/~ mice [17]. These findings are also in
line with the aforementioned study by Maeda et al. [15], showing that mice lacking ICOS
and/or ICOSL display decreased angiogenesis and a reduction of T cells and macrophages
at the wound site. Intriguingly, the authors observed decreased IL-6 in the wounds of
these mice, and local application of exogenous IL-6 in the initial phase of healing (day 1)
led to a substantial improvement of tissue repair. A potential role of ICOSL-induced IL-6
production in wound healing is also supported by our observation that treatment with
ICOS-Fc of wounded wild-type mice increases the expression of IL-6 at day 2 [15].

4. Materials and Methods
4.1. Scratch Assay

HacCat cells (human keratinocytes) were purchased from ATCC (Manassas, VN, USA)
and grown in DMEM (Life Technologies, Carlsbad, CA, USA) medium plus 10% fetal
bovine serum (FBS; Life Technologies). HaCat cells were plated in six-well plates at a
concentration of 10° cells/well and grown to confluence. To prevent cell proliferation, cells
were incubated for 12 h in FBS-free medium. Cell monolayers were wounded by scratching
with a sterile plastic pipette tip along the diameter of the well. Cells were then incubated
in culture medium in the absence or presence of 2 ug/mL human ICOS-Fc or F19°ICOS-
Fc, an ICOS-Fc mutant unable to bind ICOSL. To monitor cell migration in the wound,
five fields of each wound were analyzed and photographed immediately after scratch-
ing (0 h) and 24 h later. The wound closure was calculated with the following formula:
(1 — (scratch width of the treated group/scratch width of the control group)) x 100%.

ICOS and ICOSL expression was assessed by immunofluorescence and flow cytometry
(Attune NXT, Thermo-Fisher, Waltham, MA, USA) using PE-conjugated mAb to ICOS
or ICOSL (R&D System, Minneapolis, MN, USA). The mean fluorescence intensity ratio
(MFI-R) was calculated according to the following formula: MFI of the stained sample
histogram (arbitrary units)/MFI of the control histogram (arbitrary units).

4.2. Mice

C57BL6/] (WT), NOD-SCID-IL2R y-null mice (NSG) and knockout B6.129P2-Icost™Mak/ |
(ICOS~/~) and B6.129P2-Icosl'™Mak /T (ICOSL~/~) mice (The Jackson Laboratory, Bar Har-
bor, ME, USA) were bred under pathogen-free conditions in the animal facility at Universita
del Piemonte Orientale, Department of Health Sciences (Authorization No. 217/2020-PR)
and treated in accordance with the Ethical Committee and European guidelines.

4.3. In Vivo Wounds

The day before wound induction (day-1), WT, NSG, ICOS~/~, and ICOSL /"~ mice
were anesthetized with 2% isoflurane and their back was shaved. At day 0, mice were
anesthetized as above, and wounds were made on their back using a 4 mm puncher (Kai
Medical, Solingen, Germany). The wound area was photographed and measured using
the following formula: (a/2) x (b/2) x 3.14, where “a” and “b” are the two perpendicular
diameters. In the following days, wound closure was calculated using the following
formula: (wound area™-wound area’™)/wound area™ x 100. Mice were treated daily
with 10 pg/mouse ICOS-Fc in PBS instilled directly into the wound site; controls were
treated with an equal volume of PBS. Mice were monitored daily for 12 days, at which
point in time the wound was closed. In some experiments, mice were sacrificed at day 1,
2,3, and 4 to harvest and analyze the healing tissue. Each experiment involved 4-7 mice
for each condition tested; each condition was tested in 2-3 independent experiments.
Sample size was calculated using G*Power (RRID:SCR_013726) software (Power: 80%;
Significance: 95%).
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4.4. Real-Time PCR Analysis

Total RNA was isolated from skin samples collected at day 1, 2, and 3 post-injury, or
from in vitro-differentiated macrophages using TRIzol reagent (Sigma-Aldrich, St. Louis,
MO, USA). RNA (1 ug) was retro-transcribed using QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany). Expression of the IL-6, TNF-«, TGF-f3, IL-33, IL-10, IL-4, IFN-y,
OPN, TREM1, TREM2, VEGF-«, x-SMA, ICOS, NOS2, ARG1, and ICOSL mRNA were
evaluated by real-time PCR (Assay-on Demand; Applied Biosystems, Foster City, CA,
USA). The B-actin gene was used to normalize the cDNA amounts. Real-time PCR was
performed using the CFX96 System (Bio-Rad Laboratories, Hercules, CA, USA) in duplicate
for each sample in a 10 uL final volume containing 1 pL of diluted cDNA, 5 uL of TagMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA), and 0.5 pL of
Assay-on-Demand mix. The results were analyzed with a AA threshold cycle method.

4.5. Histological Analysis

Skin samples were collected at day 3 and 4 post-injury and processed for paraffin
embedding. Samples were cut at 4-um thickness and stained with hematoxylin and eosin
(H&E) (Sigma-Aldrich) for tissue morphology and fibroblast evaluation, or with picrosirius
red (Abcam, Cambridge, UK) to evaluate the extent of fibrosis.

Immunohistochemical staining of CD31, MPO, CD3, and F4/80 was performed to
detect neo vessel formation and infiltration of immune cells (i.e., neutrophils, T cells, and
macrophages). Samples were treated with citrate buffer (Vector Laboratories, Burlingame,
CA, USA) for antigen retrieval, and endogenous peroxidases were blocked with 3% H,O,
(Sigma-Aldrich). To avoid secondary antibody unspecific binding, samples were pre-
incubated with 5% normal goat serum (NGS) (Sigma-Aldrich) for 1 h at room temperature
(RT). Samples were stained with rabbit antibodies against CD31 (Abcam, 1:50), MPO
(Invitrogen, 1:100), CD3 (Invitrogen, 1:150), or F4/80 (Invitrogen, 1:100) overnight at 4 °C
and, then, with a goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (Sigma-Aldrich), followed by 3,3’-diaminobenzidine (DAB) (Agilent Dako, Santa
Clara, CA, USA). Successively, samples were counterstained with hematoxylin (Sigma-
Aldrich), dehydrated, and mounted on cover slips. Slides were acquired using Pannoramic
MIDI (3D Histech, Budapest, Hungary) at 200 x magnification. The positive areas for CD31,
fibroblasts, and collagen were calculated using the following formula: (positive area/total
area) X 100%. MPO, CD3, and F4/80 positive cells were expressed as cell number/field
counted in 15 fields for each sample.

4.6. Macrophage Migration Assay

Spleen cells were separated by density gradient centrifugation using the Ficoll-Hypaque
reagent (Lympholyte-M, Cedarlane Laboratories, Burlington, ON, Canada) and incubated
in tissue culture dishes for 2 h with DMEM supplemented with 10% FBS. Subsequently,
supernatants and non-adherent cells were discarded, and the adherent cells were rinsed
three times and cultured in DMEM (Life Technologies) medium supplemented with 10%
FBS, 1% glutamine, and 1% penicillin/streptomycin plus 20 ng/mL M-CSF (Immunotools,
Friesoythe, Germany) for 14 days (normal DMEM medium). At day 14, adherent cells
were cultured for additional 48 h with interferon-y (IFN-y; 100 U/mL Immunotools) to
obtain M1 macrophages, and with interleukin-4 (IL-4; 20 ng/mL Immunotools) to obtain
M2 macrophages; each culture condition was performed in the presence or absence of LPS
(LPS; 100 ng/mL Sigma).

Macrophage migration was assessed by the Boyden chamber migration assay (BD
Biosciences, San Jose, CA, USA). Cells were plated (10* cell/well) onto the apical side
of 50 ug/mL Matrigel-coated filters in serum-free medium in the presence or absence of
msICOS-huFc (2 ug/mL), composed by the extracellular portion of murine ICOS fused to
the Fc of human IgG1, or human F1%SICOS-Fc (2 ug/mL). Mouse CCL2 (30 nM, Immuno-
tools) or OPN (10 pg/mL) were used as chemoattractants in the bottom chamber. After
6 h, the cells on the apical side were wiped off with Q-tips. Cells on the bottom of the filter
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were stained with crystal violet and all counted (quadruplicate filter) with an inverted
microscope. Data are shown as number of migrating cells [12].

4.7. Statistical Analyses

Statistical analyses were performed using Mann-Whitney U test, Wilcoxon test, Dun-
nett’s test, or Student’s t-test using GraphPad Instat Software (GraphPad Software, San
Diego, CA, USA), as indicated. Data are expressed as mean and standard error of the mean
(SEM) and statistical significance was set at p < 0.05.

5. Conclusions

In conclusion, this work shows that ICOSL plays a key role in wound healing and
that triggering of ICOSL by ICOS-Fc favors healing by increasing angiogenesis and the
recruitment of fibroblasts and reparative macrophages. Therefore, ICOS-Fc and other
molecules capable of triggering ICOSL might be exploited to improve wound closure in
patients with impaired tissue repair.
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3.2 ICOS-Fc application in sepsis

Although ICOS/ICOSL system has been poorly investigated in sepsis context, surprising data were
collected evaluating ICOS-Fc effect on the complex interplay of pro- and anti-inflammatory host
response developing in septic patients.

Sepsis is one of the most frequent causes of death worldwide and there is still no specific treatment
available (Rudd et al., 2020; Fleischmann-Struzek & Rudd, 2023). It is a life-threatening medical
emergency characterized by hyperinflammation, largely driven by innate immune cells, and
immunosuppression, mainly affecting adaptive immunity, whose altered interplay results in multiple
lethal organ dysfunction (Boomer et al., 2011; Hotchkiss et al., 2013; X. Zhao et al., 2014).

In this context ICOS/ICOSL pathway may play an important role in regulating the hyperinflammation
and immunosuppression caused by sepsis. Recent findings reports that septic patients showed
reduced ICOS expression in whole blood (M6hnle et al., 2018) and how organ dysfunction is strongly
associated with that (Menéndez et al., 2019). Considering the well documented bidirectional signals
of ICOS/ICOSL, it has been extensively supported how ICOS triggering modulate cytokine secretion
in activated T-cells and how it is able to regulate T-cell function at inflammation sites by supporting
the differentiation of Treg and Th17 cells (Dianzani et al., 2010, 2014; Clemente et al., 2020). If on
one side, Th17 cells are responsible of amplifying the inflammatory response, through the synthesis
of proinflammatory factors (IL-1B, IL-6, and TNFa), on the other side the immune homeostasis is
maintained by Tregs secretion of anti-inflammatory factors (TGF-B and IL-10) (L. Chen et al., 2022).
Both of them play a crucial role in maintaining immune homeostasis, thus their imbalance is related
to the occurrence and development of sepsis (Xia et al., 2020). Considering the high percentage of
circulating Treg cells in septic patients and animals (Kurosawa et al., 2008; Leng et al., 2013), could
be worth of investigation the ICOS triggering role in the septic immunosuppressive status.
Moreover, ICOSL triggering could be related to the modulation of maturation and migration of
macrophage and DCs and the endothelial cell adhesiveness, resulting in an anti-inflammatory effect
(Occhipinti et al., 2013). In addition, in the septic patient has been highlighted an increased serum
levels of another ligand of ICOSL, osteopontin (OPN), which in normal condition carries out its
function acting against virus, bacteria and parasite infections. However, when its protective effects
are overweighed by its proinflammatory property, it becomes responsible of greater inflammatory

response and increased mortality of severe sepsis (Fortis et al., 2015).
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Considering the interesting functional network depicted between ICOS, ICOSL and OPN, ICOS-Fc
treatment was proposed as a novel immunomodulatory pharmacological approach, which acts as
antagonist of ICOS, agonist of ICOSL and potentially capable of inhibiting proinflammatory activities
of OPN.

This work was performed in collaboration with the laboratory of Professor Massimo Collino of the

Department of Neurosciences "Rita Levi Montalcini" (University of Turin, Italy).
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ICOS-Fc as innovative immunomodulatory approach to counteract inflammation
and organ in sepsis

Background: Sepsis results from a disordered infection response of the host, which can pose a threat
to life and causes death at intensive care units global. The altered immune homeostasis caused in
sepsis context is fostered by an imbalance of Treg and Th17 cells mediated signaling towards an
excessive proinflammatory OPN-induced one, responsible of ending in the compromised organ
dysfunction (Xia et al., 2020).

Although it is still slightly investigated, recently interesting findings helped to depict more in depth
the role of ICOS/ICOSL pathway in sepsis context. Indeed, septic patients showed a reduced ICOS
expression in whole blood, an increased percentage of Treg cells explaining the ICOS triggering
crucial involvement and an increased serum levels of pro-inflammatory mediator OPN, another
ligand of ICOSL.

Starting from the recent findings, ICOS-Fc was proposed as an innovative immunomodulatory drug,
capable of modulating cytokine release and cell migration to inflamed tissues by acting on both ICOS
and ICOSL, as an antagonist/agonist respectively (Dianzani et al., 2010; Occhipinti et al., 2013;
Dianzani et al., 2014; Gigliotti et al., 2016; Ramavath et al., 2021; Stoppa et al., 2022).

Aim: The aim of this research was investigating, in a murine model of sepsis, the potential protective
effects of ICOS/ICOSL immunomodulation by administering ICOS-Fc.

Method: A polymicrobial sepsis mouse model was performed by carrying out a cecal ligation and
puncture (CLP) surgery on both WT mice and knockout mice (KO) for ICOS, ICOSL and OPN.
Administration of ICOS-Fc, F11%5ICOS-Fc, a mutated form uncapable to bind ICOSL, or vehicle was
intravenously injected after 1h from the surgical procedure 24h after surgery clinical score and body
temperature were recorded; finally, organs (liver and kidney) and plasma were collected for
analyses.

Multiplex array was used to evaluate plasma cytokines, systemic levels of AST and ALT (as markers
of hepatocellular injury), creatinine and urea (as markers of renal dysfunction). To investigate
leukocyte tissue infiltration, myeloperoxidase (MPQ) activity analysis was performed on both liver
and kidney samples. Western blot analysis was performed to investigate the degree of
phosphorylation of FAK/p38 axis, expression of the inflammasome (NLRP3) and cleaved caspase-1

in organs tissues.
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Results: ICOS-Fc treatment showed to be able to significantly ameliorate the clinical sepsis context,
acting on all the sepsis parameters observed dramatically increased in vehicle-treated septic mice.
Indeed, a severe sepsis context is defined by a low body temperature, hepatocellular injury and renal
dysfunction correlated to an increase of plasma AST/ALT and creatinine/urea levels respectively.
Compared to the higher clinically score detected in CLP-induced sepsis WT, ICOS-/- and ICOSL-/- KO
mice, CLP-OPN-/- mice developed a milder sepsis confirming the OPN crucial role in sepsis
pathogenesis.

Intriguingly, ICOS-Fc treatment improved in WT and ICOS-/- mice clinical score and hypothermia,
significantly decreased ALT, AST, creatinine and urea levels and reduced specific cytokines release
(TNFa, IL-1B, IL-6, IFNy and IL-10).

The ICOS-Fc effectiveness showed in ICOS-/- mice, compared to the not relevant one found in ICOSL/-
mice, suggested how ICOS-Fc protective effect is due to ICOSL triggering. More time confirmed from
the evidence that in all animals treated with F1°5ICOS-Fc was not shown any effect.

The different ICOSL expression in liver and kidney tissues could explain the discrepancy of data
collected about organ injury analysis. On one side, ICOS-Fc promoted a decreased levels of ALT, AST,
creatinine and urea in both tissues analyzed, while only in kidney a decreased MPO activity. Since
hepatocytes did not express ICOSL, the hepatic protection detected after ICOS-Fc administration
could be due to a resolution of inflammation rather than a reduction in leukocyte infiltration.

More details about ICOS-Fc immunomodulation molecular mechanism were given studying its effect
on crucial inflammatory pathways activated during sepsis (liver and kidney samples of WT mice
belonging to Sham, CLP and CLP treated with ICOS-Fc groups). ICOS-Fc significantly attenuated FAK
and p38 MAPK phosphorylation, whose activation promote increased expression/secretion of pro-
inflammatory cytokines which ends up in the septic cytokine storm and lethal organ failure
correlated. Moreover, ICOS-Fc showed itself to interfere with crosstalk linking FAK to NLRP3
activation: both liver and kidney reduced expression of NRLP3 were detected next to its downstream
mediator caspase-1.

Conclusion: Collectively, these promising results show the beneficial effects of ICOS-Fc in sepsis
mouse model, suggesting ICOS/ICOSL axis as an important target in sepsis-induced inflammation and

organ dysfunction.
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ICOS-Fc as innovative
immunomodulatory approach
to counteract inflammation and
organ injury in sepsis

Gustavo Ferreira Alves®, lan Stoppa?, Eleonora Aimaretti®,
Chiara Monge*, Raffaella Mastrocola®, Elisa Porchietto®,
Giacomo Einaudi®, Debora Collotta®, Ilaria Bertocchi®,

Elena Boggio?, Casimiro Luca Gigliotti?, Nausicaa Clemente?,
Manuela Aragno?, Daniel Fernandes®, Carlo Cifani®,
Christoph Thiemermann’, Chiara Dianzani*,

Umberto Dianzani® and Massimo Collino™!

‘Department of Neurosciences (Rita Levi Montalcini), University of Turin, Turin, ltaly, ?Department
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Camerino, Italy, ®Department of Pharmacology, Federal University of Santa Catarina, Florianépolis,
Brazil, William Harvey Research Institute, Bart's and The London School of Medicine and Dentistry.
Queen Mary University of London, London, United Kingdom

Inducible T cell co-stimulator (ICOS), an immune checkpoint protein expressed on
activated T cells and its unique ligand, ICOSL, which is expressed on antigen-
presenting cells and non-hematopoietic cells, have been extensively investigated in
the immune response. Recent findings showed that a soluble recombinant form of
ICOS (ICOS-Fc) can act as an innovative immunomodulatory drug as both
antagonist of ICOS and agonist of ICOSL, modulating cytokine release and cell
migration to inflamed tissues. Although the ICOS-ICOSL pathway has been poorly
investigated in the septic context, a few studies have reported that septic patients
have reduced ICOS expression in whole blood and increased serum levels of
osteopontin (OPN), that is another ligand of ICOSL. Thus, we investigated the
pathological role of the ICOS-ICOSL axis in the context of sepsis and the potential
protective effects of its immunomodulation by administering ICOS-Fc in a murine
model of sepsis. Polymicrobial sepsis was induced by cecal ligation and puncture
(CLP) in five-month-old male wild-type (WT) C57BL/6, ICOS™, ICOSL”" and
OPN™" mice. One hour after the surgical procedure, either CLP or Sham
(control) mice were randomly assigned to receive once ICOS-Fc, "19%ICOS-Fc, a
mutated form uncapable to bind ICOSL, or vehicle intravenously. Organs and
plasma were collected 24 h after surgery for analyses. When compared to Sham
mice, WT mice that underwent CLP developed within 24 h a higher clinical severity
score, a reduced body temperature, an increase in plasma cytokines (TNF-a, IL-1B,
IL-6, IFN-y and IL-10), liver injury (AST and ALT) and kidney (creatinine and urea)
dysfunction. Administration of ICOS-Fc to WT CLP mice reduced all of these
abnormalities caused by sepsis. Similar beneficial effects were not seen in CLP-mice
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treated with "'%°ICOS-Fc. Treatment of CLP-mice with ICOS-Fc also attenuated
the sepsis-induced local activation of FAK, P38 MAPK and NLRP3 inflammasome.
ICOS-Fc seemed to act at both sides of the ICOS-ICOSL interaction, as the
protective effect was lost in septic knockout mice for the ICOS or ICOSL genes,
whereas it was maintained in OPN knockout mice. Collectively, our data show the
beneficial effects of pharmacological modulation of the ICOS-ICOSL pathway in
counteracting the sepsis-induced inflammation and organ dysfunction.

KEYWORDS

sepsis, inflammation, ICOS (inducible co-stimulatory molecule), cecal ligation and
puncture, osteopontin (OPN)

Introduction

Sepsis is a life-threatening medical emergency characterized
by a complex interplay of pro- and anti-inflammatory host
responses, resulting in multiple organ dysfunction that can
ultimately lead to death (1). Currently, deaths from sepsis
correspond to nearly 20% of all deaths worldwide, and there is
still no specific treatment available (2). The inducible T cell co-
stimulator (ICOS, also known as CD278) belongs to the CD28
family of co-stimulatory immunoreceptors. It is a type I
transmembrane glycoprotein whose expression is rapidly
upregulated upon T cells activation (3). ICOS binds to its
unique ligand (ICOSL, also known as CD275 or B7h), a
member of the B7 family highly expressed on antigen-
presenting cells (APCs) and non-hematopoietic cells under
inflammatory stimuli (4-5). Thus far, the role of ICOS-ICOSL
interaction has been poorly investigated in sepsis, although
recent findings report that ICOS expression is reduced in
whole blood of septic patients (6), and that reduced ICOS
levels are strongly associated with organ dysfunction (7). To
date, it is very well documented that the ICOS-ICOSL axis may
display bidirectional effects. On the one hand, ICOS triggering
modulates cytokine production in activated T cells and
contributes to T regulatory (Treg) cells differentiation and
survival (8-9). Given the fact that both animals and septic
patients have an increased percentage of circulating Treg cells
(10-12), it is suggestive that ICOS triggering may play a role in
the septic immunosuppressive status. On the other hand, ICOSL
triggering by ICOS may exert anti-inflammatory effects via
responses, such as modulating the maturation and migration
of macrophage and dendritic cells and the endothelial cell
adhesiveness (13).

Recently, another ligand for ICOSL has been identified,
osteopontin (OPN), an inflammatory mediator that binds to
ICOSL in an alternative binding domain to that used by ICOS.
Intriguingly, ICOS and OPN exert different and often opposite
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effects upon ICOSL triggering since OPN stimulates, whereas
ICOS inhibits, migration of several cell types and tumor
angiogenesis (14-16). Conventionally, a soluble recombinant
form of ICOS (ICOS-Fc) has been designed by fusing a cloned
extracellular portion of human or mouse ICOS with an Fc IgG1
portion and this molecule has been shown to trigger ICOSL thus
promoting down-stream responses (17).

In vitro, ICOS-Fc inhibits adhesiveness of endothelial cells
toward polymorphonuclear cells and tumor cells and migration of
endothelial cells and tumor cells (15). These ICOS-Fc effects can also
be recorded in dendritic cells (DC), along with modulated cytokine
release and antigen cross-presentation in class I major
histocompatibility complex molecules (13), while in osteoclasts,
ICOS-Fc inhibits differentiation and function (18). In vivo, ICOS-
Fc inhibits tumor growth and metastasis, development of
osteoporosis, liver damage induced by acute inflammation
following treatment with CCl4, and it favors skin wound healing
(18-21). Nevertheless, little is known about the molecular
mechanism(s) involved in ICOSL-mediated inflammatory
response. The p38 MAPK, a well-known mediator that drives
inflammation through upregulation of several pro-inflammatory
cytokines such as TNF-o. and IL-6 (22), and the NOD-like
receptor protein 3 (NLRP3) inflammasome, able to induce the
release of IL-1B and IL-18 and promote cell death by pyroptosis
(23), are two of the most well characterized signaling pathways
involved in the activation of the cytokine storm that contributes to
organ dysfunction during sepsis. Furthermore, their
pharmacological or genetic inhibition has been shown to reduce
sepsis-related mortality (22-24). Finally, a non-receptor protein
kinase namely Focal adhesion kinase (FAK) has been recently
reported to signal inflammation downstream of the Toll-like
receptor 4 upon lipopolysaccharide (LPS) challenge in
macrophages and lung tissues (25). Therefore, here we
investigated, for the first time, the pathological role of ICOS-
ICOSL axis in the context of sepsis, its impact on selective
inflammatory pathways and the potential protective effects of its
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immunomodulation by administering ICOS-Fc in an experimental
model of sepsis.

Material and methods
Animals and ethical statement

Inbred wild-type (WT, C57BL/6) mice, ICOSL knockout
mice (ICOSL™, B6.129P2-Icos"™¥/]), 1COS knockout mice
(ICOS™, B6.129P2-Icos™™*¥/]) and OPN knockout mice
(OPN™", B6.12986(Cg)—8pp1'""B"‘/]) were purchased from
Envigo laboratories, (IT) and The Jackson Laboratory (Bar
Harbor, ME, USA). Mice were housed under standard
laboratory conditions, such as room temperature (25 + 2°C)
and light-controlled with free access to water and rodent chow
for four weeks prior starting the experimental procedures. All
animal protocols reported in this study followed the ARRIVE
guidelines (26) and the recommendations for preclinical studies
of sepsis provided by the MQTiPSS (27) The procedures were
approved by the University’s Institutional Ethics Committee as
well as the National Authorities (Protocol number: 855/2021).

Cecal ligation and puncture (CLP)-
induced sepsis model

Polymicrobial sepsis was carried out by CLP surgery in male,
five-month-old mice. Mice were initially placed in an anesthetisia
chamber (3% isoflurane -IsoFlo, Abbott Laboratories — delivered in
oxygen 0.4 L/min), then kept under anaesthesia throughout surgery
with 2% isoflurane delivered in oxygen 0.4 L/min via a nosecone.
The body temperature was maintained at 37 °C through a
homoeothermic blanket and constantly monitored by a rectal
thermometer. Briefly, a mid-line laparotomy (~1.0 cm) was
performed in the abdomen, exposing the cecum. The cecum was
then totally ligated just below the ileocecal valve and a G-21 needle
was used to puncture the ligated cecum in a single through-and-
through manner. A small amount (droplet, ~3mm) of fecal content
was released from the cecum which was carefully relocated into the
peritoneum. Sham mice underwent the same surgical procedure, but
without CLP. All animals received Carprofen (5 mg/kg, s.c.) as an
analgesic agent and resuscitation fluid (0.9% NaCl, 50 mL/kg, s.c.) at
37°C. Mice were constantly monitored post-surgical and then placed
back into fresh clean cages.

At 24 h, body temperature and a clinical score to assess
symptoms consistent with murine sepsis were recorded blindly.
The following 6 criteria were used for the clinical score: lethargy,
piloerection, tremors, periorbital exudates, respiratory distress
and diarrhea. An observed clinical score >3 was considered as
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severe sepsis, while a score between 3 and 1 was considered as
moderate sepsis (28).

Study design

Seventy-two mice were randomized into eight groups (9 mice
per group): Sham + Vehicle, CLP + Vehicle, CLP + ICOS-Fc, CLP +
FUSICOS-Fe, CLP ICOSL™ + Vehicle, CLP ICOS™ + Vehicle, CLP
ICOS™" +ICOS-Fc and OPN™" + Vehicle. Treatment was given once
one hour after surgery, where mice received either ICOS-Fc (100 ug
each), F'*SICOS-Fe (100 ug each) or Vehicle (PBS, pH 7.4, 100 pl
each) by intravenous injection (Figure 1).

Blood collection and organ harvesting

Twenty-four h after surgery all mice were anesthetized with
isoflurane (3%) delivered in oxygen (0.4 L/min) and euthanized
by cardiac exsanguination. Whole blood was withdrawn from
each mouse in vials (EDTA 17.1 uM/mL) and plasma content
was obtained after centrifugation (13,000 g, 10 min at R.T.).
Organ samples (liver and kidney) were harvested and placed in
cryotubes which were snap frozen in liquid nitrogen for storage
at freezer -80°C. The samples were then analyzed in a blinded
fashion (Figure 1).

Biomarkers of organ injury and
systemic inflammation

Plasma samples were used to measure systemic levels of
aspartate aminotransferase (AST) (#7036) and alanine
aminotransferase (ALT) (#7018) (as markers of hepatocellular
injury), creatinine (#7075) and urea (#7144) (as markers of renal
dysfunction) using colorimetric clinical assay kits (FAR
Diagnostics, Verona, Italy) according to the manufacturer’s
instructions. Systemic cytokine levels were determined in
plasma using the Luminex suspension bead-based multiplexed
Bio-Plex Pro"" Mouse Cytokine Th17 Panel A 6-Plex
(#M6000007NY) assay (Bio-Rad, Kabelsketal, Germany). The
cytokines (IL-1f, IL-6, TNF-0,, IFN-y, IL-17 and IL-10) were
measured following the manufacturer’s instructions.

Myeloperoxidase (MPO) activity analysis
MPO activity analysis was carried out in liver and kidney
samples as previously described (29). Tissue samples (~100 mg)

were homogenized (1:5 w-v) in 20 mM PBS (pH 7.4) and then
centrifuged at 4°C (13,000 g, 10 min). Pellets were resuspended in
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FIGURE 1

Timeline of the experimental design to investigate the role of ICOS-Fc in sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were
randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 L), ICOS-Fc (100 ug) or

FU9SCOS-Fc (100 pg) intravenously. At 24 h all parameters were analyzed

500 uL of hexadecyltrimethylammonium bromide buffer (0.5%
HTAB in 50 mM PBS, pH 6.0). A second centrifugation at 4°C
(13,000 g, 10 min was performed and the supernatants (30 uL) were
assessed for MPO activity by measuring spectrophotometrically (650
nm) the H,0,-dependent oxidation of 3,3",5,5'-
tetramethylbenzidine (TMB). Bicinchoninic acid (BCA) protein
assay (Pierce Biotechnology Inc., Rockford, IL, USA) was used to
quantify the protein content in the final supernatant. MPO activity
was expressed as optical density (O.D.) at 650 nm per mg of protein.

Western blot analysis

Semi-quantitative immunoblot technique was carried out in
hepatic and renal tissue samples as previously described (30).
Total proteins were extracted from 50 mg of each tissue and the
total content was quantified using BCA protein method
following the manufacturer’s instructions. Briefly, total
proteins (50 pg/well) were separated by 8 and 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane, which was then blocked with 5% non-fat dry milk
prepared in TBS-T buffer for 1 h at RT, followed by incubation
with primary antibodies at the dilution 1:1000., rabbit anti-
Thr'®/anti-Tyr'®* p38 (Cell Signaling #9211); rabbit anti-total
p38 (Cell Signaling #9212); mouse anti-NRLP3 (Adipogen- AG-
20B-0014-C100); rabbit anti-Caspase-1 (Cell Signaling #24232);
rabbit anti-Tyr*”” FAK (Cell Signaling #3283); rabbit anti-total
FAK (Cell Signaling #3285). The membranes were then
incubated with a secondary antibody conjugated with
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horseradish peroxidase (HRP) at the dilution 1:10000 for 1 h
at RT (anti-mouse or anti-rabbit, Cell Signaling #7076 and
#7074, respectively). Afterwards, the membranes were stripped
and incubated with rabbit anti-B-actin (Cell Signaling #4970).
Immune complexes were visualized by chemiluminescence and
the densitometric analysis was performed using Bio-Rad Image
Lab Software 6.0.1. Results were normalized to sham bands.

Statistical analysis and data presentation

Sample size was determined on the basis of prior power
calculations using G-Power 3.1™ software (31). Data are
expressed as dot plots (for each mouse) and as mean + S.EM
of 9 mice per group. Shapiro-Wilk and Bartlett tests were used to
verify data distribution and the homogeneity of variances,
respectively. The statistical analysis was performed by one-way
ANOVA, followed by Bonferroni’s post-hoc test. Data not
normally distributed, a non-parametric statistical analysis was
applied through Kruskal-Wallis followed by Dunn’s post hoc-test
as indicated in the figure legends. Statistical significance was set
at P < 0.05. Statistical analysis was performed using GraphPad
Prism® software version 7.05 (San Diego, California, USA).

Materials

Unless otherwise stated, all reagents were purchased from
the Sigma-Aldrich Company Ltd. (St. Louis, Missouri, USA).
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Results

ICOS-Fc-mediated immunomodulation
attenuates clinical status and organ
injury/dysfunction triggered by sepsis

Sepsis was induced by CLP in W'T mice treated with vehicle,
1COS-Fe or FS1COS-Fe (unable to bind ICOSL) and clinical
scores and body temperature were recorded after 24 h.
Moreover, sepsis was induced in mice deficient for ICOS,
ICOSL, or OPN to assess the role the endogenous molecules of
the ICOS/ICOSL/OPN system. Finally, a group of ICOS-
deficient mice received ICOS-Fc treatment to evaluate the
effect of the drug in the absence of the endogenous ICOS.

Results showed that, as expected, CLP-induced sepsis in WT
mice led to a higher clinical severity score (Figure 2A) when
compared to Sham WT mice, which was also associated with
lower body temperature (Figure 2B). Intriguingly, treatment
with ICOS-Fc improved both clinical score and hyphotermia
in WT septic mice, whereas treatment with "***ICOS-Fc had no
effect (Figures 2A, B). Analysis of CLP knockout mice showed
that ICOS” and ICOSL”" mice showed similar clinical scores
and decreased body temperatures as WT mice, whereas OPN™
mice developed milder sepsis, with lower clinical scores and
higher body temperature than WT mice. In ICOS”" mice,
treatment with ICOS-Fc induced similar positive effects as in
WT mice (Figures 2A, B).

To investigate organ injury or dysfunction, plasma levels of
ALT, AST, creatinine and urea were evaluated in these mice.
Figure 3 shows that results mirrored those shown in Fig.2: CLP-

10.3389/fimmu.2022.992614

induced sepsis caused striking increase of ALT, AST, creatinine
and urea levels in WT type mice, and these levels were decreased
by treatment with ICOS-Fc, but not F''**ICOS-Fc. Levels of
these markers were increased also in CLP ICOS”" and ICOSL”"
mice and urea levels were even higher in ICOS” than in WT
mice. In CLP ICOS”" mice, treatment with ICOS-Fc significantly
decreased all these markers. In CLP OPN™" mice, levels of these
markers were significantly lower than in CLP WT mice.

ICOS-Fc administration modulates
experimental sepsis-induced
cytokine storm

The 6 cytokines were measured systemically in plasma
samples by using a multiplex array. Figure 4 shows that, in
WT mice, CLP-induced sepsis led to a cytokine storm with
significant increase of levels of IL-1p, IL-6, IL-10, TNF-ct, IFN-y
and a slight not significant increase of IL-17 compared to Sham
mice. Administration of ICOS-Fc to WT CLP mice induced a
significant decrease of IL-1B and TNE-0,, whereas "*'**ICOS-Fc
had no effect. Levels of IL-1, IL-6, IL-10, TNF-c, and IFN-y
were also increased in CLP ICOS”" and ICOSL”" mice at levels
similar to those observed in CLP WT mice. Moreover, CLP
ICOSL”" mice showed higher levels of IL-17 than Sham mice,
and CLP ICOS”" mice displayed higher levels of TNF-0. and,
especially, IL-10 than CLP WT mice. The CLP ICOS”" mice
treated with ICOS-Fc significantly decreased levels of IL-1f3, IL-6
and IL-10 compared to the untreated counterparts. In CLP
OPN”" mice, the increase of these cytokines was in general
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FIGURE 2

Role of the ICOS-ICOSL axis in the clinical status of experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN knockout mice were
randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-Fc (100 ug)

F1195

or *ICOS-Fc (100 pg) intravenously. At 24 h, severity score (A) and body temperature (B) were recorded. Data are expressed as dot plots (for
each animal) and as mean + S.E.M of 9 mice per group. Severity score was analyzed by a non-parametric test (Kruskal-Wallis) followed by
Dunn’s post hoc-test, whereas a parametric test (one-way ANOVA) followed by Bonferroni's post hoc-test was used for body temperature
*p<0.05 vs Sham + Vehicle; *p<0.05 vs CLP + Vehicle; ®p<0.05 vs ICOS
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FIGURE 3

Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced organ damage biomarkers. Wild-type mice and/or ICOSL, ICOS and OPN knockout
mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-Fc (100 ug)
or 1%ICOS-Fe (100 pg) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels of alanine transaminase (ALT) (A),
aspartate transaminase (AST) (B), creatinine (C) and urea (D) were determined. Data are expressed as dot plots (for each animal) and as mean + SEM of 9
mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc test. *p<0.05 vs Sham + Vehicle; *p<0.05 vs

CLP + Vehicle; ®p<0.05 vs ICOS™" + Vehicle

moderate, with levels of IL-6, IL-10, TNF-o. and TFN-y higher
than in Sham mice, and levels of IL-1B and IL-6 lower than in
CLP WT mice.

ICOS-Fc treatment reduces sepsis-
induced increase in MPO activity
in the kidney

MPO activity was assessed in the liver and kidney, as an indirect
biomarker of leukocyte tissue infiltration (Figure 5). When
compared to Sham mice, CLP WT mice had increased MPO
activity in both liver and kidney samples, and MPO activity was
significanly decreased by ICOS-Fc (but not F'**SICOS-Fc
treatment) in the kidney, but not in the liver. In the liver, MPO
activity was similarly increased also in CLP ICOS™, ICOSL”", and
OPN”" mice, and it was not modified by ICOS-Fc treatment in CLP
ICOS” mice. In the kidney, MPO activity was increased in CLP
1COS” and ICOSL”" mice, and treatment with ICOS-Fc decreased
MPO activity in CLP ICOS”" mice. By contrast, CLP OPN"" mice
showed lower MPO levels in the kidney than CLP WT mice.
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ICOS-Fc treatment reduces local FAK/
p38 signalling and NLRP3 inflammasome
activation in septic mice

In order to better elucidate the molecular mechanism
underlying the beneficial effects evoked by ICOS-Fc
administration, we focused on WT mice investigating the
changes in some signaling cascades, previously documented to
be affected by the ICOS-ICOSL axis and, at the same time,
known to exert key role in sepsis pathogenesis. Western blot
analysis showed that CLP mice showed significant increase of
the phosphorylation of FAK at Tyr**” and p38 MAPK at Thr'*’/
Tyr'®? in both hepatic (Figures 6A, C) and renal (Figures 6B, D)
tissues, when compared to Sham mice. Interestingly, mice
treatment with ICOS-Fc significantly attenuated the degree of
phosphorylation of FAK/p38 axis in both tissues, thus suggesting
reduced activation of these signaling pathways (Figures 6A-D).

We then assessed the activation of the inflammasome, by
evaluating the expression of NLRP3 and cleaved caspase-1 in
both liver and kidney samples (Figures 6E-H). Results showed
that, in both tissues, CLP-induced sepsis significantly increased both
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Effect of ICOS-ICOSL axis immunomodulation on systemic cytokines during experimental sepsis. Wild-type mice and/or ICOSL, ICOS and OPN
knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle (PBS, 100 pL), ICOS-
Fc (100 ug) or "19SICOS-Fc (100 pg) intravenously. At 24 h, blood samples were withdrawn from each mouse and plasma levels of IL-1B (A), IL-6 (B),
TNF-0. (C), IFN-y (D), IL-17 (E) and IL-10 (F) were determined. Data are expressed as dot plots (for each animal) and as mean + S.E.M of 9 mice per
group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc test. *p<0.05 vs Sham + Vehicle; “p<0.05 vs CLP +

Vehicle; “p<0.05 vs ICOS™ + Vehicle

molecules, and the increase was inhibited by mice treatment with
ICOS-Fc (Figures 6E-H).
Discussion

Currently, most research on sepsis is focused on blocking

the initial hyperinflammation, which in turn has resulted in
promising outcomes. However, recent reports showed that

Frontiers in Immunology

07

both pro- and anti-inflammatory responses occur
immediately and simultaneously after the onset of sepsis and
most patients who survive this initial hyperinflammatory phase
develop an immunosuppressive phase that can progress to late
deaths (1, 32 and 33). Among the main causes of death in this
immunosuppressive phase, the failure to control a primary
infection and/or secondary hospital-acquired infections stands

out (34). In the present study we report for the first time
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of 6 mice per group. Statistical analysis was performed by one-way ANOVA followed by Bonferroni's post hoc test. *p<0.05 vs Sham + Vehicle;

#p<0.05 vs CLP + Vehicle; ®p<0.05 vs ICOS™" + Vehicle

that ICOS-ICOSL axis may play a role in regulation of
uncontrolled inflammation and organ injury induced by
sepsis and that treatment of septic mice with ICOS-Fc may
represent a novel immunomodulatory pharmacological
approach that can simultaneously counteract both sepsis-
induced hyperinflammation and immunosuppression.

These findings were obtained by evoking polymicrobial sepsis in
either WT mice and knockout mice for ICOS, ICOSL and OPN
genes. As expected, severe sepsis (score =3) was observed in vehicle-
treated septic mice, suggesting potential late deaths, since the clinical
scoring system is used as a surrogate marker of mortality. This
detrimental effect was also associated with low body temperature
(~27°C), as similarly, hypothermia is another surrogate marker of
mortality, as a 5°C decrease over time or <30°C has also been shown
to predict death in CLP-induced septic mice (35). Moreover, septic
mice showed liver and kidney damage, displayed by increase of
plasma AST/ALT and creatinine/urea levels, respectively, which is in
line with the notion that sepsis can cause multiple organ failure
including hepatocellular injury and renal dysfunction.

Intriguingly, treatment with ICOS-Fc substantially
ameliorated the clinical picture by significantly decreasing all
these parameters of sepsis. The effect was specific since no
protection was detected following administration of "''**ICOS-
Fc (a mutated form of ICOS-Fc carrying a phenylalanine-to-
serine substitution at position 119).

Theoretically, the protective activity of ICOS-Fc might be
ascribed to a twofold mechanism, i.e. on the one hand to the
inhibition of the endogenous ICOS activity and, on the other
hand, to triggering of the endogenous ICOSL. However, the
effectiveness of ICOS-Fc not only in WT mice but also in ICOS ™"
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mice, lacking the endogenous ICOS, strongly suggest that the
main protective effect on sepsis is due to triggering of ICOSL,
which is in line with previous works showing that ICOSL
triggering by ICOS-Fc elicits several anti-inflammatory
activities both in vitro and in vivo (13, 15, 16, 19).

These results are in keeping also with recent findings
showing that ICOS-Fc protects against liver damage through a
shift of pro-inflammatory monocyte-derived macrophages to an
anti-inflammatory phenotype (20). In parallel, the direct
renoprotective effect triggered by ICOS-Fc treatment is
supported by a recent study showing a key role of ICOSL in
preventing early kidney disease, possibly through a selective
binding to podocyte cvB3 integrin, in which ICOSL serves as an
owvf3-selective antagonist that maintains adequate glomerular
filtration (36).

The use of knockout mice highlighted that, in sepsis, a key
role may be played by OPN as all the above septic parameters
were significantly decreased in OPN”" mice, so that OPN
deficiency mirrored the effect of ICOS-Fc in WT mice. This
finding is in line with data showing that, in humans, OPN
levels are increased in sepsis (37) and OPN might be involved
in the sepsis pathogenesis, possibly by supporting IL-6
secretion (38). Moreover, several reports showed that ICOS-
Fc inhibits several proinflammatory activities of OPN in vitro
and in vivo (16, 37, 39 and 40). Our findings are in keeping
also with recent data showing that macrophage-derived OPN
promotes glomerular injury in an experimental model of
inflammatory and progressive kidney disease (41). OPN is
an heavily phosphorylated extracellular protein, expressed
and secreted by several cell types, including macrophages,
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Effect of ICOS-ICOSL axis immunomodulation on tissue inflammatory pathways during experimental sepsis. Wild-type mice and/or ICOSL, ICOS
and OPN knockout mice were randomly selected to undergo either Sham or CLP surgery. One hour later, mice received once either Vehicle
(PBS, 100 L), ICOS-Fc (100 pg) or '95ICOS-Fc (100 ug) intravenously. At 24 h, liver and kidney samples were harvested, and total proteins
were extracted from them. Western blotting analysis for phosphorylation of Tyr’”” on FAK in the liver (A) and kidney (B) were normalized to total
FAK; Phosphorylation of Thr*®?/Tyr'®2 on p38 in the liver (C) and kidney (D) were normalized to total p38; NLRP3 expression in the liver (E) and
kidney (F) were corrected against B-actin and normalized using the Sham related bands; Cleaved caspase-1 expression in the liver (G) and
kidney (H) were corrected against 3-actin and normalized using the Sham related bands. Densitometric analysis of the bands are expressed as
relative optical density (O.D.). Data are expressed as dot plots (for each animal) and as mean + S.E.M of 4-5 mice per group. Statistical analysis
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endothelial cells, dendritic cells and T-cells. It can act as a
cytokine mediating several biological functions, including cell
migration, adhesion, activation of inflammatory cells, and
modulation of T cell activation supporting differentiation of
proinflammatory type 1 (Thl) and type 17 (Th17) Th
cells (42).

Analysis of plasmatic cytokines showed that, in all mouse
strains, sepsis was accompanied by increase of IL-1B, IL-6, IL-
10, TNF-o. and IEN-y. Moreover, increase of TNF-o. and,
especially, IL-10 was particularly striking in ICOS™ mice,
which may point out that ICOS deficiency causes a
dysregulation of activation of M1 and M2 macrophages.
However, treatment with ICOS-Fc significantly decreased IL-
1f and TNF-0. in WT mice and IL-1B, IL-6 and IL-10 in
ICOS™" mice indicating that ICOS-Fc substantially
downmodulates the cytokine storm in sepsis. In OPN”" mice,
increase of these cytokines was in general moderate, with a
significant decrease of IL-1B and IL-6, in line with the mild
sepsis developed by these mice.

Among the main inflammatory pathways activated during
sepsis, we report a local (liver and kidney) overactivation of
the FAK and p38 MAPK pathways in CLP mice. Previously,
we have shown that the FAK pathway mediates inflammation
through p38 MAPK and that this inflammatory axis plays a
role in exacerbating inflammation (28). Activation of this axis
promotes increased expression/secretion of pro-inflammatory
cytokines such as TNF-q, IL-6, IL-1f and IL-17, which in turn
contribute to the cytokine storm and multiple organ failure
(MOF) associated with sepsis (43). Intriguingly, treatment of
septic mice with ICOS-Fc significantly attenuated FAK and
p38 MAPK phosphorylation, thus reducing their activation
during septic insult, with a following impact on the
development of the above-mentioned cytokine storm. These
findings are in accordance with previous studies focused on
tumor cell migration, whose treatment with ICOS-Fc reduces
FAK and p38 MAPK activation both in vitro and in vivo (15,
19). As we and other have recently shown, FAK activation may
also affect the overexpression and activation of another
peculiar inflammatory pathway, NLRP3 inflammasome
complex (28, 44). Thus, we wondered here whether ICOS-Fc
could also infer with this cross-talk mechanism linking FAK to
NLRP3 activation within the septic context. We report here
that experimental sepsis led to an overactivation of the NLRP3
complex and consequent activation of its downstream
mediator caspase-1, which were significantly reduced by
treatment with ICOS-Fc, thus leading to reduced systemic
release of IL-1PB. In addition to the impact on the
aforementioned inflammatory pathways, ICOS-Fc
administration seems to directly affect leukocyte migration
in CLP mice, as documented by the changes in MPO activity, a
well-known biomarker of neutrophil infiltration, in both liver
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and kidney homogenates (45). Specifically, we documented
that the sepsis-induced increase in MPO activity in renal
tissues, was significantly counteracted by ICOS-Fc treatment.
This effect, on the other hand, was absent when CLP mice were
treated with "''*SICOS-Fc. Intriguingly, increased MPO
activity was recorded in liver homogenates from septic mice,
regardless of drug treatment or genetic intervention, when
compared to Sham mice. Despite ICOS-Fc has been shown to
reduce the migration of polymorphonuclear cells into
inflamed tissues (15), these discrepant events observed in
liver and kidney tissue may be the result of different levels of
ICOSL expression. This finding corroborates a previous study
reporting that hepatocytes did not express ICOSL, when
compare to other organs, such as the kidney (46). Thus,
suggesting that the hepatic protection induced by ICOS-Fc
in septic mice is mainly due to a local and systemic resolution
of inflammation rather than a reduction in leukocyte
infiltration. A schematic representation summarizing the
role of ICOS-ICOSL axis in the pathogenesis of sepsis and
the protective effects of ICOS-Fc following sepsis-induced
multiple organ failure is shown in Figure 7.

Despite the originality of our findings, we are aware of
several limitations of our study, including the lack of extension
of these findings to other important functional organs related
to MOF during sepsis, such as the lungs and the cardiac tissue,
along with the lack of analysis suggestive of the direct effect of
ICOS-Fc treatment in preventing immunosuppression. Albeit
the in vivo protocol described here is in accordance with the
main recommendations provided by MQTiPSS consensus
guidelines (27), we are not authorized to perform a survival
study to assess the long-term effect of ICOS-Fc due to ethical
reasons. Thus, further studies are needed to extend the clinical
relevance of our findings as well as to gain a better insight into
the safety profile of the proposed drug treatment.

Conclusions

In conclusion, we demonstrate here, for the first time, that
the ICOS-ICOSL axis plays a crucial role in the development of
systemic inflammation and organ damage induced by a
clinically relevant sepsis model. These findings were
confirmed by an exacerbation of septic injury in mice
knockout for the ICOS and ICOSL genes. Interestingly, we
also documented its draggability by showing protection when
ICOS-Fc, a recombinant protein which act as an antagonist
of ICOS and an agonist of ICOSL, was administered during
sepsis. The beneficial effects of this innovative pharmacological
approach are likely due to a potential cross-talk mechanisms
involving the FAK-p38-NLRP3 inflammasome axis. A greater
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Schematic representation on the role of ICOS-ICOSL axis in the pathogenesis of sepsis. Septic insult results in an imbalance in the ICOS-ICOSL
axis, leading to bidirectional harmful effects, where, on the one hand, the triggering of ICOS can induce immunosuppression, while, on the
other hand, the signaling pathway downstream of the ICOSL protein leads to overactivation of FAK-p38-NLRP3 axis, promoting the transcription
of pro-inflammatory genes, as well as the cleavage of pro IL-1B into IL-1 and subsequent production of pro-inflammatory cytokines. Leukocyte
recruitment is also stimulated by the release of cytokines. Systemic hyperinflammation (cytokine storm), along with polymorphonuclear cell
recruitment, contributes to the onset of multiple organ failure. Treatment with ICOS-Fc can attenuate sepsis-induced hyperinflammation and

therefore MOF to improve clinical outcomes.

understanding of the molecular basis of ICOS-Fc-mediated
effects is needed to harness its actions as a potentially powerful
immunomodulatory tool for counteracting inflammation and
organ injury in sepsis.
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3.3 ICOS/ICOSL/OPN important role in tumor development and ICOS-Fc antimetastatic
effect

It has been documented how cancer development depends largely on immune dysfunction
(Kravchenko et al., 2015; Tsai & Hsu, 2017; Ghahremanloo et al., 2019; Su et al., 2023; Tsai & Hsu,
2017). The characteristics and heterogeneity of cancers are depicted by how tumor cells and
immune cells interact in tumor microenviroment (TME) (Farkona et al., 2016; Constantinidou et al.,
2019; Khosravi et al., 2020). Several authors demonstrated the adaptive immunity and the anti-
tumor response mediated by ICOSL triggering by ICOS (Hutloff et al., 1999; Dianzani et al., 2010,
2014; Solinas et al., 2020). For this reason, choosing ICOS/ICOSL pathway as a pharmacological target
for antitumor therapies hold a great promise for cancer therapy (Clemente et al., 2020). For instance,
ICOS/ICOSL pathway has been shown to be involved in colorectal cancer (CRC) pathogenesis. Zhang
et al. (2016) demonstrated that, being ICOSL mainly expressed on tumor cells, ICOS expression is
negatively associated with the progress of CRC and especially with tumor metastasis. Additionally,
amount of ICOS+ T-cells in the peripheral blood is significantly higher in CRC patients at stage | and
Il, compared to late stages and healthy control. This evidence suggested that ICOS expression levels
on Th1 cells and other tumor infiltrating T-cells could be associated with patient survival (Zhang et
al., 2016).

This was confirmed also by Carthon et al. (2010), who studied if ICOS+ effector T-cells could be
considered a valid clinical outcome for melanoma metastatic patients treated with anti-CLTA-4. Once
more, improved overall survival of metastatic melanoma patients was correlated with an increased
amount of ICOS+ effector T-cells (Carthon et al., 2010; Fu et al., 2011).

Recent findings discovered another important player involved and affecting ICOS/ICOSL axis
bidirectional signals. It is a matter of OPN, a phosphoprotein secreted by several cell types, such as
macrophages, DCs and Th cells. It is defined as an intrinsically disordered protein (IDP), lacking well-
folded crystallizable structure, but showing a flexible and a dynamic one which awards it to adopt
different functional structures and interact with several binding partners (Kurzbach et al., 2013; Z.
Liu & Huang, 2014). In this regard, it can function both as a matricellular protein and a cytokine
mediating several biological functions, such as bone remodeling, macrophage response, cell
migration and adhesion, in addition to modulating the activation and differentiation of
proinflammatory Thl and Th17 cells.

It performs additionally a key role in the immune evasion response and crosstalk between cancer

cells and its microenvironment. Indeed, it is widely demonstrated to be overexpressed in several
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human tumors, in which induces inflammation, tumor invasion and its metastatic dissemination
(Castello et al., 2017; Khongsti & Das, 2021). Consequently, it has been emerged as a potential
valuable biomarker for diagnosing and treating cancers (Wei et al., 2017).

The interesting functional network between ICOS, ICOSL and OPN was slightly introduced previously
talking about OPN proinflammatory activity and its increased level depicted in sepsis context (Alves
et al., 2022). However, considering all the functions that they have in common, several are the
potential applications of using this trio as a pharmacological target in several human diseases.

In detail, all these molecules support Th17 cell responses and they are involved in the bone
metabolism. Indeed, OPN is a key bone component produced by OBs, while ICOSL is expressed by
OCs and its triggering by ICOS was shown responsible of inhibiting OCs differentiation in vitro and
development of osteoporosis in vivo (Gigliotti et al., 2016).

The potential crucial role of ICOS/ICOSL/OPN has been highlighted in cancer context as well. For the
first time, the groups of research of Prof. Chiara and Umberto Dianzani demonstrated for the first
time that ICOSL is a receptor also for OPN and that their interaction take place not overlapping the
binding site used by ICOS. The two different interactions exert opposite effects, ICOS/ICOSL mediates
inhibition of cell migratory effect, while OPN/ICOSL is correlated to a strong pro-migratory one
(Castello et al., 2017; Clemente et al., 2020; Raineri et al., 2020, 2022).

The already demonstrated antimetastatic effect of ICOS-Fc was then exploited to confirm the
functional relevance of the OPN/ICOSL interaction in tumor cells migration. The OPN pro-metastatic
effect was detected more intense on cells expressing high level of ICOSL, and the cell migration was
significantly inhibited when ICOS-Fc was administered. Indeed, both OPN pro-migratory effect and
ICOS-Fc effectiveness were negligible in in vitro cancer models performed using tumor cells lines
expressing low level of B7h (Dianzani et al., 2014; Raineri et al., 2020).

Moreover, in vivo 4T1'O5t tumor showed higher levels of OPN and ICOSL expression, associated with
a higher density vessel, which depicted the impact of OPN/ICOSL interaction on the TME and tumor
angiogenesis (Raineri et al., 2020).

In addition, the role of ICOS/ICOSL/OPN network in tumor cell metastasis was studied in depth
comparing the in vivo metastasizing capability of two variants of melanoma cells (B16-F10 expressing
high or low level of ICOSL), when injected in WT mice or in ICOS, ICOSL and OPN KO mice. Those
findings gave the opportunity to explore this immunotherapy outcome either for nonresponding or

patients resistant to conventional therapies.
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Inducible t-cell costimulator ligand plays a dual role in melanoma metastasis upon
binding to osteopontin or inducible t-cell costimulator

Background: Melanoma is a highly immunogenic tumor, alterations in antigen expression or
presentation represent its primary immune escape. However, immunosuppression plays another
relevant role in supporting this cancer malignancy, as the impairing antitumor response correlated
to activated Treg and myeloid-derived suppressor cells (MDCSs) enriched in TME. Studying
melanoma progression, OPN was found overexpressed in invasive tumor stages, suppressing Treg
proliferation and activation and supporting MDCSs colonization. Highly documented is its wide
expression by different component of the TME and its several mediated functions.

As written before, our group of research stood out for finding that ICOS shares its unique ligand with
OPN, and that OPN/ICOSL interaction take place at a binding site not overlapping the one used by
ICOS. Intriguingly, the OPN or ICOS different interactions exert opposite ICOSL triggering effects, OPN
support metastasis and angiogenesis, which is dominantly inhibited by ICOS. Supporting findings
were those correlated to ICOS-Fc effectiveness in inhibiting cell migration in vitro and cell
metastatization in vivo melanoma mouse model, added to an antiproliferative and an antiangiogenic
activity exerted when encapsulated into nanoparticles (Dianzani et al., 2014; Clemente et al., 2020;
Raineri et al., 2020).

Aim: This work was focused in assessing the net effect of ICOSL triggering by this different binding
partner in melanoma metastasis formation.

Method: In order to confirm OPN/ICOSL interaction in human melanoma metastasis, a Proximity
Ligation Assay (PLA) was performed in human melanoma samples of both primary tumors and
corresponding metastasis. B16-F10 cells were used to set up the in vivo melanoma model, they do
not express ICOS nether OPN, while they were engineered to stably express high (B16'“0S-high) or [ow
(B16'COst-low) |COSL level. Their migration response was compared performing an invasion assay
(Boyden chamber), putting cancer cells in presence of either OPN or ICOS-Fc, standing opposite
effects. Additionally, an anchorage-dependent and independent growth assay were performed to
evaluate ICOSL expression role in influencing B16-F10 cells dissemination attitude.

In vivo experiments involved female mice of four different strains: C57BL/6 WT, OPN KO, ICOS KO,
ICOSL KO. After 15d from cancer cells i.v. injection (1*10”6 cells/animal), the animals were sacrificed,

lung metastases were counted, and organs samples were collected and harvested.
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Results: The first part of the project was validating the animal model using two type of cancer cells.
It consisted in collecting all preliminary data related to migration and growing behavior of both kind
of ICOSL expressing melanoma cells and confirming OPN and ICOS opposite mediated effect. Indeed,
the OPN/ICOSL PLA signal was significantly higher in metastases than in primary tumors, confirming
also in human melanoma how OPN/ICOSL interaction is increased in metastatic lesions. Moreover,
Boyden chamber results confirmed that melanoma cell migration induced by OPN is strictly
correlated to ICOSL expression. Indeed, B16'©-% showed a lower OPN-induced migration,
compared to that of B16'COsthieh cells, which was significantly inhibited by 1COS-Fc. However,
between them, B16'COS-ow cells grew more efficiently in the absence of anchorage to the ECM,
showing themself as the one kind much more prone to metastasize in vivo.

The project proceeded in comparing in vivo the metastasizing capability of both variants of
melanoma cells, monitoring how OPN and ICOS opposing forces end up in modulating tumor cancer
migration by ICOSL triggering.

Melanoma lung metastasis counting values were compared among WT mice, in which all three
components of the OPN/ICOS/ICOSL trio are expressed and where every single effect could be
masked from another, versus OPN KO, ICOS KO and ICOSL KO mice, lacking one component per time.
B16'COStow hroduced more metastasis than B16'©05-hieh in OPN KO, 1COS KO and ICOSL KO and in WT
mice. The differences in lungs metastases counting highlighted how both ICOSL and OPN promote
cancer dissemination (decreased metastases were detected in OPN KO and ICOSL KO mice), while
ICOS inhibits it. Even if showing a lower metastatic behavior, B16'COSthigh metastasis formation
showed revealing differences among mice strains used. For instance, analyzing ICOS KO mice
emerged, as in B16'°%S%°% an increased number of lung metastases confirmed the dominant ICOS-
mediated triggering of ICOSL. On the other side, OPN KO mice showed fewer metastases, compared
with WT mice, using B16'OSow_ This evidence supported the effect resulting from a loss of OPN-
induced prometastatic effect.

Conclusion: Collectively, these data suggest that OPN induces tumor metastasis by interacting with
ICOSL and how ICOS can dominantly inhibit it. Moreover, this model improved current understanding
concerning the role of OPN/ICOSL interaction in tumor progression and metastases dissemination.
Indeed, it gave the opportunity to study interfering/modulating ICOS/ICOSL/OPN network as

potential target for immunotherapy also for patient resistant to conventional therapies.
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Abstract: Recently, we demonstrated that inducible T-cell costimulator (ICOS) shares its unique
ligand (ICOSL) with osteopontin (OPN), and OPN/ICOSL binding promotes tumor metastasis and
angiogenesis in the 4T1 breast cancer model. Literature showed that OPN promotes melanoma
metastasis by suppressing T-cell activation and recruiting myeloid suppressor cells (MDSC). On the
opposite, ICOS/ICOSL interaction usually sustains an antitumor response. Here, we engineered
murine B16F10 melanoma cells, by transfecting or silencing ICOSL. In vitro data showed that loss
of ICOSL favors anchorage-independent growth and induces more metastases in vivo, compared
to ICOSL expressing cells. To dissect individual roles of the three molecules, we compared data
from C57BL/6 with those from OPN-KO, ICOS-KO, and ICOSL-KO mice, missing one partner at a
time. We found that OPN produced by the tumor microenvironment (TME) favors the metastasis by
interacting with stromal ICOSL. This activity is dominantly inhibited by ICOS expressed on TME by
promoting Treg expansion. Importantly, we also show that OPN and ICOSL highly interact in human
melanoma metastases compared to primary tumors. Interfering with this binding may be explored in
immunotherapy either for nonresponding or patients resistant to conventional therapies.

Keywords: osteopontin; ICOSL; melanoma; metastasis; tumor microenvironment

1. Introduction

Melanoma is a malignant tumor arising from melanocytes that accounts for only about
1% of skin cancers [1] but it causes the large majority of skin cancer deaths [2]. Indeed,
diagnosis is often made at late stages when melanoma cells have already metastasized.
Melanoma is a highly immunogenic tumor, and infiltration with cytotoxic CD8* T cells
has been associated with a good prognosis, since they can efficiently kill tumor cells [3].
Melanoma immune escape is primarily due to alterations in antigen expression or presen-
tation, but a role has been ascribed also to immunosuppression, mediated in particular
regulatory T cells (Tregs) [4,5] and myeloid-derived suppressor cells (MDSCs) [6,7]. Both
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Tregs and MDSCs were found to be enriched and activated in the melanoma microenvi-
ronment, and are responsible for profound impairment of antitumor immune responses,
leading to tumor progression [8].

Melanoma progression is associated with increased expression of osteopontin (OPN),
a phosphoprotein acting either as a matricellular protein or as a proinflammatory cy-
tokine [9]: biopsies from different stages of melanoma progression indicate that OPN is
specifically overexpressed in invasive tumor stages [10]. Furthermore, high levels of OPN
are significantly associated with poor clinical outcome in patients bearing highly metastatic
tumors [11]: stromal OPN directly suppresses CD8" T cell proliferation and activation [12],
and in parallel, sustains MDSCs colonization, thus supporting tumor progression [13].

The role of OPN in melanoma metastasis has been demonstrated clearly in animal
models. B16-F10 is a murine melanoma cell line used as a model to study metastasis [14].
Injection of B16-F10 melanoma cells in the tail vein of syngeneic mice results in extravasation
into the lungs and formation of countable macro-metastases [14]. The intracardiac injection
of B16-F10 cells leads to metastasis in the lungs and other organs, such as the liver [15].
Intracardiac injection of B16-F10 cells into OPN knock-out (OPN-KO) mice produces fewer
metastases than occur in wild-type mice, whereas no difference is found when injection is
intravenous [16].

OPN is expressed by different components of the tumor microenvironment, such as
macrophages, dendritic cells (DCs), and activated T cells. Thanks to its multiple adhesion
motifs (i.e., calcium-binding sites, heparin-binding domains and integrin domains), OPN is
able to interact with different receptors and exerts multiple functions. In particular, two
classes of receptors have long been identified for OPN, namely integrins and CD444.7 [17].
More recently, for the first time, the present group demonstrated that OPN directly binds
the immune checkpoint receptor inducible T-cell costimulator ligand (ICOSL) [17], finding
that it binds directly to ICOSL at a binding site that is distinct and nonoverlapping com-
pared to that employed by ICOS, which is the conventional partner of ICOSL. The two
interactions exert opposing effects on cell migration, which is induced by OPN, but domi-
nantly inhibited by ICOS. Moreover, angiogenesis and tumor metastasis are increased, both
in vitro and in vivo, by OPN-mediated triggering of ICOSL, whereas they are inhibited by
ICOS-mediated ICOSL triggering [17-19].

ICOSL is a transmembrane receptor belonging to the B7 family that is expressed in B
cells, dendritic cells, monocytes, endothelial cells, fibroblasts, epithelial cells, and several
types of tumor cells [20]. Its main known function is to trigger ICOS, a costimulatory recep-
tor expressed by activated T cells [21]. Inflammatory signals increase ICOSL expression in
several cell types of nonlymphoid tissue, such as the brain, lung, heart, kidney, liver, and
gut, which suggests that the ICOS/ICOSL interaction regulates the activity of effector and
effector/memory T cells [22]. ICOS is a type I transmembrane glycoprotein belonging to
the CD28 family; it acts as a costimulatory immune checkpoint receptor. It is expressed by
activated T cells, and its stimulation modulates differentiation and potentiates cytokine
production of T helper (Th) cells [21]. Depending on the microenvironment cytokine mi-
lieu, ICOS supports differentiation of Tregs: Th17, Th2 (in mouse), and Th1 (in human)
cells. Moreover, it is highly expressed by T follicular helper (Tfh), and a deficiency of
the ICOS gene causes defective formation of germinal centers in both humans [23]. The
ICOS-ICOSL interaction also triggers “reverse signaling” to the cell expressing ICOSL. In
DCs, triggering of ICOSL with ICOS-Fc, a recombinant soluble form of ICOS, modulates
cytokine secretion, promotes antigen cross-presentation, and inhibits adhesiveness and
migration; in endothelial and tumor cells it inhibits adhesion and migration. Moreover,
it induces dephosphorylation of ERK and p38 in endothelial cells, dephosphorylation of
FAK in tumor cells, and downmodulation of 3-PIX in DCs and tumor cells [19,24-26]. The
present group employed the B16 mouse melanoma model to demonstrate that ICOS-Fc
inhibits cell migration in vitro and the development of metastases in vivo [19,24]. Further,
ICOS-Fc encapsulated in nanoparticles inhibits the growth of established subcutaneous
B16 tumors by inhibiting tumor angiogenesis and Treg development [18].
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Collectively, these data draw a picture in which the triggering of ICOSL by one or other
of the binding partners, ICOS and OPN, mediates opposing activities on tumor metastasis,
which is promoted by OPN and inhibited by ICOS. Stemming from these findings, the
present study aimed to evaluate the net effect of ICOSL binding to OPN and to ICOS on the
metastasis potential of the two binding partners in vivo. To this end, B16-F10 melanoma
cells, stably silenced for ICOSL, were injected intravenously (i.v.) into either syngeneic
wild-type C57BL/6 mice, or mice deficient in one molecule at a time (OPN-KO, ICOS-
KO, ICOSL-KO mice). Interestingly, it emerged that OPN, through binding with ICOSL,
promotes melanoma metastasis formation.

2. Materials and Methods
2.1. Cell Lines

B16-F10 mouse melanoma cells, purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA), were grown in culture dishes as a monolayer in RPMI 1640
medium plus 10% fetal bovine serum (FBS) (Life technologies, Carlsbad, CA, USA), 100
U/mL penicillin, and 100 ug/mL streptomycin at 37 °C in 5% CO,-humidified atmosphere.

2.2. ICOSL Cloning

ICOSL was cloned as described elsewhere [17]. Briefly, cDNA derived from RNA
extracted from mouse splenocytes was cloned into pcDNA 3.1 vector. The plasmid was
then transformed into JM109 bacteria (Promega, Madison, WI, USA) and the resulting
colonies were sequenced by Sanger sequencing (Life technologies, Carlsbad, CA, USA).

2.3. Cell Transfection and Cell Silencing

B16-F10 cells were transfected as reported elsewhere [17]. Briefly, 2 x 10° B16-F10 cells
were transfected with 10 ug of a DNA plasmid (pcDNA3.1) carrying the ICOSL cDNA,
using lipofectamine™ 3000 (Life technologies, Carlsbad, CA, USA). The endogenous
ICOSL gene was siRNA-silenced using lipofectamine™ RNAIMAX transfection reagent
(Life technologies, Carlsbad, CA, USA) as reported elsewhere [17]. Real-time PCR was
used to evaluate the expression of ICOSL in the transfected (B16-ICOSL-high) and silenced
(B16-ICOSL-low) cells, 48 h after transfection and silencing. Next, 1 ug of RNA was
retrotranscribed to cDNA using the QauntiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany). Real-time PCR was performed using CFX96 System (Bio-Rad Laboratories) in
duplicate for each sample, in a 10 pL final volume containing 1 uL of diluted cDNA, 5 uLL
of TagMan Universal PCR Master Mix (Life technologies, Carlsbad, CA, USA), and 0.5 uLL
of Assay-on-Demand mix. The results were analyzed with a AA threshold cycle method
using GAPDH as housekeeping gene. Surface expression of ICOSL was evaluated by flow
cytometry using anti-ICOSL PE mAb (Catalog number #107405, clone HK5.3, Biolegend,
San Diego, CA, USA).

2.4. Invasion Assays

In the Boyden chamber (BD Biosciences) invasion assay, 1 x 103 cells of B16-ICOSL-
high and B16-ICOSL-low were plated onto the apical side of 50 ug/mL Matrigel-coated
filters (8.2 mm diameter and 0.5 mm pore size; Neuro Probe; BIOMAP snc, Milan, Italy)
in serum-free medium with or without 2 pg/mL ICOS-Fc. Medium containing 20% FBS,
as control, or 10 ug/mL of OPN (Bio-techne, Minneapolis, MN, USA) were placed in the
basolateral chamber as chemoattractants for the tumor cells. The chamber was incubated
at 37 °C under 5% CO,. After 6 h, the cells on the apical side were wiped off with Q-tips.
The cells on the bottom of the filter were stained with crystal violet and all counted with
an inverted microscope (magnification x40). The results are expressed as the number of
migrated cells per high-power field.
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2.5. Anchorage-Dependent Growth Assay

For the anchorage-independent growth assay, 1.6 x 10 cells were plated in RPMI
(Life technologies, Carlsbad, CA, USA) plus 10% FBS in a 96-well plate. From day 1 to
day 4 cells were counted daily using trypan blue. For the anchorage-independent growth
assay, a 12-well plate was coated with RPMI 3% agar. After solidification, 5 x 10 cells
were plated over the 3% agar bottom layer, in RPMI 1% agar. Cells were grown at 37 °C for
14 days. 1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was then added and the plate incubated for 3 h at 37 °C. The colony images were taken
using Chemidoc (Biorad, Hercules, CA, USA).

2.6. In Vivo Experiments

Eight-to-ten-week-old adult female mice of the following 4 standard inbred strains
were used: C57BL/6, B6.129S6(Cg)-Sppltm1Blh/], also known as OPN KO, B6.129P2-
Icostm1Mak/]J, also known as ICOS KO, and B6.129P2-Icosltm1Mak/]J, also known as
ICOSL KO (all mice were purchased from The Jackson Laboratory, Bar Harbor, ME, USA).
Animals were maintained under pathogen-free conditions in the animal facility of Uni-
versita del Piemonte Orientale; they were fed ad libitum on rodent chow, and water was
freely available in the home cages; the ambient temperature was maintained at 21 4= 1 °C.
All experimental procedures were conducted during the light phase of a 12:12 h light:dark
cycle. One million cells were i.v. injected and after 15 days the mice were sacrificed and
lung metastases counted by two operators working blind. The lungs were cut into small
pieces and incubated at 37 °C for 30 min with 0.5 mg/mL of Collagenase type IV (Merck,
Darmstadt, Germany). After neutralization of the enzyme with 2 mM of EDTA (Merck,
Darmstadt, Germany), the tissue was crushed and passed through a 100 um filter. Red
blood cells were lysed by osmotic shock. Aliquots of one million cells were stained with
mAD as follows. Myeloid MDSC (M-MDSC) (CD11b*, Ly6Ch8" and Ly6G'°") with anti-
CD11b Percp-Cy5.5 (Catalog number #101228, clone M1/70, Biolegend, San Diego, CA,
USA), anti-Ly6C APC (Catalog number #128016, clone HK1.4, Biolegend, San Diego, CA,
USA), and anti-Ly6G APC-Cy7 (Catalog number #127624, clone 1A8, Biolegend, San Diego,
CA, USA) Treg cells (CD4*, CD25" and Foxp3*) with anti-CD4 FITC (Catalog number
#100406, clone GK1.5, Biolegend, San Diego, CA, USA) and anti-CD25 PE (Catalog number
#12-0251-83, clone PC61.5, Life Technologies, Carlsbad, CA, USA); cells were then perme-
abilized and stained with anti-Foxp3 APC antibody (Catalog number #17-5773-82, clone
FJK-16s, Life Technologies, Carlsbad, CA, USA). Cells were acquired using Attune flow
cytometry (Thermo Fisher Scientific, Waltham, MA, USA) and data analyzed using Flow]Jo
Software (Becton and Dickinson, Franklin Lakes, NJ, USA). The results are expressed as %
of Ly6Chigh in CD11b* cells (M-MDSC) and as % of Treg in CD4" cells (Treg).

2.7. Proximity Ligation Assays (PLA)

PLA technology is based on the detection of protein interactions. This technique uses
one pair of primary antibodies that target the proteins of interest with the aim of studying
the interaction. PLA was carried out with Duolink® In Situ Red Starter Kit Goat/Rabbit
(Merck, Darmstadt, Germany). Additional reagents used were Duolink® In Situ PLA®
Probe Anti-Goat MINUS (# DU092006) and Duolink® In Situ PLA® Probe Anti-Rabbit
PLUS (#DU092002). Antibody concentrations were optimized using immunofluorescence
prior to PLA experiments. Human melanocytic skin lesions or metastatic tissue have been
removed based on the clinical suspicion/confirmation of melanoma, accordingly to the best
clinical practices (study approved by the Ethical Committee of AOU Maggiore della Carita
di Novara, 14 December 2012, CE 166/12). The origin of the tumor biopsy (i.e., primary
tumor or metastasis) was confirmed by the pathologist. Each primary tumor was paired
with its lymph node metastasis. No clinical data are provided in the manuscript because
samples were anonymized. Paraffin-embedded primary tumor or metastasis tissues from
patients were deparaffinized and subjected to graded rehydration through an alcohol series
(xylene; 100, 95, and 70% ethanol) before immersion in PBS 1x. Heat-induced epitope
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retrieval was performed using a microwave. Tissue samples were then blocked with protein
block serum-free (Dako) for 1 h at room temperature. Tissues were incubated with primary
antibodies (diluted 1:100 in blocking solution) overnight at 4 °C. The In Situ Red Starter Kit
Goat/Rabbit was used following the manufacturer’s protocol. The sections were observed
by Leica TCS SP2 AOBS confocal laser-scanning microscope (Leica Microsystems, Wetzlar,
Germany) and analyzed with the Image Pro Plus Software for micro-imaging 5.0 (Meyer
Instruments, Houston, TX, USA).

2.8. Statistics

The number of metastases, the infiltrate among the mouse groups, and migrations
were analyzed using one-way ANOVA; in all other cases the Mann-Whitney t-test was used
as indicated. p values below 0.05 were considered statistically significant. The statistical
analyses were performed with GraphPad Instat software (Prism 8 version 8.4.3) (GraphPad
Software, San Diego, CA, USA).

3. Results
3.1. OPN and ICOSL Highly Interact in Human Melanoma Metastases

Recently, in a murine breast cancer model, we showed that OPN interacts with ICOSL,
and that this binding sustains the angiogenic process. To characterize the role of OPN-
ICOSL in patient-derived tumors more precisely, human melanoma samples were here
scored for mutual OPN/ICOSL interactions. To this end, the proximity ligation assay
(PLA) technology was employed, as it is a highly specific and sensitive tool for the in
situ detection of protein-protein interactions [17]. By means of immunofluorescence (IF)
analysis, human specimens of primary melanomas (n = 10) and their matched lymph node
metastases (1 = 10) were screened; OPN/ICOSL interactions were found in both primary
tumor and metastatic tissues. Quantification of the OPN-ICOSL PLA signal showed this
was higher in metastases than in primary tumors (Figure 1A,B).
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Figure 1. Increased OPN-ICOSL interaction in primary and its paired metastatic human melanoma.
(A) Proximity Ligation Assay (PLA) in primary tumor and corresponding metastasis. The merged
PLA signal (violet) shows ICOSL and OPN interaction, while nuclei are labeled with DAPI (blue).
Images were quantified using Image] software in order to calculate the ratio between red (OPN) and
green (ICOSL) channels; values are shown as percentage of red—green co-staining. Scale bar 50 pm.
Four images were analyzed for each sample at a magnification of 40x. (B) The histograms quantify
OPN-ICOSL PLA in signals of primary and metastatic tumors, expressed as MFI (mean + SEM).
Mann-Whitney statistical test was used, *** p < 0.001.

These findings suggest that the simultaneous presence of OPN and ICOSL is rele-

vant in human melanomas, and that binding between these two molecules increases in
metastatic lesions.
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3.2. ICOSL Expression Modulates In Vitro Growth and In Vivo Metastasis of B16-F10
Melanoma Cells

Since OPN/ICOSL were observed to increase in human metastatic melanomas, it was
decided to investigate whether the interaction between these two molecules could also play
a role in a preclinical B16 mouse model. To this end, B16-F10 cells were injected i.v. into
syngeneic mice to generate black countable lung colonies.

Of note, B16-F10 parental cells express ICOSL, as shown by RT-PCR (Figure 2A) and
flow cytometry (Figure 2B), but do not express ICOS or OPN (data not shown). Since
surface expression of ICOSL was variable in different cell batches, and was closely de-
pendent on cell culturing conditions (not shown), cells were engineered to stably express
high (B16-ICOSL-high) or low (B16-ICOSL-low) levels of ICOSL. B16-ICOSL-high cells
were obtained by transfecting B16-F10 cells with a plasmid encoding the entire murine
ICOSL c¢DNA, and B16-ICOSL-low by transfecting B16-F10 cells with a siRNA targeting
ICOSL. Both cell lines showed stable expression levels of ICOSL mRNA and protein, which
were consistently higher in B16-ICOSL-high than in B16-ICOSL-low cells (Figure 2A,B). A
previous study having found that melanoma cell migration in response to OPN depends
on ICOSL expression, the migration response to OPN of the two cell lines was compared
(Figure 2C). B16-ICOSL-high cells were seen to migrate toward OPN, whereas B16-ICOSL-
low cells did not. As expected, ICOS-Fc was able to interfere and block this migration
(Figure 2C).
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Figure 2. Engineering of B16-F10 melanoma cell lines expressing stable levels of ICOSL. (A) Relative
quantification of ICOSL RNA in B16-ICOSL-high and B16-ICOSL-low cells; the dotted line shows
B16-F10 parental cells. Data are shown as means & SEM gene expression relative to expression of
the endogenous control GAPDH (2-ACt method). One representative experiment is shown (n = 3
biological replicates); (B) representative histogram showing surface expression of ICOSL in B16-
ICOSL-high (dark gray), B16-ICOSL-low (gray), and parental B16-F10 cells (light gray); (C) migration
of B16-ICOSL-high and B16-ICOSL-low cells in response to 10 ug/mL of thOPN or 20% FBS as
chemotactic stimulus. The gray column shows inhibition of OPN-induced migration by ICOS-Fc. The
dotted line shows the migration of control cells, set at 100% in the absence of chemotactic stimuli.
Data are expressed as means &= SEM (1 = 5) of the number of migrated cells per high-power field,
** p < 0.01 refers to baseline, ## p < 0.01 refers to OPN-induced migration, one-way ANOVA test
was used.
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In previous work, it was found that ICOSL expression inhibits the growth of mammary
carcinoma cells in anchorage-independent but not in anchorage-dependent conditions,
thus the in vitro growth of B16-ICOSL-high and of B16-ICOSL-low cells in these culture
conditions was compared. B16-ICOSL-high and B16-ICOSL-low displayed comparable
anchorage-dependent growth, as assessed by culturing cells in standard culture plates in
the presence of FBS (Figure 3A). However, anchorage-independent growth in soft agar was
lower in B16-ICOSL-high cells than in B16-ICOSL-low cells (Figure 3B).
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Figure 3. ICOSL expression inhibits anchorage-independent tumor cell growth. (A) Kinetic growth
assay of B16-ICOSL-low and B16-ICOSL-high cells in the presence of 10% FBS (n = 2). Cells were
counted following trypan blue staining; (B) the soft agar colony formation assay was run to estimate
anchorage-independent growth of B16-ICOSL-low and B16-ICOSL-high cells. Colonies were counted
digitally using Image]J software. Data are expressed as means + SEM. The Mann-Whitney statistical
test was used, ** p < 0.01.

The finding that tumor cells expressing low levels of ICOSL grow efficiently in the
absence of anchorage to the extracellular matrix suggests that they may be prone to metas-
tasize in vivo. To assess this possibility, the metastatic potentials of B16-ICOSL-high and
B16-ICOSL-low cells were compared, injecting them into the tail vein of C57BL/6 mice and
counting lung metastases after 15 days: B16-ICOSL-low cells produced more metastases
than B16-ICOSL-high cells (Figure 4A,B). In order to exclude any nonlung metastatic spread,
we macroscopically analyzed all the available organs comprising liver, omentum and gut,
lymph nodes, muscles, bone and brain: no metastases were found (data not shown). The
TME of the metastases was characterized by analyzing the infiltrating leukocytes of the
metastatized lung, focusing on M-MDSC and Tregs, which are known to be supported
by OPN and ICOS, respectively, and are key components of the immune suppressive
TME [13,27-29]. M-MDSC were evaluated as percentage of CD11b*/Ly6C*/Ly6G™ cells
among total CD11b* cells, and Treg cells as percentage of CD4*CD25*Foxp3* among total
CD4* cells (the gating strategy and the fluorescence minus controls (FMOs) are shown
in Supplementary Figures S1 and S2). Similar amounts of both cell types were detected
in lungs metastasized with either B16-ICOSL-low or B16-ICOSL-high cells (Figure 4C),
suggesting that the metastasis process, in this setting, is not influenced by recruitment of
M-MDSC and Tregs in premetastatic niches and finally, the percentages are in line with
those detected in the lungs of tumor-free mice (Supplementary Figure S3).

62



Biomedicines 2022, 10, 51 8of16
A.
B16.ICOSL-high
B16.1COSLlow
C57BL/6 C57BL/6 C57BL/6
B C.
150 e 20- 8-
®e
=
0. o b
100 . o115 + o8 § 6
g . Rl IS s | .
5 50 : B 104 o%o o 4
-
< 33 0 £ =il
° L4 5 DR
10 & # = 2|3 oo
5i$ 2 i
X,
(1] T T o0 T T 0 T T
L ] & R ]
\x\@ R &\'ﬁ@ fw R
© g Na N Xa G
? ? ? ? L) ?

Figure 4. Role of ICOSL expression in B16-F10 cell metastasis. (A) Schematic illustration of experi-
mental in vivo approach (top) and representative images of metastatic lung (bottom) from B16-ICOSL-
high and B16-ICOSL-low injected mice, at baseline (left) and after 15 days (right). (B) The graph
shows the number of lung metastases in B16-ICOSL-high and B16-ICOSL-low C57BL/6-injected
mice (1 = 9-15 mice). Data are shown as means + SEM. The Mann-Whitney statistical test was used,
4% p <0.0001 (C) Left: bar graph showing the percentage of M-MDSC among total CD11b™ cells in
the lung of C57BL/6 mice injected with B16-ICOSL-high and B16-ICOSL-low cells. Right: bar graph
showing the percentage of Treg among total CD4" cells in the lung of C57BL/6 mice injected with
B16-ICOSL-high and B16-ICOSL-low cells.

3.3. ICOSL Mediates Different Metastatic Effects When Binding to OPN or to ICOS

With C57BL/6 mice it is not possible to model the net OPN/ICOSL interaction in the
tumor context, since these mice fully express all three molecules (OPN, ICOS, and ICOSL)
and thus the effect of each may be masked by an opposing action of the others. Thus, in
order to gain in-depth understanding of the roles of ICOSL’s two binding partners, and to
elucidate their mechanisms, the metastasis of B16-ICOSL-high and B16-ICOSL-low cells
was examined in wild-type mice compared to OPN-, ICOS-, or ICOSL-KO mice; these are
mice in which either OPN or ICOS or ICOSL is lacking. ICOSL-KO mice were included to
examine the role of stromal ICOSL in comparison to tumor ICOSL. When necessary, ICOSL
expression was silenced in tumor cells to eliminate its interference, using B16-ICOSL-low
cells. For comparison purposes, ICOSL was also transfected into B16-F10 cells, so as to
overexpress it and evaluate its role when expressed by tumor cells, using B16-ICOSL-high
cells. Of note, these engineered cell models are only capable of addressing OPN produced
by stromal cells (B16-F10 cells do not secrete OPN; data not shown) whereas they can
address ICOSL expressed either by tumor cells or by the stromal compartment.

The first comparison between B16-ICOSL-low and B16-ICOSL-high cells showed that
the former produced more metastases than did the latter, in OPN-KO, ICOS-KO, and
ICOSL-KO strains, and in wild-type mice (Figure 5A).
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Figure 5. ICOSL mediates different metastasizing effects when binding to OPN and ICOS. (A) The
histogram shows the number of metastases in each genotype (C57BL/6, OPN-KO, ICOSL-KO and
ICOS-KO) of B16-ICOSL-high and B16-ICOSL-low injected mice (n = 9-17 mice). (B) The histogram
shows the number of metastases in different genotypes (C57BL /6, OPN-KO, ICOSL and ICOS-KO)
in B16-ICOSL-high injected mice (1 = 9-17 mice). (C) The histogram shows the number of metastases
within genotypes (C57BL/6, OPN-KO and ICOS-KO) of B16-ICOSL-low injected mice (1 = 9-11 mice).
One-way ANOVA test was used, * p < 0.05, *** p < 0.001, **** p < 0.0001 and # p < 0.05 refers to C57
mouse background.

The second analysis compared the metastases formed by B16-ICOSL-high, displaying
low metastatic behavior, in the different mouse strains. Results showed that metastases
were higher in ICOSL-KO mice and ICOS-KO mice than in wild-type mice. In addition,
ICOSL-KO mice displayed an increased amount of metastasis compared to OPN-KO mice
(Figure 5B). The results of ICOS-KO mice confirm that ICOS inhibits metastasis. By contrast,
the results of ICOSL-KO and OPN-KO were unexpected and indicated that expression of
high levels of ICOSL in the tumor cells increases the system complexity.

The third analysis compared the metastases formed by B16-ICOSL-low, displaying
high metastatic behavior, in the different mouse strains. Results showed that, compared
to wild-type mice, metastases were decreased in OPN-KO mice and ICOSL-KO mice, and
increased in ICOS-KO mice (Figure 5C). These results are in line with the model that OPN
and ICOSL promote, whereas ICOS inhibits metastasis.

To assess the effects of ICOS, OPN and ICOSL expressed by the TME on the B16-F10
metastasis microenvironment, the lung-infiltrating m-MDSC and Treg cells in wild-type
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mice were compared with those in the different KO mice (the gating strategy is shown in
Supplementary Figures S1 and S2).

As in wild-type C57BL/6 mice also in ICOS-KO, OPN-KO and ICOSL-KO mice, m-
MDSC and Treg were not significantly different in lungs metastasized by B16-ICOSL-high
versus B16-ICOSL-low cells (Figure 6). On the contrary, comparison of wild-type mice
with each KO strain showed that: (1) M-MDSC were significantly increased in ICOS-KO
and a trend (p = 0.07) was found in ICOSL-KO mice when injected with B16-ICOSL-low,
but not with B16-ICOSL-high cells (Figure 6A,B); (2) Tregs were decreased in ICOSL-KO
mice injected with both B16-ICOSL-high -low cells, and increased in OPN-KO mice with
B16-ICOSL-low cells, but not in those injected with B16-ICOSL-high cells (Figure 6C,D). All
the other comparisons showed no statistically relevant difference.
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Figure 6. Percentage of Treg and M-MDSC infiltrating B16.ICOS-high/low tumors in C57BL/6 and
KO mice (A) M-MDSC as % of CD11b* cells in lungs of C57BL/6, OPN-KO, ICOSL-KO and ICOS-KO
mice injected with B16-ICOSL-high cells; the gray rectangle shows the percentage of M-MDSC in
C57 mice. Data are means + SEM (n = 10-17 mice). (B) M-MDSC as % of CD11b* cells in lungs
of C57BL/6, OPN-KO, ICOSL-KO and ICOS-KO mice injected with B16-ICOSL-low cells; the gray
rectangle shows the percentage of M-MDSC in C57 mice. Data are means + SEM (1 = 9-11 mice).
(C) Treg as percentage of CD4" in lungs of C57BL/6, OPN-KO and ICOS-KO mice injected with
B16-ICOSL-high cells; the gray rectangle shows the percentage of Tregs as percentage of CD4* in
C57BL/6 mice. Data are means + SEM (1 = 9-12 mice). (D) Treg as percentage of CD4* in lungs of
C57BL/6, OPN-KO and ICOS-KO mice injected with B16-ICOSL-low cells; the gray rectangle shows
the percentage of Tregs in C57BL/6 mice. Data are means 3= SEM (n = 4-9 mice). One-way ANOVA
test was used, ** p < 0.01; # p < 0.05, ## p < 0.01 and ### p < 0.001 refer to C57BL/6 mouse background.

The amounts of M-MDSCs and Tregs obtained from the lungs of control tumor-free
mice were similar in wild type and each KO strain (Supplementary Figure S3).
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4. Discussion

This study investigates the role in tumor cell metastasis of the ICOS/ICOSL/OPN
network, comparing the metastasizing capability of two variants of melanoma B16-F10
cells, respectively expressing high and low levels of ICOSL. The study used wild-type
mice and three strains of KO mice, lacking either ICOS, or OPN, or ICOSL. It emerged that
the three members of the ICOS/ICOSL/OPN network play distinct and differing roles,
possibly acting both at the tumor cell level and at that of the TME. These differing effects
may be ascribed to the complexity of the ICOS/ICOSL/OPN network, in which (1) both
ICOS and OPN bind to ICOSL, but exert different, often opposing, effects on the cell that
expresses ICOSL; (2) OPN also binds other surface receptors, such as integrins and CD44;
(3) OPN and its ligands (ICOSL, integrins, and CD44) can be expressed by tumor cells
and by several cell types of the TME, influencing tumor cell survival, proliferation, and
metastasis; (4) ICOS can be expressed by different types of T cells, including effector and
Treg cells, and also by some other cell types in the TME, such as DCs and macrophages.
Moreover, OPN produced by tumor cells may lack important domains and may carry
different post-translational modifications, making it structurally and functionally different
from that produced by other cell types [30].

The first part of the study validates the model employing two types of B16-F10 cells,
and confirms the results of previous work on different tumor cell types [17]. That prior
study showed that expression of high levels of ICOSL promotes cell migration in response
to OPN, which is inhibited by ICOS-mediated triggering of ICOSL, and that it inhibits tumor
cell growth in anchorage-independent, but not in anchorage-dependent, conditions. The
effect on anchorage-independent growth suggests that expression of ICOSL may increase
tumor cell anoikis, which is a cell-death process whereby cells undergo apoptosis after they
lose contact with the extracellular matrix (ECM) [31]. Acquisition of anoikis resistance is
necessary for tumor cells to survive while traveling through the circulation [32].

Since the triggering of ICOSL by OPN, or alternatively by ICOS, exerts opposing
effects on tumor cell migration, metastasis of B16-ICOSL-high and of B16-ICOSL-low
cells in wild-type mice was compared, to assess the net effect of these opposing forces
in vivo. Expression of high levels of ICOSL was found to substantially decrease metastasis,
suggesting that the inhibitory effect of ICOS-mediated triggering of ICOSL is dominant
over the promoting effect mediated by OPN; this is in line with previous work showing
that treatment of mice with ICOS-Fc inhibits tumor cell metastasis [18].

To dissect the role of each member of the ICOS/OPN/ICOSL network expressed in the
TME, the metastasis ability of B16-ICOSL-high was compared with that of B16-ICOSL-low
cells, using KO mice lacking one network member at a time. B16-ICOSL-high and B16-
ICOSL-low cells express neither OPN nor ICOS, so that the only source of the two ligands
of ICOSL was in the TME. Importantly, removing each molecule of the trio, one at a time, is
useful at a twofold level: on one hand it allows evaluation of the effect of the absence of
the knocked-out molecule itself, but on the other hand it sets the conditions to evaluate,
without any interference, the residual activity of the other two interactors, as depicted for
better clarity in Figure 7. Analysis of ICOS-KO mice showed that, compared to wild-type
mice, they undergo increased metastasis formation, whether using B16-ICOSL-high or
B16-ICOSL-low cells. This effect is in line with the loss of the dominant ICOS-mediated
triggering of ICOSL both on tumor or stromal cells. Indeed, in B16-ICOSL-low metastases,
the increased numbers of M-MDSC cells might play a role in the increased metastasis, and
help tumor cells (not expressing ICOSL) to elude the immune system. On the contrary,
M-MDSC were not increased in B16-ICOSL-high metastases, suggesting that expression of
high levels of ICOSL on tumor cells might inhibit the development of M-MDSC, possibly by
sequestering OPN, known to support M-MDSC development. In line with this hypothesis,
the same increase in M-MDSC displayed by B16-ICOSL-low, (and not by B16-ICOSL-high
metastases), was also detected in ICOSL-KO mice, (and not in OPN-KO mice). Since
C57BL/6 mice did not show any increase in M-MDSC, these data collectively suggest that
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such an increase requires both the availability of OPN and absence of the ICOS/ICOSL
interaction at the TME level.
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Figure 7. The metastatic niche model at a glance. The melanoma metastatic niche contains malignant
cells towards which immune suppressive cells are recruited and corrupted. Tumor and stromal
cells produce the ECM proteins that regulate cell function, and their interaction is also relevant for
tumor progression and metastasis. The model used here was implemented to investigate metastasis,
Tregs and M-MDSC-infiltrating metastatic melanoma, induced by ICOSL binding to ICOS or to OPN.
Melanoma cells, expressing ICOSL (green) or not expressing it (blue), were used to induce metastases
in scenarios lacking one of the three molecules of the trio. By removing one molecule at a time, the
effect of each molecule expressed can be observed without interference from the other two. The
results on the three strains of KO mice were then compared to each another and to those on wt mice.
Using this model, it was shown that OPN/ICOSL promote metastasis.

Analysis of OPN-KO mice showed that, when compared to wild-type mice, they
developed fewer metastases using B16-ICOSL-low. This effect is in line with a loss of
the prometastatic effect exerted by OPN. Interestingly, this model shows that B16-ICOSL-
low metastases contained increased numbers of Treg cells compared to C57BL/6 mice,
suggesting that OPN may inhibit development of these cells; this effect would be reversed
by the expression of high levels of ICOSL in B16-ICOSL-high cells, which is in line with the
notion that ICOS triggering in T cells supports Tregs.

Lastly, through analysis of ICOSL-KO, the role played by ICOSL—expressed by either
the tumor or the TME cells—was elucidated. Compared to C57BL/6, ICOSL-KO mice
displayed more B16-ICOSL-high metastases and fewer B16-ICOSL-low metastases, which
runs counter to the dominant negative effect exerted by ICOS on adhesion and migration
of ICOSL-expressing tumor cells. One possible explanation for this disparity is that, in
ICOSL-KO mice, the lack of endogenous ICOSL makes large amounts of OPN available
to the tumor cells, an abundance that might promote metastasis of B16-ICOSL-high cells
by overcoming the dominant negative effect exerted by ICOS. Importantly, low numbers
of B16-ICOSL-low metastases, which were comparable in number to those occurring in
OPN-KO mice, suggest that the metastasis process is closely related to the simultaneous
expression and interaction of OPN and ICOSL. In ICOS-KO mice, OPN has no competitor
for ICOSL in the TME in promoting M-MDSC recruitment. Moreover, the observation that
both B16-ICOSL-high and B16-ICOSL-low metastases displayed lower numbers of Treg
cells in ICOSL-KO mice than they did in wild-type mice is in line with the notion that the
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triggering of ICOS by microenvironmental ICOSL plays a key role in the development of
these cells.

Collectively, these data suggest that OPN produced by TME favors tumor metastasis
by interacting with stromal ICOSL; these activities are dominantly inhibited by ICOS. At the
light of the important role played by both host OPN and ICOSL in metastasis development,
further experiments using double OPN-KO and ICOSL-KO mice would be useful to sustain
our findings.

The multiple interaction spots of OPN/ICOSL detected by PLA in human melanoma
metastases, compared to those in primary tumors, support the hypothesis the binding
between these two molecules plays a role in metastasis, but appears to contradict our
in vitro finding that melanoma cells expressing low levels of ICOSL are prone to survive
in attachment-independent conditions and display increased metastatic capacity. We can
speculate that low expression of ICOSL in the primary tumor might favor detachment of
tumor cells, their survival in the blood stream, and their extravasation at the metastatic
site, since these cells would be less sensitive to the dominant negative inhibition triggered
by ICOS. At the metastasis site, the ICOSL/OPN interaction might thus be crucial for
engraftment of the metastasis, possibly taking advantage of a positive feedback loop,
since previous findings show that boosting ICOSL expression in 4T1 cells increases their
expression of OPN [17]. This opens an opposite scenario, not mutually exclusive with
the previous one, in which OPN, which is one of the most abundantly expressed genes
in melanoma metastases, acts as a chemoattractant for circulating ICOSL-positive tumor
cells, and thus promotes development of the premetastatic niche by interacting with its
multiple receptors [33,34]. Beside its effect on tumor cell migration and survival, the
network also plays a role in tumor neoangiogenesis, since OPN induces—while ICOS
inhibits—angiogenesis.

Targeting this network may exert an antitumor effect by acting at multiple levels and
addressing important unmet clinical needs, since approximatively 60% of patients do not
achieve any significant therapeutic response, and a substantial proportion of responders
relapse within 2 years [35].

ICOS-Fc treatment of mice carrying established primary melanomas decreases infil-
trating Treg cells [36,37]. Anti-PD1 and anti-CTLA4 treatments are effective in melanoma
immune therapy and, intriguingly, their effectiveness is marked by increased expression of
ICOS [38]. Therefore, ICOS itself may play a role as an effector molecule recruited by this
therapy, possibly by acting at several levels in the ICOS/ICOSL/OPN network. Recently,
OPN has been shown to act as an immune checkpoint that negatively regulates T-cell
activation and decreases the effectiveness of anti-PD-1-based immune therapy [39]. OPN
neutralization may thus be another approach to increasing the efficacy of PD-1-based im-
mune checkpoints blockade (ICB) immunotherapy in responding patients, and to overcome
resistance to ICB immunotherapy in nonresponding patients [40].

Finely tuning/interfering with the OPN/ICOS/ICOSL network may represent a next-
generation immunotherapy either for patients resistant to conventional therapies (i.e., ICB).

This model may be relevant for other cancer types too. Accumulative evidence
suggests that OPN is one of the most potent metastasis-associated proteins during the pro-
gression of other cancer types such as breast, colon, lung, pancreatic, renal, and esophageal
cancer [33]. Cancer is often linked to an expansion of MDSCs/Tregs [41,42], in which
OPN/ICOSL/ICOS trio may be involved. Given that the frequencies of MDSCs/Tregs
have also been negatively correlated with the response to immunotherapy, targeting these
cells in cancer patients may be a viable therapeutic approach to reverse immune escape
and to maximize immune-based treatments.

Lastly, many investigations have been performed to decipher the multiple signaling
pathways and gene expression profiles induced by OPN by focusing on its binding to
integrins and CD44. To the best of our knowledge, no studies have been performed yet
investigating OPN/ICOSL intracellular signaling pathways. This research is necessary
to improve the current understanding and to unveil the precise role of OPN/ICOSL in-
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teraction in tumor microenvironment remodeling, in tumor progression and metastasis
development. These studies may be relevant to dissect pathogenetic roles and to identify
new therapeutic targets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
biomedicines10010051/s1: Figure S1: Gating strategy to define M-MDSC in lung; Figure S2: Gating
strategies defining regulatory T cells (Treg) in lungs; Figure S3: Percentages of m-MDSC and Tregs in
lungs of tumor-free bearing mice.
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3.4 ICOS-Fc application on Myeloma Multiple

Multiple Myeloma (MM) is a complex and heterogeneous malignant disease of plasma cells (PCs)
that are located into the bone marrow (BM) and whose malignancy is exhibited through the
production of abnormal immunoglobulin (M protein), mostly 1gG and IgA (Michels & Petersen,
2017). Development and progression of MM was found often correlated to chromosomal
abnormalities with other genetic mutations. For instance, KRAS and NRAS genes mutations were
demonstrated favoring tumor cells survival and proliferation, while treatment resistance and poor
prognosis were correlated to TP53 tumor suppressor gene deletion and/or mutations (Hoang et al.,
2006; W. Xiong et al., 2008; Jovanovic et al., 2019; Yang et al., 2022). The disease tends to progress
from a premalignant monoclonal gammopathy of undetermined significance (MGUS), eventually
developing through an intermediate stage of smouldering multiple myeloma (SMM). Both do not
display the end organ damage typical of MM, whose clinical scenario is commonly described with
CRAB acronym. The “C” stands for hyperCalcemia; the “R” for Renal insufficiency; the “A” for
Anaemia and the “B” for Bone disease, whose characteristic osteolytic lesions are showed by the
majority of MM patients and are considered the MM hallmark (Fairfield Heather et al., 2016;
Tomasson et al., 2018).

The MM severe net bone loss and limited bone healing is due to the progressive loss of balanced
functional activities of OBs (bone building) and OCs (bone breakdown and resorption). The OCs
activity is overstimulated by high levels of RANKL expressed on the surface of myeloma cells, BM
stromal cells, Th cells (mainly Th17 cells), and soluble RANKL (sRANKL) in the serum. Moreover, the
involvement of BM microenvironment mediated by MM PCs is crucial in fostering cytokines and
vascular endothelial growth factor production (IL-6 and VEGF), vascular permeability, angiogenesis
and different cells interactions, which all together work for perpetuate uncontrolled tumor growth,
bone destruction and immune dysfunction (Fairfield Heather et al., 2016; Bernstein et al., 2022;
Schinke et al., 2022; Rafae et al., 2023). Indeed, MM patients show an impaired immunity and a
higher susceptibility to infectious diseases. The tumor strategy of promoting a suppressive
environment, able to evade immune system response, can affect different immune cell populations.
Indeed, MM is characterized by a reduction in the diversity and function of T-cells and natural killer
(NK) cells, as well as an increase in Treg cells and MDSC, whose accumulation blocks their
differentiation into DCs causing their deficiency and drop of functions (Brimnes et al., 2010; Rafae et

al., 2023). As a result, next to the traditional chemotherapy and radiation, in the last two decades
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research was extensively focused on MM novel immunotherapy approaches and tremendous
advances in outcomes were achieved (Rajkumar, 2022; More et al., 2023). Unfortunately, MM
remains not only incurable in most patients, but the progressive compromised bone condition daily
threatens patients safety and wellbeing, even if a remission was started and ongoing (Roodman,
2011; Bird & Boyd, 2019; Bernstein et al., 2022).

In this scenario, earns more relevance the discovered and well documented involvement of the
inducible T-cell co-stimulator (ICOS) and its ligand (ICOSL) in bone metabolism. Their important role
in activation of Th cells, Treg differentiation and T-/B-cell interaction was widely demonstrated in
osteoporosis context, highlighting how ICOS/ICOSL interaction can modulate OCs function (Gigliotti
et al., 2016). The second significant aspect of ICOS/ICOSL system in MM lies in the fact that ICOSL is
also bound by OPN, which is not only expressed by MM cells, but found involved also in tumor
progression, cancer cell metastatization, angiogenesis and bone destruction (Valkovi¢ et al., 2014;
Castello et al., 2017; Raineri et al., 2022).

The promising inhibitory effect of ICOS-Fc on OCs next to its capability to block OPN-induced cancer

cells migration suggested ICOS-Fc as potentially effective immunomodulator drug in MM therapy.
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Inducible T-cell co-stimulator (ICOS) and ICOS ligand are novel players in the
multiple-myeloma microenvironment

Background: MM is a malignant disease characterized by the accumulation of MM PCs into the bone
marrow, which produce abnormal immunoglobulin (M-protein). It usually develops from a
premalignant condition MGUS and SMM, which could be asymptomatic and do not achieve the
organ damage typical of MM. The acronym CRAB is used to gather its clinical specific hallmarks, such
as hyperCalcemia, Renal insufficiency, Anaemia and Bone disease, resulting in severe osteolytic
lesions caused by imbalanced functions of OBs and OCs. It has been already documented the
relevance of the BM microenvironment involvement led by MM PCs, which promotes tumor growth,
bone destruction and immune dysfunction. Interestingly, ICOS/ICOSL system was found involved in
the lymphocyte-bone cells interaction, depicting how its mediated signaling could inhibit OCs
activity (Gigliotti et al., 2016). Moreover, acquired evidence showed ICOSL triggering anti-tumor
effects by acting on tumor cells, TME, DCs, ECs and macrophages (Dianzani et al., 2010; Occhipinti
et al., 2013; Dianzani et al., 2014). In this regard, the OPN documented involvement in bone
formation and tumor progression achieved much more relevance when it was identified as another
ligand for ICOSL. Next to the OPN/ICOSL induced cell migration effect, ICOS-Fc was able to block
cancer cell migration induced by OPN. This effect confirmed how ICOS interaction with ICOSL
dominantly counteract OPN effect. Since OPN is also expressed on myeloma cells, it is considered
another important aspect of targeting the ICOS/ICOSL system for MM.

Aim: The aim of this work was to investigate the expression of ICOS and ICOSL and their soluble form
(sICOS and sICOSL) in MM cells and to evaluate the potential ICOS-Fc immunomodulatory role in
MM progression.

Method: a cohort of plasma cell dyscrasia patients (MGUS, SSM and MM) were involved to evaluate
both serum level of sICOS and sICOSL and MM cells surface expression of ICOS and ICOSL. Migration
assay was performed using the murine cell line MOPC-21 and MOPC-21'“0%t, expressing low and high
level of ICOSL respectively, and the human RPMI-8226, which spontaneously express high level of
ICOSL.

In order to evaluate the antiproliferative effect of ICOS-Fc, it was performed an in vivo MM mouse
model, using NSG mice injected subcutaneously with MOPC-21'“0%t cells.

Since in vivo ICOS-Fc antiproliferative effect was detected only when it was delivered into

nanoparticles (Clemente et al.,, 2020), once again the ICOS-Fc administration was done through
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nanodelivery system (PLGA nanoparticles). Tumor samples were harvested and stained with CD31
or Ki67 to assess tumor vessel formation and cancer cell proliferation.

Results: Serum levels of sICOS and sICOSL differed among the different plasma cell disorders
considered. They were found to positively correlate with several markers of tumor burden, such as
[32-microglobulin (B2M), M protein, BM plasma cells and negatively correlated with haemoglobin
(Hb). The results showed that higher were the serum levels of sICOSL and sICOS found in MM
patients, compared to MGUS and SMM cases, and massive sICOS level could be associated with
worse overall survival (OS) of MM patients.

The flow cytometry results demonstrated that MM cells express both ICOSL, and at lower levels,
ICOS. This evidence led to evaluate ICOS-Fc anti-migratory effect on all kind of MM cells (MOPC-21;
MOPC-21'05t: RPMI-8226). As able to inhibit invasion of different kinds of tumor cells, ICOS-Fc
revealed itself capable to significantly counteract migration of both myeloma cells lines expressing
high level of ICOSL.

Moreover in vivo results already showed that ICOS-Fc nanoencapsulation in poly lactic-co-glycolic
acid (PLGA) nanoparticles promoted a better drug tumor targeting and therapy effectiveness
optimization, which resulted in ICOS-Fc-PLGA capability to decrease tumor growth of ICOSL+ cells in
melanoma mouse model (Clemente et al., 2020). In the MM model scenario, the results showed
again how ICOS-Fc-PLGA treatment can counteract tumor growth, compared to control mice. The
Ki67 staining of the tumor samples confirmed ICOS-Fc clear effect on cancer cell proliferation rate.
Moreover, the resulting therapeutic effect could be correlated to an ICOS-Fc anti-angiogenic effect,
supported by a significant decreased of tumor vascular density (CD31 staining of tumor sections).
The NGS mice were chosen to collect clear evidence about ICOS-Fc antineoplastic effect, without
any potential effects coming from an immune response involvement. In this regard, ICOS-Fc might
boost the anti-tumor immune response helping to overcome immune evasion. Even if in the MM
mouse model exploited the immunological effect was underestimated, the promising findings
collected with a well-documented immunomodulation potentiality of ICOS-Fc, supported the
hypothesis to reach better therapeutical advantages using an immunocompetent in vivo model.
Conclusion: These promising results indicated that both sICOS and sICOSL may play a role in
myeloma cells growth. They could be considered as valid therapeutic target for MM, since widely
distributed within the TME and neoplastic cell surface. Moreover, ICOS/ICOSL axis could be exploited

to support anti-tumor immune response, reinforcing the efficacy ofimmunotherapeutic approaches.
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Introduction

Summary

The inducible T-cell co-stimulator (ICOS) is a T-cell receptor that, once
bound to ICOS ligand (ICOSL) expressed on several cell types including
the B-cell lineage, plays a decisive role in adaptive immunity by regulating
the interplay between B and T cells. In addition to its immunomodulatory
functions, we have shown that ICOS/ICOSL signalling can inhibit the activ-
ity of osteoclasts, unveiling a novel mechanism of lymphocyte-bone cells
interactions. ICOS and ICOSL can also be found as soluble forms, namely
sICOS and sICOSL. Here we show that: (i) levels of sICOS and sICOSL are
increased in multiple myeloma (MM) compared to monoclonal gammopa-
thy of undetermined significance and smouldering MM; (ii) levels of sICOS
and sICOSL variably correlate with several markers of tumour burden; and
(iii) sICOS levels tend to be higher in Durie-Salmon stage II/IIl versus
stage I MM and correlate with overall survival as an independent variable.
Moreover, surface ICOS and ICOSL are expressed in both myeloma cells
and normal plasma cells, where they probably regulate different functional
stages. Finally, ICOSL triggering inhibits the migration of myeloma cell
lines in vitro and the growth of ICOSL" MOPC-21 myeloma cells in vivo.
These results suggest that ICOS and ICOSL represent novel markers and
therapeutic targets for MM.

Keywords: inducible T-cell co-stimulator (ICOS)/ICOS ligand (ICOSL)
system, multiple myeloma, sICOS and sICOSL.

hypercalcaemia, and renal failure, which constitutes the clas-
sical CRAB clinical presentation (hyperCalcaemia, Renal fail-

Multiple myeloma (MM) is a plasma cell neoplasia resulting
from monoclonal expansion of long-lived myeloma cells in
the bone marrow (BM), leading to production of mono-
clonal immunoglobulins (M protein), mostly IgG or IgA.
Multiple myeloma tends to develop from premalignant
monoclonal gammopathy of undetermined significance
(MGUS), possibly going through a stage known as asymp-
tomatic smouldering multiple myeloma (SMM)."* Both
MGUS and SMM do not display the end organ damage typi-
cal of MM, consisting of osteolytic lesions, anaemia,

© 2021 British Society for Haematology and John Wiley & Sons Ltd
British Journal of Haematology, 2022, 196, 1369-1380

ure, Anaemia, Bone disease).”’

In MM, active osteolytic lesions are promoted by osteoclasts
(OC) stimulated by high levels of receptor activator of nuclear
factor kappa-B ligand (RANKL) expressed on the surface of
myeloma cells, BM stromal cells, T helper (Th) cells (mainly
Th-17 cells), and soluble RANKL (sRANKL) in the serum.®®

We have recently shown that novel players in bone meta-
bolism are the inducible T-cell co-stimulator (ICOS) and its
ligand (ICOSL), both with a well-established role in activa-
tion of Th cells and T-/B-cell interaction.” ICOS (CD278)

First published online 26 December 2021
doi: 10.1111/bjh.17968
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belongs to the CD28 family and binds ICOSL (also known as
B7h, CD275, B7H2, B7-RP1, or GL50), a member of the B7
family."®"> ICOS is mainly expressed on activated T cells,
but weak levels have been detected also on dendritic cells
(DC)."? ICOSL is expressed not only on a wide variety of cell
types, including B cells, macrophages, and DC, but also on
non-haematopoietic cells, such as vascular endothelial cells,
epithelial cells, fibroblasts, and many cancer cell types.'*"”

The main biological function of ICOSL is triggering ICOS,
which acts as a costimulatory molecule for activated Th cells
by modulating their cytokine secretion.'® ' Moreover, the
ICOS/ICOSL axis can elicit a bidirectional signal acting on
ICOSL-expressing cells.”*** In DC, ICOSL triggering by
ICOS-Fc, a recombinant soluble form of ICOS composed of
the extra-cellular portion of ICOS fused to the IgG, Fc
portion, modulates cytokine secretion, potentiates cross-
presentation of endocytosed antigens on class 1T MHC
molecules, and inhibits cell adhesiveness and migration.
Moreover, 1COS-Fc inhibits adhesiveness and migration of
endothelial cells and tumour cell lines in vitro as well as
metastatic  dissemination of tumour cells in vivo.** *°
Recently, we have shown that ICOS-Fc encapsulated in bio-
compatible and biodegradable nanoparticles inhibits the
growth of established B16-F10 melanoma by decreasing
tumour vascularization and inhibiting regulatory T cells.””

Two aspects of the ICOS/ICOSL system are relevant for
MM. First, ICOSL is expressed on OC, and ICOS-Fc inhibits
RANKL-driven maturation and osteolytic activity of these
cells in vitro, and the development of RANKL-induced osteo-
porosis in vivo.” Second, ICOSL is also bound by osteopon-
tin (OPN), involved in bone formation. OPN is also
expressed by myeloma cells where it regulates a number of
functions, including adhesion to the extra-cellular matrix and
angiogenesis. OPN and ICOS form a complex with ICOSL
through different binding sites and elicit different, often
opposite, functional effects.”® >

ICOS and ICOSL can also be secreted as soluble
forms — namely sICOS and sICOSL — which may derive
from alternative transcription of the gene, alternative splicing
of the mRNA, or proteolytic cleavage of the membrane
form.>"** Of note, the serum levels of sICOS and sICOSL
are increased in some autoimmune diseases.”® %7

The aim of this study was to assess the expression of ICOS
and ICOSL in plasma cell dyscrasias to investigate the role of
this receptor system in malignant progression and end organ
damages.

Materials and methods

Patients

The study enrolled 204 patients with plasma cell dyscrasias
referred to the Hematology Division of the “AOU Maggiore
della Carita”, Novara, Italy between November 2016 and
March 2021. They were grouped in MGUS, SMM, and MM
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according to the 2017updated ESMO guidelines, referring to
International Myeloma Working Group (IMWG) diagnostic
criteria (Table 1).*® All MM patients received therapy, includ-
ing immunomodulatory agents, proteasome inhibitors, mon-
oclonal antibodies, and chemotherapy. At the time of
sampling, the median number of previous lines of therapy
was 1 (0-6). Fifty-nine healthy controls (HCs) were matched
for gender and age. The protocol was approved by the local
Ethics Committee (No. CE 33/17), and all subjects signed an
informed consent.

ICOS/ICOSL analysis

Serum levels of sICOS, sICOSL and sRANKL were assessed
by enzyme-linked immunosorbent assay (Cloud Clone Cor-
poration, Katy, TX, USA). In two samples, sICOS and
sICOSL levels were also measured after ultracentrifugation
for 1 h at 4°C at 100.000 g in both the supernatant and the
extra-cellular vesicle (EV) pellet.

Surface expression of ICOS and ICOSL was evaluated by
flow cytometry (Attune NxT, Thermo-Fisher, Waltham, MA,
USA) using fluorescein isothiocyanate (FITC)-conjugated
anti-CD38 (eBioscience, San Diego, CA, USA), PE-
conjugated anti-ICOS (R&D System, Minneapolis, MN,
USA), PE-Cyanine (Cy) 7-conjugated anti-ICOSL (BioLe-
gend, San Diego, CA, USA), PE- or APC-Cy7-conjugated
anti-CD45 (eBioscience), and APC-conjugated anti-CD56

(eBioscience) mAb.*® #?

Cell migration assay

MOPC-21 cells (mouse myeloma) were a gift from Monash
University (Clayton, Australia); RPMI-8226 cells (human
myeloma) were purchased from ATCC (Manassas, VN, USA).

MOPC-21"“" cells were MOPC-21 cells that were trans-
fected with 2-5 pg of plasmid DNA coding for mouse
ICOSL, as previously reported.”

In transwell plates (Corning Inc., Corning, NY, USA),
1 x 10° cells were plated onto the upper side of each well in
serum-free medium with or without 2 pg/ml of ICOS-Fc

Table 1. Patients’ characteristics.

MGUS SMM MM Total

Patients n (%) 36 (17-6) 97 (47-5) 71 (34-8) 204
Gender Female 14 (38-9) 38 (39-2) 36 (50-7) 88 (43-2)

Male 22 (61-1) 59 (60-8) 35 (49-3) 116 (56-8)
Age (years) Median 69 72 71 71

Min 32 38 40 32

Max 83 90 84 90

Mean 652 69-9 69-6 689

SD 11 11-5 8-3 10-5

MM, multiple myeloma; MGUS, monoclonal gammopathy of unde-
termined significance; SD, standard deviation; SMM, smouldering
multiple myeloma.

© 2021 British Society for Haematology and John Wiley & Sons Ltd
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(human or murine), that is an agonist of ICOSL, or
FI9S1COS-Fe (human). Twenty percent fetal bovine serum
(FBS) was used as a chemoattractant. After 18 h, the cells
migrated to the lower chamber were counted with an
inverted microscope (magnification x100).

In vivo experiments

Eight-week-old female NOD-SCID-IL2Ry-null mice (NSG)
(Charles River Laboratories, Wilmington, MA, USA) were
injected subcutancously with 2 x 10° MOPC-21"“OSt cells.
When tumours were palpable, mice were treated every four
days by intraperitoneal injection of murine ICOS-Fc loaded
in poly(lactic-co-glycolic acid) (PLGA) nanoparticles (ICOS/
PLGA, 100 pg) or empty PLGA or saline. The tumour size
was measured every four days and mice were sacrificed after
20 days.”’

Mice were bred under pathogen-free conditions in the ani-
mal facility of the Department of Health Sciences. The study
was approved by Ministero della Salute, Rome (No. 477/
2016-PR and No. 849/2016 PR).

Staining of CD31 and Ki67, and tumour microvessel den-
sity measurements were performed on tissue sections as pre-
viously described.””**

Statistical analyses

Correlations were determined using Spearman’s non-
parametric test. Comparisons were performed using the
Mann-Whitney test, Wilcoxon test, and paired t-test.
Survival analysis was performed by the Kaplan-Meier
method and compared between strata using the log-rank test.
The adjusted association between exposure variables and
overall survival (OS) was estimated by Cox regression.

Results

Serum levels of sSICOS and sICOSL in patients with
plasma cell dyscrasias

Serum levels of sICOS and sICOSL were measured in a
cohort of plasma cell dyscrasia patients (n = 204)
(Table I), and in 59 HCs. MM patients displayed higher
sICOS and sICOSL serum levels than those found in
MGUS and SMM patients (Fig 1A,B). Of note, the serum
levels of sICOS and sICOSL in MGUS and SMM patients
were not statistically different from those present in HCs
(Fig 1A,B). Stratification of MM patients according to the
Durie-Salmon staging system (DS; DS-I: n = 16; DS-II:
n =239 DS-III: n=16) revealed that sICOS serum
concentration was higher in DS-II and DS-III compared to
DS-1 (Fig 1C,D), whereas no difference was found for
sICOSL.

© 2021 British Society for Haematology and John Wiley & Sons Ltd
British Journal of Haematology, 2022, 196, 1369-1380

sICOS and sICOSL in Multiple Myeloma

Correlations with disease markers

Spearman’s Rho test was performed to evaluate any correla-
tions between sICOSL or sICOS serum levels and other
known serum disease markers. These included 7) the tumour
burden markers B2-microglobulin (B2M), M protein, BM
plasma cells, and haemoglobin (Hb); ii) the bone metabolism
markers calcium, sSRANKL, and OPN.

Analysis of the tumour burden markers showed that, in all
patients, sICOS correlated directly with B2M, total M pro-
tein, BM plasma cells and inversely with Hb (Fig 2A-D). On
the other hand, sICOSL correlated directly with B2M and
total M protein (Fig 2E-F). sICOS also showed a positive
correlation with BM plasma cells among MM and MGUS
patients (r = 0-731, P = 0-02), whereas sICOSL correlated
with total M protein in MM patients (r = 0-478, P = 0-0002)
(data not shown).

Analysis of bone metabolism and kidney injury markers
revealed a direct correlation between sICOSL and sRANKL
(Fig 2G).

Since MM patients display decreased levels of polyclonal
Ig, we also analyzed the correlation of serum sICOS and
sICOSL with polyclonal IgM and IgA in 50 MM patients
producing IgG M protein (IgG/MM). We found that sICOS,
but not sICOSL (data not shown), negatively correlated with
polyclonal IgA and IgM (Fig 2H-I).

After a median follow-up period of 37-6 months, 40
patients died, and the 36-month OS was 78-7%. As expected,
patients with MM had a worse OS than those with SMM or
MGUS. Stratification of all patients for the median value of
serum concentration of sICOS (27-9 pg/ml), sICOSL
(9947 pg/ml), or sRANKL (1024-3 pg/ml) showed that
patients with sICOS levels above the median value had a
worse OS than those below this value (OS-36: 70-1% vs
89:2%, P =0:002). By contrast, levels of sICOSL and
sRANKL did not correlate with OS (Figure S1). An opti-
mized sICOS threshold of 40 pg/ml was the best cut-off for
OS, which was 67-2% for patients above this cut-off and
89:2% for those below (P = 0-00017) (Fig 3A). Multivariate
analysis showed that sICOS levels above 40 pg/ml maintained
an independent association with an increased risk of death
(HR 278, 95% CI 1-07-7-2, P = 0-035) when adjusted for
Durie-Salmon staging. The clinical impact of sICOS was
detected in MM, but not in SMM and MGUS (Fig 3B-D).

Surface expression of ICOS and ICOSL

Since serum levels of sICOS and sICOSL correlated with sev-
eral tumour burden markers, we next assessed the surface
expression of these receptors on myeloma cells. Flow cyto-
metry analysis of BM samples from 31 MM patients showed
that myeloma cells homogeneously expressed both ICOS
(MFI-r 3-6 4 0-25) and, to a higher extent, ICOSL (MFI-r
7-3 + 0-66) (Fig 4A).
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Fig 1. Serum levels of soluble inducible T-cell co-stimulator (sICOS) and sICOS ligand (sICOSL) are increased in multiple-myeloma (MM)
patients. (A) sICOS and (B) sICOSL were evaluated in the sera of smouldering MM (SMM) (n = 97), MM (n = 71) and monoclonal gammopa-
thy of undetermined significance (MGUS) (n = 36) patients, and 59 HCs by enzyme-linked immunosorbent assay (ELISA). *, P < 0-05, ***,
P < 0-0001 versus SMM; 3%, P < 0.01, 8%, P < 0-0001 versus MGUS, ***, P < 0-0001 versus HC calculated by the Mann-Whitney non-parametric
test. (C) sICOS and (D) sICOSL levels in MM patients stratified according to Durie-Salmon staging: DS-I (n = 16), DS-II (n = 39), and DS-III
(n=16). * P <005 versus DS-II, §, P < 0-05 versus DS-III calculated by the Mann-Whitney non-parametric test. Values are represented as

mean £ SEM.

To investigate whether ICOS and ICOSL were also
expressed on normal plasma cells, we analyzed surface expres-
sion of these molecules in BM plasma cells from eight patients
affected from immune thrombocytopenia (ITP). We identified
two plasma cell subsets, one expressing both ICOS and ICOSL,
similar to myeloma cells, and the other expressing ICOSL but
not ICOS (Fig 4B). More specifically, the ICOS"ICOSL" and
ICOSICOSL" subsets accounted respectively for 45 + 8:2%
and 55 + 8:3% (mean + SEM) of BM plasma cells.

In MM patients (# = 20), a correlation was found between
sICOS serum concentration and ICOS cell surface expression
on myeloma cells, but not between sICOSL serum concentra-
tion and ICOSL cell surface expression (Fig 5A,B).
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To assess whether serum sICOS and sICOSL were present
as free proteins or associated with the EVs, we analyzed
sICOS and sICOSL before and after ultracentrifugation of
the serum, which is supposed to precipitate EVs. After cen-
trifugation, sICOS and sICOSL were mainly found in the
supernatant, whereas only minimal amounts were found in
the EV pellet, suggesting that sICOS and sICOSL are present
in the serum as free molecules (Fig 5C,D).

Effect of ICOS-Fc on myeloma cells

As we have previously shown that triggering of ICOSL with
ICOS-Fc inhibits migration of several types of tumour

© 2021 British Society for Haematology and John Wiley & Sons Ltd
British Journal of Haematology, 2022, 196, 1369-1380
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Fig 2. Correlation of serum levels of soluble inducible T-cell co-stimulator (sICOS) and sICOS ligand (sICOSL) with disease markers. Correla-
tions detected in total patients between serum levels of (A-D) sICOS and those of (A) B2-microglobulin (B2M), (B) M protein, (C) bone marrow
(BM) plasma cells (BM PC), (D) haemoglobin (Hb); and between levels of (E-G) sICOSL and those of (E) B2M, (F) M protein, and (G)
SRANKL. Panels H-I show the correlation detected in IgG/multiple myeloma (MM) between sICOS and polyclonal (H) IgA and (I) IgM. Spear-

man’s p test.

cells,”®*® we next asked whether this effect would also be true

in myeloma cells. To this end, we performed migration
assays using murine myeloma cells expressing either low
(MOPC-21) or high levels of ICOSL (MOPC-21'“S%). In
addition, we carried out similar experiments using RPMI-
8226 human myeloma cells, which spontaneously express
high levels of ICOSL (Fig 6A). Cells were seeded in the upper
chamber of a transwell plate in the presence or absence of
ICOS-Fc—human or mouse, as appropriate—, and the
extent of migration was assessed in the lower chamber after
18 h, using FCS as chemoattractant.”''**ICOS-Fc, a point
mutant unable to bind ICOSL, was used as negative control.
As shown in Fig 6B, ICOS-Fc inhibited the migration of both
RPMI-8226 and MOPC-21"““S cells but not that of MOPC-
21 cells, which migrated to a much lower extent than
MOPC-21"S cells. As expected, "'*SICOS-Fc had no effect
on either cell line.

© 2021 British Society for Haematology and John Wiley & Sons Ltd
British Journal of Haematology, 2022, 196, 1369-1380

We previously demonstrated that treatment of mice with
ICOS-Fc loaded in poly(d,l-lactide-co-glycolide) (PLGA)
nanoparticles (ICOS/PLGA) hampered the growth of estab-
lished tumours arising upon subcutaneous injection of
ICOSL" melanoma cells.”” To assess whether this effect
would also occur in myeloma cells, we injected subcuta-
neously MOPC-21'““%" cells in immunodeficient NSG mice
and treated them with ICOS/PLGA as soon as the tumour
was palpable. NSG mice were chosen to avoid any potential
bias due to the effect of ICOS-Fc on the anti-tumour
immune response. Control mice were treated with either sal-
ine or empty PLGA nanoparticles. Tumour growth monitor-
ing revealed that treatment with ICOS/PLGA significantly
decreased tumour growth compared to control mice (Fig
7A).

We next stained tumour sections for CD31 and Ki-67 to
assess tumour vessel formation and cancer cell proliferation,
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Fig 3. Prognostic impact of of soluble inducible T-cell co-stimulator (sICOS) levels on survival. Kaplan-Meier estimates of overall survival (OS)
of patients with sICOS above or below the 40 pg/ml cut-off. (A) All patients [multiple myeloma (MM) + smouldering MM (SMM) + mono-
clonal gammopathy of undetermined significance (MGUS)]. (B) MM patients. (C) SMM patients. (D) MGUS patients. [Colour figure can be
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respectively. Tumours from [COS-Fc-treated mice displayed
decreased tumour vascular density (Fig 7B) and cell prolifer-
ation rate compared to mice treated with either empty PLGA
or saline (Fig 7C). Real-time polymerase chain reaction
(PCR) analysis did not reveal any statistically significant dif-
ferences in mRNA expression levels of ICOSL, IL-10, IFN-y,
IL-6, TNF-o, IL-1B, TGF-B, and OPN among the three
groups (data not shown).

Discussion

This study shows that: i) sICOSL and sICOS serum levels
vary across the spectrum of plasma cell disorders; ii) sSICOSL
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and sICOS serum levels correlate with several markers of
tumour burden; i) high serum levels of sICOS but not
sICOSL are an independent prognostic factor of shorter sur-
vival in patients with plasma cell disorders; iv) ICOSL surface
expression on neoplastic plasma cells may influence the bio-
logical behaviour of MM.

Here, we have applied multiple approaches to investigate
the ICOS/ICOSL status in MM, a tumour in which ICOS/
ICOSL signalling may exert multiple functions. Our results
show that MM patients display higher serum levels of
sICOSL and sICOS compared to those observed among
MGUS and SMM cases. Moreover, sICOSL and sICOS serum
levels positively correlate with the tumour burden markers

© 2021 British Society for Haematology and John Wiley & Sons Ltd
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Fig 4. Flow cytometry plots of soluble inducible T-cell co-stimulator (sICOS) and sICOS ligand (sICOSL) expression in bone marrow (BM)-
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gated on CD38"" (CD38""") cells displaying the expected side scatter profile. Phenotype of the myeloma cells was CD38"*/CD457/CD56", that
of normal plasma cells was CD38""/CD45"/CD36 . The histograms show the overlay between control staining and ICOSL or ICOS staining.

B2M, M protein, and BM myeloma plasma cell infiltration,
whereas they negatively correlate with Hb levels.

From a clinical standpoint, an optimized threshold of
40 pg/ml sICOS emerged as the best cut-off to split patient
survival and retain a prognostic value in multivariate analy-
sis. Although these results point to sICOS and sICOSL as
potentially useful prognostic markers of plasma cell dyscra-
sias, they await further validation in prospective cohorts of
MM patients.

Flow cytometry analysis shows that ICOSL and, at lower
levels, ICOS are expressed as surface receptors on MM cells,
confirming recent findings by mass cytometry." The obser-
vation that the serum levels of sICOS correlate with surface
expression of ICOS in myeloma cells suggests that at least
part of sICOS may derive from the neoplastic cell popula-
tion. This correlation was not detected for sICOSL, possibly
due to the fact that its release from myeloma cells might be

© 2021 British Society for Haematology and John Wiley & Sons Ltd
British Journal of Haematology, 2022, 196, 1369-1380

hidden by the basally high serum levels of sSICOSL, which are
approximately one log-level higher than sICOS levels in HCs.
Moreover, increased sSICOSL levels in MM may also depend
on its release from many types of non-neoplastic ICOSL’
cells inside and outside of the BM, whereas ICOS expression
appears to be restricted to only a few cell types.

The identification of two plasma cell subsets: ICOS'I-
COSL" and ICOS"ICOSL” in normal BM plasma cells, indi-
cates that ICOS and ICOSL expression may not represent a
specific trait of neoplastic plasma cells. The ICOS ICOSL'
phenotype might comprise long-lived plasma cells, which are
the normal counterpart of myeloma cells. Consequently, the
ICOS ICOSL" subset may comprise plasmablasts, which
would be in line with the notion that activated B cells
express ICOSL but not 1COS.*

The possibility that ICOS/ICOSL signalling plays a role in
MM development is supported by our in vivo experiments
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Fig 5. Serum soluble inducible T-cell co-stimulator (sICOS) and sICOS ligand (sICOSL) may be partly released by myeloma cells as free mole-
cules. sICOS serum levels (A) correlate with 1COS surface expression levels on myeloma cells. (B) The correlation between sICOSL and the
expression level of ICOSL is not significant in 20 patients with multiple myeloma (MM) (Spearman’s p test). ICOS and ICOSL expression levels
were evaluated as mean fluorescence intensity ratio (MFI-r). Levels of (C) sICOS and (D) sICOSL evaluated in the serum of a patient before
(white bars) and after (black bars) ultracentrifugation, which allowed the separation of EVs in the pellet from the supernatant. The graph repre-
sents data from one of two experiments performed with sera from two different patients.

showing that treatment with ICOS-Fc significantly inhibits
the growth of MOPC-21""S" tumours in mice. This effect
may be due to inhibition of tumour angiogenesis, as docu-
mented by the decreased tumour microvessel density dis-
played by tumours from mice treated with ICOS-Fc.
However, ICOS-Fc might also exert direct effects on mye-
loma cells by inhibiting their migration, since ICOS-Fc inhi-
bits in vitro migration of ICOSL" myeloma cells. Moreover,
ICOS-Fc might boost the anti-tumour immune response and
overcome immune evasion, acting as an immune checkpoint
antagonist, as suggested by our previous work on different
tumour types””*® and several other works showing that inhi-
bition of ICOS function on T cells impairs regulatory T-cell
activity.*” This immunological effect has been underestimated
in our experimental model based on subcutaneous tumours
in immunodeficient mice, prompting studies in the
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immunocompetent BM setting, which might highlight inter-
ferences of ICOS-Fc with the complex MM niche, including
those with osteoclasts (OC), whose maturation and osteoero-
sive activity is inhibited by ICOS-Fc.”

Survival and growth of plasma and myeloma cells depend
on their bidirectional crosstalk with the BM microenviron-
ment through a complex network, also including ICOS and
ICOSL, which creates a permissive niche.”*>* Thus, the func-
tional effects of surface and soluble forms of ICOS and
ICOSL are likely to depend on the relative amounts of these
molecules in the BM niche. In this regard, our data suggest
that ICOS and ICOSL expressed on the cell surface of mye-
loma cells may transduce signals modulating neoplastic cell
behaviour, as supported by the observation that increased
ICOSL expression not only correlates with enhanced migra-
tion of MOPC-21 cells — possibly due to its interaction with

© 2021 British Society for Haematology and John Wiley & Sons Ltd
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Fig 6. Inducible T-cell co-stimulator (ICOS)-Fc inhibits myeloma cells migration in vitro. (A) Representative histograms of ICOS ligand (ICOSL)
expression in RPMI-8226, MOPC-21"““%", and MOPC-21 cells. Each panel shows the overlay between the negative control and the positive stain-
ing. Values of mean fluorescence intensity ratio (MFI-r) are indicated. (B) Treatment with ICOS-Fc inhibits migration of RPMI-8226 (human)
and MOPC-21"““%" (mouse) myeloma cells expressing ICOSL, but not that of MOPC-21 myeloma cells not expressing ICOSL, compared to both
untreated cells and cells treated with the inactive mutant F''**ICOS-Fc. *, P < 0-05; **, P < 0-01 calculated by paired t-test. Values are repre-
sented as mean + SEM (n = 3).
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Fig 7. Inducible T-cell co-stimulator (ICOS)-Fc inhibits myeloma cells growth in vivo. (A) Treatment with ICOS-Fc loaded in poly(lactic-co-
glycolic acid) (PLGA) nanoparticles (ICOS/PLGA, n = 15), but not saline [control (CTR), n = 17] or empty PLGA nanoparticles (n = 14), inhi-
bits subcutaneous growth of MOPC-21"“"" ¢ells in NSG mice. (B) CD31 staining and (C) tumour microvessel density (TMD) measured on
CD31 expression. (D) Proportion of Ki-67 positive tumour cells. Values are represented as mean + SEM; *, P < 0-05; ***, P < 0-0001 vs CTR;
§ P < 0-05; %%, P < 0-0001 vs PLGA, calculated by the Mann-Whitney non-parametric test. [Colour figure can be viewed at wileyonlinelibrary.
com|
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OPN — but also makes these cells susceptible to ICOS-Fc-
mediated inhibition of migration. In this context, it is also
conceivable that aberrant expression of membrane-bound
ICOSL on myeloma cells may antagonize ICOSL expressed
on other cell types of the myeloma niche, such as endothelial
cells and OC, which would make them resistant to ICOS-
mediated inhibition.

It is also unclear what the functional effects of sICOS and
sICOSL — present in the serum as free molecules — would
be. In general, soluble forms of membrane receptors can act
as decoy receptors able to antagonize their membrane-bound
counterparts, as shown for several cytokine receptors.”**®
Alternatively, they may work as agonistic ligands when they
are multivalent, as reported for soluble Fas ligand (FasL) tri-
mers, which are capable of inducing cell death upon Fas trig-
gering.’*” Both models may apply to sICOSL and sICOS,
which can function as either antagonistic monomers or ago-
nistic dimers.*®*

Overall, our findings indicate that sICOS and sICOSL may
play a role in myeloma cell growth. Furthermore, given their
ubiquitous distribution within the tumour microenvironment
and neoplastic cell surface, these molecules may also repre-
sent attractive therapeutic targets for MM. In this context,
the ICOS/ICOSL axis might also be exploited to trigger T-ell
immunity to further reinforce the efficacy of novel
immunotherapeutic approaches.*’
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Fig S1. Lack of prognostic impact of sICOS, sICOSL, and
sRANKL levels on survival. Kaplan-Meier estimates of overall
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4. ICOS-Fc nanoformulations

4.1 Cancer drug nanodelivery system

In cancer therapy, nanotechnology-based drug delivery systems arose as effective therapeutic
approach able to overcome the challenges and limitations of the old and conventional therapies,
such as their high dose and low availability, intolerance, instability, fluctuations in plasma drug levels
not providing sustained effect (Pourmadadi et al., 2023).

Next to the severe side effects, the multidrugresistance (MDR) is the ricurrent stumbling block to a
positive chemotherapeutic therapy outcome (Boggio et al., 2023). When not already inherent, it
consists in a complex and multifactorial process that cancer cells acquire to escape from
chemotherapy. In this regard, the reduction in drug cytotoxicity is correlated to functional gene
mutations, which are responsible to alter target proteins, to decrease membrane permeability and
to modulate drug metabolism. Many forms of drug resistance could be identified, such as the tumor
drug accumulation, the prevention of cell drug internalization, the enhanced DNA repair processes
and the increased in drug efflux transporters (Z. S. Chen & Tiwari, 2011; Zhang et al., 2017; H. Wang
& Huang, 2020). Frequently it is a matter of P-glycoprotein (P-gp), multidrugresistance associated
protein (MRP1) and breast cancer resistance protein (BCRP), which belong to the ATP-binding
cassette efflux transporters family (Higgins, 2007; Trédan et al., 2007; Prasad Preethy et al., 2013).
In this scenario, nanoparticle formulations stand out for their capability to avoid multiple membrane
efflux pumps, promoting drug released into cancer cells via endocytosis uptake mechanism (H. L.
Wong, Bendayan, et al., 2006; H. L. Wong, Rauth, et al., 2006; Shuhendler et al., 2010; Prasad P. et
al., 2013). This is one of the NPs advantages that fostered their use in anticancer therapy, followed
through well documented evidence proving their correlated drug biodistribution optimization, drug
cytotoxicity strengthening with the minimization of the free drug adverse effects. Moreover, the
drug encapsulation into a protective shell-like structure leads to reduce the potential enzymatic and
chemical drug degradation, increasing its bioavailability (Choudhury et al., 2017). In this context,
main notable advantages of nano-delivery systems are the tumor targeting and the controlled drug
release at the target site. The first one is due to the enhanced permeability and retention effect
(EPR), which allows the nanoparticles discharging from vessels and their accumulation inside the
tumor. The second one resulted from the improved in-situ drug retention, which permits prolonged
maintenance of therapeutic drug levels, thus reduced dose frequency administration (Hani et al.,

2023). Both effects could be enhanced through active targeting strategies, consisting in the NPs
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functionalization with specific ligands targeting receptors or other surface proteins overexpressed
on cancer cells (Bazak et al., 2015; Clemente et al., 2020). For instance, whole antibody or antibody
fragments, such as single chain fragment variable (scFv), were used to target CD133 or HER2,
receptors overexpressed on tumor cells of glioblastoma and breast cancer respectively. RDG peptide
has been used to target integrins, overexpressed in the melanoma tumor cells. It was well
demonstrated how an integrin-mediated endocytosis resulted in a more efficient intracellular
delivery and in a significant reduced tumor growth (Boggio et al., 2023). Furthermore, several
publications reported the high versatility of nanocarriers conjugated with folate acid (FA), which
promote a selective cells-drug delivering, based on the system high affinity for FA binding proteins
(FRat), aberrantly expressed in a wide spectrum of solid tumors (Assaraf et al., 2014; Seidu et al.,
2022).

The choice of the drug carrier material is taken among several candidates (inorganic, metal,
polymeric, lipid, and surfactant matrixes) and it depends on many factors, starting from the particle
size required and the physical properties of the drug, to the surface characteristics, the degree of
biodegradability, biocompatibility, toxicity and drug release profile (Felice et al., 2014; Vega-Vasquez
et al., 2020).

Furthermore, a surface conjugation with polyethylene glycol (PEG) could be added to NPs which are,
due to their charge, their molecular size and their hydrophobicity, highly vulnerable to be opsonized.
The “proteic repellent” function of PEG protects the nanodelivery system from the immune system
mediated elimination, enhancing NPs longevity within the bloodstream (Veronese & Pasut, 2005;
Felice et al., 2014; Mishra et al., 2016).

Thanks to their high biocompatibility, almost all the NPs delivery systems approved by the FDA or
currently in clinical trials are based on liposomes or polymers (Acharya & Sahoo, 2011; Boggio et al.,
2023; Zeng et al., 2023). Is the matter of Doxil® (PEGylated liposome loaded with doxorubicin)
approved in 1995 to be used in advanced-stage breast and ovarian cancer patients and in 2007 for
multiple myeloma therapy (Hani et al., 2023). This liposomal anthracycline system stood out for its
significant anticancer activity, assisted by a PEG-mediated considerably prolonged drug circulation,
and a markable reduced cardiotoxicity. Furthermore, currently available for acute lymphoblastic
leukemia are Oncaspar® (polymer protein conjugated with L-asparaginase approved in 2006), and
Margibo® (liposome loaded with vincristine approved in 2012). The first one main advantage

consists in reducing the immunogenicity of asparaginase, while the encapsulation of vincristine
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allows to ameliorate its restricted pharmacokinetic properties, depicted by its rapid clearance rate
and dose-related neurotoxicity (Verhoef et al., 2014; Mao et al., 2019).

As a widely used delivery system, another liposomal drug delivery has been approved by FDA in 2015
(Onivyde®) for pancreatic and CRC. In these disease, the irinotecan liposomal injection offers several
advantages, such as favoring the lactone E-ring stabilization, a pharmacokinetics improvement, side
effects reduction, a prolonged action and an increased selective tumor uptake (Su et al., 2023).
Beyond the great therapy advantage achieved with drug loading into nanocarrier, the research
moved progressively from single-agent therapies towards the combination nanomedicine

therapeutic potentialities.

4.2 Combination therapy in cancer nanomedicine

The combination of different anti-tumor drugs and their loading into nanocarriers was proposed as
a promising strategy to enhance drug efficacy and reduce life-threatening toxicities keeping the
advantages of nanotechnology formulations (Boggio et al.,, 2023). Indeed, the pharmaceutical
relevance of the combined nanomedicines consists in maximizing drugs additive or synergistic
effects, allowing to reduce respectively each drug therapeutic dose.

Not few challenges have to be overcome to reach the best co-delivery nanoformulation. Indeed, the
drugs can be loaded in a precise, therapeutically synergistic ratio, which not always corresponds to
the one needed for synergism. Moreover, the potential interactions among drugs pair and the
nanocarrier core could strongly impact on release kinetics and drugs stability, depicting the high
synthetic challenge of formulating combined nanomedicine (Bhattacharjee, 2022).

However, once found the suitable drugs match, the co-loaded drugs are then delivered together and
targeted to the same tissue, being able to affect cancer development, acting on both cancer cells
and tumor microenviroment. What make this system more effective is the capability to perform an
anticancer therapy through more and different mechanism of actions (Parhizkar et al., 2020).

This is what depicts them as a more powerful strategy against cancer MDR, whose mechanisms are
influenced by both tumor cells and the TME, representing the principal cause of chemotherapy
failures in metastatic cancer patients. Next to the cancer cells resistance, the compromised TME play
a crucial role by acting as a both physical barrier, decreasing drug intratumor penetration and
diffusion, and as a biological barrier by regulating genetic mutations, epigenetic changes with effects

on multiple crosstalk networks. An in-depth study of MDR causes, tumor biology, molecular
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pathways and tumor-TME interactions suggested co-delivery nanosystems as useful tool to
circumvent MDR and ameliorate cancer therapy outcomes.

Thanks to their multiple pharmacologic advantages, the most significant combine nanomedicines
applications concern chemoresistant tumors, such as triple-negative breast cancer (TNBC); highly
metastasized tumors, such as melanoma; and tumors in which biological barriers hamper successful
drug targeting, such as the blood-brain barrier (BBB) crossing challenge in glioblastoma therapy
(Boggio et al., 2023).

Drugs combinations can include cytotoxic drugs, such as doxorubicin, vincristine, camptotecin,
paclitaxel and temozolamide. Among those, key role is fulfilled by doxorubicin, whose
chemoresistance and systemic toxicity were frequently handled through involving it in suitable
combined nanomedicine therapy.

Different cytotoxic drugs can be combined together or combined with targeted drugs, such as the
tyrosine kinase inhibitors (i.e., erlotinib, lapatinib). Clear antineoplastic effect was found correlated
to liposome-based nanocarriers co-loaded with doxorubicin and erlotinib, which significantly
reduced tumor growth in a breast xenograft mouse model (Morton et al., 2014). Moreover, Ni et al.
(2021), disclosed the effectual synergism of doxorubicin-lapatinib association delivered through a
co-functionalized nanoparticle (A-NPs-cT) for breast cancer brain metastases (BCBM) treatment. /n
vivo studies highlighted an improved therapeutic efficacy in BCBM-bearing mice, enhanced by a
selective NPs crossing of blood-brain tumor barrier (BTB) (Ni et al., 2021).

Furthermore, promising effects were detected from drugs combination with phytochemicals agents,
such as quercetin (QUR). It is a matter of a natural flavonoid compound with extensive bioactivities
including anti-inflammatory, antitumor, antioxidation and hyperlipidaemia activities. When
combined with different chemotherapeutics, it was found able to produce relevant synergistic
effects. Its antineoplastic contribution was reported due to its chemosensitizer function, which
allows it to suppress the expression of mutant p53 and Pgp and promote cells apoptosis (X. Wang et
al., 2014; Cote et al., 2015; Z. Zhang et al., 2018). Vincristine cytotoxicity and antitumor efficacy was
found enhanced through its combination with QUR in a liposome formulation co-delivering. This
combination effectively increased the intracellular accumulation of vincristine, supported by the
reduced vincristine efflux QUR-mediated, in a trastuzumab-insensitive xenograft breast cancer
model (M. Y. Wong & Chiu, 2011).

Nanocarrier ability to deliver nucleic acids (e.g. siRNA) was exploited also in combination therapy.

This strategy gives the opportunity to knock down genes involved in MDR, contributing to enhance
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the resulting antineoplastic effect. For instance, siRNA targeting P-gp drug exporter, co-delivered
with doxorubicin in mesoporous silica NPs, was reported to significantly contribute to inhibit tumor
growth and overcoming doxorubicin MDR in both in vitro and in vivo human breast cancer xenograft
model (Meng et al.,, 2013). Furthermore, the folate-targeted polymeric micelle incorporating
temozolamide and anti-BCL-2 siRNA showed striking in vivo glioma growth inhibition. BCL-2 belongs
to antiapoptotic protein family, whose expression was documented overexpressed in several cancer
types. BCL-2 silencing leads to a valid strategy to overcome cancer resistance and hamper tumor
apoptosis. Its association with the first-line drug chose in glioma chemotherapy led to enhanced
survival rate of rats bearing orthotropic C6 glioma (Peng et al., 2018).

Finally, one major success of combine nanomedicine is highlighted by Vyxeos (CPX-351), approved
by both FDA (2017) and by EMA (2018) for the treatment of two types of acute myeloid leukemia
(AML): newly diagnosed therapy-related AML (t-AML) or AML with myelodysplasia-related changes
(AML-MRC). It is a matter of a liposomal fixed combination of daunorubicin and cytarabine, which
co-delivered in a 1:5 molar ratio showed an effective antineoplastic synergistic effect (Krauss et al.,
2019; Tzogani et al., 2020).

It is increasingly recognized that for inducing a durable cancer remission, a therapy aiming only at
killing cancer cells is not sufficient. In this regard, it is well-documented the cytotoxic chemotherapy
immunosuppressive effect and the cancer therapeutic improvement achieved in boosting the
immune system’s response against cancer progression. These evidence led to a particular kind of
combination therapy, define chemo-immunotherapy (CIT), which consist in combining

chemotherapy agents with immunomodulatory molecules (Sordo-Bahamonde et al., 2023).

4.3 Chemo-Immunotherapy

In the last cancer therapy decade, positive outcomes were recurring found correlated to host
immunity adjuvant involvement. It is well documented how cancer cells evade anti-cancer immunity
bypassing cancer-immunity cycle. This starts with the APCs identification of cancer antigens that
leads to the naive T-cells activation via MHC-antigen-T cell receptor (TCR) interaction, along with the
costimulatory signals (CD28/B7-1/2- mediated signaling). Successively, once reached the circulation
system, the activated immune cells infiltrate the TME and promote target cancer cell death through
the interaction between their TCR and antigen presented on MHC of tumor cells. In this regard, the

conventional chemotherapy agents act primarily killing the cancer cells, but their cytotoxic and
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cytostatic effects is found directed also towards healthy proliferating cells, such as hematopoietic
cells. These are the chemotherapy aspects responsible of myelosuppression and patients therapy
failures (Zhu et al., 2021).

In the last decade, the immunotherapy, such as immune checkpoint inhibitor (ICl)-based one,
revolutionized cancer treatment and became the frontline therapy for many cancers. The success of
immunotherapy was reached upon broadening the targeting strategy from only cancer cells to the
cancer immune environment. Monoclonal antibodies targeting immune checkpoints, as
Programmed Cell Death 1 (PD-1) and Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4), stood
out for their clinical benefits and better toxic profile, compared to chemotherapy. ICl efficacy was
demonstrated for the first time in metastatic melanoma, for which nivolumab and pembrolizumab
(anti-PD-1), ipilimumab (anti-CTLA-4) and the association anti-PD-1/ CTLA-4 (nivolumab—
ipilimumab) are approved and currently used treatments (Robert Caroline et al., 2015; Larkin et al.,
2019). However, T-cell-targeted immunomodulators are now used as single agents or in combination
with chemotherapies for the treatment for about 50 cancer types (Xin Yu et al., 2019). Despite their
striking clinical results, only a minority of patients experience long-term benefits from ICI
monotherapies, treatment failure is often correlated to primary and secondary resistance to single
agent immunotherapy (Jenkins et al., 2018). On the other side, several preclinical evidence detected
more efficient chemotherapy outcomes in immunocompetent mice, compared to immunodeficient
counterparts (Zitvogel et al., 2016). Some chemotherapeutic drugs achieved higher effectiveness
mediating an immune stimulatory effect by targeting the immunosuppressive TME. All of these
evidence supported the novel CIT strategy, promoted by the opportunity to combine together
chemotherapy and immunotherapy advantages (Pol et al., 2015; Kroemer et al., 2022; P. Liu et al.,
2022).

Among several CIT successful combinations, the foremost has been achieved in lung cancer, in
particular for Non—Small-Cell Lung Cancer (NSCLC). Unprecedented efficacy was observed
associating pembrolizumab to a standard chemotherapy, resulting in significantly higher rates of
response and longer progression-free survival than chemotherapy alone (Gandhi et al., 2018; Paz-
Ares et al., 2018). Improvement of metastatic NSCLC patients’ survival was reached also through the
administration of atezolizumab with the already approved bevacizumab-chemotherapy association.
The promising outcomes correlated to this strategy are due to bevacizumab-chemotherapy
immunomodulatory effects that may augment the efficacy of atezolizumab (Socinski et al., 2018).

Multiple clinical trials have demonstrated the efficacy of chemo-immunotherapy in digestive tumors,
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in advanced biliary tract cancer, and in cervical cancer (Colombo et al., 2021; Sordo-Bahamonde et
al., 2023).

Moreover, the NP-loaded drug-containing CIT association will represent the future prospective for
reaching more effective anticancer therapy. NPs can encapsulate both agents, and eventually
conjugate one of them displaying it on the NPs surface. Usually, it is a matter of the
immunotherapeutic agent, such as ICls, or antibodies, RNAs, and small molecule inhibitors. An
example is reported by Ghasemi-Chaleshtari et al. (2020) results, showing that cisplatin NPs labelled
with anti-PD-1 are able to infiltrate the tumor site, where they promote cisplatin release and,
targeting T-cells, they impact tumor cells simultaneously. Moreover, Hess et al. (2019) results
showing a higher tumour regression promoted by nano-liposome containing paclitaxel and
decorated with PD-L1 mAb, compared to the respective monotherapy (Hess et al., 2019; Ghasemi-
Chaleshtari et al., 2020; ; Kiaie et al., 2023).

All the suggested ICOS-Fc potential therapeutic applications were till now related to its mono-
therapeutic effect, delivered in free form or encapsulated into nanodelivery system (Dianzani et al.,
2014; Clemente et al., 2020; Boggio et al., 2021). Its involvement in combination therapy
nanomedicine was suggested considering the possibility to broaden its therapeutical potentialities,

thanks to its cooperative immunomodulant role with other drugs association.

4.3.1 ICOS-Fc in combined immuno chemotherapy for melanoma treatment

According to its high immunogenic feature, melanoma development is strictly correlated to tumor-
immune system crosstalk. This explains why next to the dacarbazine or targeted standard
chemotherapy, such as BRAF inhibitors (BRAFi), and/or mitogen-activated protein kinase (MEK)
inhibitors (MEKi), immunotherapy strategy is progressively arising. The aggressiveness of malignant
melanoma is highly due to its MDR and massive metastatization properties responsible of cancer
spreading to distal sites, such as lungs, brain and bones (Leonardi et al., 2018). The therapeutic
options depend upon disease staging: if not diagnosed on time, it can easily reach advanced and
lethal stages characterized by poor patients outcomes even though surgical removal (Atkinson,
2017).

Among the immunotherapy options, both immuno checkpoints inhibitors, such as the CTLA-4
blocker ipilimumab and PD1 blocker pembrolizumab, and several BRAFi/MEK1 combinations

(dabrafenib/trametinib; vemurafenib/cobimetinib; encorafenib/binimetinib) are currently available.
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Moreover, compared to the administration of BRAFi or MEKi administered alone, their association
showed increased progression-free survival (PFS) and OS (Robert, Karaszewska, et al., 2015; Cucci et
al., 2023). Their therapeutic effectiveness is linked to tumor-mutation burden and their capacity to
unlock anti-tumor immune response, reason why most of this kind of treatment failures happened
in patients without pre-existing anti-tumor immunity (Seidel et al., 2018). In this regard, a multi-
pronged approach involving both polychemotherapy with immunotherapy in the nanotechnology-
based drug delivery scenario has been emerged and is leading to novel therapeutic strategy of
improved efficacy.

Beside this kind of immunotherapy, we have recently reported the efficacy of targeting ICOS/ICOSL
pathway in melanoma mouse model. ICOS-Fc loaded into both B-cyclodextrin-based NS (CDNS) and
PLGA was found able to counteract tumor growth of established s.c. B16-F10 tumors. The antitumor
effect observed was correlated to three distinct mechanisms. Firstly, through its NPs encapsulation,
ICOS-Fc mediated an immunomodulation effect, resulting in the suppression of anti-tumor immune
response. Secondly, it decreased tumor vascularization performing an anti-angiogenic effect. Finally,
it may act as an antitumor agent, by acting directly on tumor cells expressing ICOSL, hampering the
leading steps of tumor progression, such as the adhesion, migration and EMT of tumor cells. Those
findings supported ICOS-Fc potential application in combined cancer therapies and highlighted
nanotechnology strategy as a precious tool to improve its therapeutic efficacy. Indeed, the
administration of ICOS-Fc in free form repeatedly showed ineffectiveness on tumor growth in several
and different transplantable and spontaneous tumor mouse model (Clemente et al., 2020).

The ICOS-Fc addition was suggested to optimize an innovative drugs combination co-loaded in
injectable nanoemulsions for total parental nutrition (Intralipid© — IL). It is a matter of a novel
polychemotherapy strategy involving an alkylating agent, temozolamide (TMZ), which is usually
chosen as a therapeutic alternative to dacarbazine because of its ability to reach the central nervous
system (CNS) and affect brain metastasis. According to literature evidence, in order to enhance TMZ
effect the association proposed included an mTOR inhibitor (rapamycin — RAP) (Dronca et al., 2014;
Dianzani et al.,, 2020). Additionally, bevacizumab (BVZ) represents the third component of the
proposed therapeutic mix (IL MIX). It is a monoclonal antibody characterized by anti-angiogenic
activity, due to its VEGF binding interaction. VEGF overexpression is a markable aspect standing out
in metastatic melanoma, whose adverse prognostic feature are correlated with high VEGF serum

levels. Hainsworth et al. (2010) demonstrated how the combination of BVZ antiangiogenic agent
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with a RAP derivative, which mediates a down-regulation of the VEGF receptor, resulted in a well-
tolerated therapy in patients with metastatic melanoma (Hainsworth et al., 2010).

Another innovative aspect of this polychemotherapy stands in the nanocarrier choice, the IL
exploitation in drug delivery formulations was already investigated (Hippalgaonkar et al., 2010), but
its use for delivering a polychemotherapy is innovative. The drugs loading into IL nanoemulsion takes
place in the inner oil phase, reason why only lipophilic drug could be delivered. The RAP lipophilic
drug was loaded with a “lipophilized” TMZ form, obtained through its conversion to an ester prodrug
(TMZ-C12), and BVZ was loaded through an ion pairing strategy, already tested to load antibodies in
solid lipid nanoparticles (SLNs) (Battaglia et al., 2015).

The drugs combination in the IL MIX was compared to RAP loaded into IL (IL RAP), TMZ loaded into
IL (IL TMZ), blank IL, free RAP, free TMZ and free MIX. Efficient loading of the drugs in the liquid lipid
matrix resulted in the anti-tumoral effects measured by in vitro cytotoxicity, cell migration and tube
formation assays. Moreover, the in vivo experiments, performed using female C57BL6/) mice
injected subcutaneously with B16-F10 cells, showed a significant reduction of tumor growth, with
inhibition of tumor angiogenesis and mitotic index (Dianzani et al., 2020a). Despite the promising
data obtained, a strong dependence on RAP dose was detected. In this regard, an optimization of
the co-loaded system was suggested and led to focusing on drugs single doses reduction, limiting
their correlated side adverse effects.

According to the previous results, IL MIX treatment induced an increased in IL-10 and INFy secretion.
The first one mediates an anti-inflammatory and pro-oncogenic effects, such as increasing Treg
population and inducing M2 polarization of tumour associated macrophages. On the other side, INFy
is produced and released by Thl and NK cells, which are lymphocyte with antitumor and anti-
proinflammatory functions (Conciatori et al., 2018). Those findings suggested a potential IL MIX
effect in restoring the anti-tumor immune response and supported the further co-delivery
optimization. In order to enrich the polychemotherapy system with an immunotherapy contribution,
ICOS-Fc was considered and identified suitable for being involved. Its ability to act on both immune

response and TME represented an added value for the melanoma therapeutic options.
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Parenteral Nanoemulsions Loaded with Combined Immuno and Chemo-Therapy for
Melanoma Treatment

Background: Cutaneous melanoma is the 17® most common cancer worldwide (Sung et al., 2021).
Although the very high survival rate at early stages (5 years’ survival > 99%), the patients with
advanced disease show weak treatment responsiveness based on conventional chemotherapy and
radiotherapy (5 years survival rate only 15%). Half of the melanoma cases show activating mutations
in BRAF, reason why the use of specific inhibitors towards mutant BRAF variants and MEK, a
downstream signaling target of BRAF in the MAPK pathway, showed in advanced melanoma patients
a significantly improved PFS and OS. Targeted therapies emerged with monoclonal antibodies
immunotherapies as a valid alternative to the standard dacarbazine and TMZ options. Despite the
significant therapeutic advancements, the induced chemoresistance and the tumour mutation
burden, still hamper the therapeutic efficacy of both targeted therapy and immunotherapy. In this
regard, the multi-pronged approach of IL co-loading TMZ, BVZ and RAP showed promising effect on
in vivo melanoma model (Dianzani et al., 2020a). A further optimization of this system was suggested
in order to involve the anti-tumour immune system response in the polychemotherapy synergistic
effect. The ICOS-Fc was included considering its ability to act on both the immune response and on
TME. Due to the loading capacity of this system, the addition of ICOS-Fc led to replace BVZ and RAP
with sorafenib (SOR), a multi-kinase inhibitor with anti-proliferative activity (iBRAF), a broader anti-
angiogenic activity achieved at lower therapeutic doses and immune response mediating effect.
Usefully already tested for melanoma treatment in combination with TMZ (Amaravadi et al., 2009;
Y. Q. Xiong et al., 2009; Cao et al., 2011).

Aim: The aim of this project was to evaluate the therapeutic effect of a combined
immunochemotherapy consisting in loading of immunotherapeutic (ICOS-Fc), targeted (SOR) and
chemotherapeutic (TMZ) agents with IL, in a s.c. melanoma mouse model.

Method: The characterization of the formulations was performed through dynamic light scattering
technique (DLS), in order to evaluate mean droplet size, polydispersity index (PDI) and Zeta potential.
The preliminary in vitro biological investigation consisted in analyzing this nanoformulations effects
on cell viability (MTT and Colony forming assays on B16, D4M, M14 and A2058 cell lines) and cell
invasion (Boyden chamber invasion assay on B16 and D4M cell lines). SOR release from IL and its
internalization by melanoma cells were evaluated through HPLC analysis. Finally, the in vivo

experiments were performed using female C57BL6/J, injected subcutaneously with 1 x 1075 B16-
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F10 / animal. The treatments were administered through i.v. injection for three times a week, for
two weeks. The experimental groups were set to test the effect of IL MIX, MIX free, IL ICOS-Fc and IL
MIX without ICOS-Fc. Tumour masses were monitored and measured during the treatment period;
the animals were sacrificed three days after last injection. Immunohistochemistry analysis of CD31
and Ki67 were performed to evaluate tumor micro-vessel density (TMD) and cancer cell proliferation
rate respectively. Finally, Real Time PCR of tumors were used to investigate expression of INFy, IL-[3,
IL-6, IL-10 and TNFa..

Results: all the nanoformulations used for in vitro and in vivo experiments showed a mean size in
the range between 244-350nm, the negative Zeta potential detected are high enough to avoid
aggregation phenomena and the PDI values depicted a very homogeneous size distribution of the
nanoformulations. Overall, the drugs combination was efficiently loaded into the lipid matrix
without in vitro relevant changes in mean IL droplet size.

The studies showed that, compared to the free drugs, the IL loading drugs MIX always increased the
inhibitory effect on cell invasion. However, the effect depicted on cell toxicity was variable,
depending on drugs, cell line chosen (human and murine origine and with or without BRAFV600E
mutation) and kind of assay.

On the other side, the in vivo results supported the efficacy of the co-delivery system proposed: 1)
IL MIX showed promising therapeutic efficacy, significantly reducing tumour growth and mitotic
index (Ki67); 2) only IL MIX treatment altered the cytokine expression pattern depicted by an
increased INFy, IL-B, IL-6 and IL-10 expression; 3) the free drugs and IL MIX without ICOS-Fc failed in
terms of tumor growth inhibition, angiogenesis inhibition and immunomodulation. Moreover, no
relevant signs of toxicity on target organs were detected due to the subtherapeutic doses employed
for each compound: in our experiments, TMZ 1,5mg/kg, SOR 1.25mg/kg, and ICOS-Fc 1.25mg/kg
were co-administered, while in literature the doses used are of 40mg/kg, 9.0mg/kg and 5.0mg/kg
respectively. Furthermore, the therapeutic contribution of ICOS-Fc in the combine therapy was
confirmed and more evident when its lacking in the MIX resulted in a lesser effect on tumour growth
(mass, volume), cell proliferation (Ki67) and immune modulation (IL-B, IL-6 and IL-10 expression).
In contrast, the immunomodulation observed could be also influenced by the kind of mouse model
employed. Indeed, the choice of the immunocompetent B16-F10 model for this work was due to the
fact that it expresses a large amount of ICOSL. However, a BRAF-mutated mouse model could be a

next project step, considered to confirm the in vitro data collected on D4M BRAF-mutated cell line
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and to include in the IL MIX combine therapy an BRAFi, such as vemurafenib, to reach advantage
from.

Conclusion: This research work showed a novel polychemotherapy, including for the first time ICOS-
Fc as an immunotherapeutic drug working on ICOS/ICOSL system. The promising results collected
highlighted the important ICOS-Fc contribution, due to its immunostimulatory and antiangiogenic

activity with an optimally synergic effect with the other drugs loaded in the nanodelivery system.
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Abstract: High-grade melanoma remains a major life-threatening illness despite the improvement in
therapeutic control that has been achieved by means of targeted therapies and immunotherapies in
recent years. This work presents a preclinical-level test of a multi-pronged approach that includes the
loading of immunotherapeutic (ICOS-Fc), targeted (sorafenib), and chemotherapeutic (temozolomide)
agents within Intralipid®, which is a biocompatible nanoemulsion with a long history of safe clinical
use for total parenteral nutrition. This drug combination has been shown to inhibit tumor growth
and angiogenesis with the involvement of the immune system, and a key role is played by ICOS-Fc.
The inhibition of tumor growth in subcutaneous melanoma mouse models has been achieved using
sub-therapeutic drug doses, which is most likely the result of the nanoemulsion’s targeting properties.
If translated to the human setting, this approach should therefore allow therapeutic efficacy to be
achieved without increasing the risk of toxic effects.

Keywords: Intra]ipid®; ICOS-Fc; combination therapy; melanoma

1. Introduction

Therapeutic options for melanoma depend upon disease staging. The surgical re-
moval of a primary tumor is normally practiced in the case of early-stage disease (0-IIA).
In stage IIB/C (tumor thickness > 2.0 mm) and stage III, adjuvant chemotherapies are prac-
ticed following surgery. Dacarbazine, the standard chemotherapy for stage IV (metastatic)
melanoma up to 2011, is simply a palliative care treatment [1]. Temozolomide (TMZ) is
an alternative treatment as it can reach the central nervous system (CNS) to treat brain
metastases [2]. New pharmacological agents have recently been approved. Since half of
the total melanomas show the V-raf murine sarcoma viral oncogene homolog B1 (BRAF)
mutation, they may respond to targeted therapies with BRAF (vemurafenib, dabrafenib,
encorafenib) and /or mitogen-activated protein kinase (MEK) inhibitors (trametinib, cobime-
tinib, binimetinib). Moreover, melanomas respond to immunotherapy with monoclonal
antibodies that block the immune checkpoint receptors cytotoxic T-lymphocyte antigen 4
(CTLA4), such as ipilimumab, and programmed cell death protein 1 (PD1), such as pem-
brolizumab and nivolumab [1]. Indeed, melanoma is one of the most immunogenic tumors
and its relationship with the host immune system is currently under investigation [3].
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Besides immunotherapy with CTLA4 and PD1 inhibitors, we have recently reported
the efficacy of targeting the inducible T-cell co-stimulator (ICOS)/ICOS ligand (ICOS-L)
dyad in mouse models of melanoma [4]. ICOS [5-7] is an immune checkpoint protein,
mainly present on activated T cells, that belongs to the cluster of differentiation 28 (CD28)
family, with members such as CTLA4 and PD1. ICOS-L (or B7h) is its natural ligand, and is
expressed by several cell types, such as B cells, macrophages, dendritic cells (DC), endothe-
lial cells (EC), epithelial cells, fibroblasts, and several types of tumor cells. However, while
CTLA4 and PD1 exert inhibitory functions on T cells, CD28 and ICOS trigger co-stimulatory
signals. Indeed, the triggering of ICOS by ICOS-L co-stimulates T cells in inflamed tissues
by modulating cytokine secretion from T helper cells, the cytotoxic activity of T cells, and
the regulatory development of regulatory T cells [8,9]. On the other hand, the triggering
of ICOS-L by ICOS inhibits the migration of vascular EC, DC, and tumor cells, as well as
tumor metastatization in vivo [10,11]. In the tumor microenvironment, ICOS-L is expressed
by several types of immune cells, by EC, and often by tumor cells, whereas ICOS is ex-
pressed by infiltrating T cells. We have recently found that the growth of established mouse
melanoma is inhibited by treatment with ICOS-Fc, a recombinant water-soluble ICOS
protein, when it is loaded into either biocompatible poly(lactic-co-glycolic acid) (PLGA)
or cyclodextrin nanoparticles, which are able to target the drug to the tumor mass [4].
The main effect of ICOS-Fc is the inhibition of tumor angiogenesis, which is accompanied
by variable immuno-regulatory activities, depending on the nanoparticle vector, and by
direct effects on tumor cells, which are mainly detectable in vitro. Intriguingly, ICOS-L can
also bind osteopontin (OPN), which is a well-known pro-neoplastic factor. Triggering of
ICOS-L by OPN stimulates angiogenesis and tumor cell migration, whereas ICOS exerts a
dominant negative effect on these activities [12]. Moreover, the ICOS/ICOS-L dyad may
even play a role in anti-CTLA4 monoclonal antibody (mAb) anti-tumor activity, which
results in an expansion of ICOS* effector T cells, while its effect is significantly decreased
in ICOS™/~ mice [13].

Nonetheless, despite significant therapeutic advancements, malignant melanoma re-
mains an aggressive and resistant tumor with unpredictable responses to chemotherapy,
making it a major health challenge [1]. Targeted therapies are hampered by chemoresis-
tance [14], while the response to immunotherapy strictly correlates to tumor-mutation
burden [15-17]. Therefore, a multi-pronged approach that can target melanoma prolifera-
tion, angiogenesis, and chemoresistance should be practiced, concurrently to immunother-
apy, to improve therapeutic efficacy. We have recently shown that combinations of drugs
against melanoma can be loaded into nanoemulsions for total parenteral nutrition, namely
Intralipid® 10% (IL), and that the combinations are effective in an in vivo mouse model of
melanoma [18]. Specifically, a combination of drugs, including tumor proliferation (TMZ),
angiogenesis (bevacizumab), and mTOR inhibitors (rapamycin), was loaded into IL and
tested on available cell and animal models. Despite the promising results obtained, a strong
dependence on rapamycin dose was observed as the relevant in vivo tumor inhibition was
only achieved at a high dose of this drug. This poses a concern for human translation.
Indeed, besides synergism between drugs, the rationale for anti-cancer drug combinations
focuses on reducing the dose of each component to prevent side effects.

Hence, in the present work, we have optimized an innovative drug combination,
which, after loading into IL, may be capable of acting at sub-therapeutic doses of each
single component. To this aim, while TMZ was maintained as the main cytotoxic agent, the
immune system was involved in the drug combination, unlike in our previous study, by
including ICOS-Fc, capable to act on both the immune response and the tumor microen-
vironment. Since ICOS-Fc would not be compatible with the anti-angiogenic monoclonal
antibody, bevacizumab, as they would exceed the maximum protein loading in the IL
oil droplets, the new formulation included sorafenib (SOR), loaded into IL instead of ra-
pamycin and bevacizumab, to counteract angiogenesis, which plays a key role in melanoma
development. Indeed, SOR is a multi-kinase inhibitor that can exert anti-proliferative ac-
tivity by inhibiting various intracellular, rapidly accelerated fibrosarcoma (RAF) kinases,
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including BRAF. As previously mentioned, targeted therapies for melanoma currently
make use of selective BRAF inhibitors (such as vemurafenib), due to the specific melanoma
mutational burden, but suffer from the significant limitation of chemoresistance. SOR
displays broader anti-angiogenic activity than these compounds as it blocks the vascular
endothelial growth factor receptor (VEGFR) with high affinity and at low therapeutic doses,
as well as activating the immune response. It has also already been tested for melanoma
treatment in combination with TMZ [19-21].

2. Experimental
2.1. Materials
2.1.1. Chemicals

IL 10% was obtained from Fresenius Kabi (Bad Homberg, Germany). The 3-(4,5-
dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 60,000-90,000 MW dextran,
acetonitrile, crystal violet, dichloromethane, dimethylformamide (DMF), dimethylsulfoxide
(DMSO), polystyrene sulfonate (PS), TMZ, and the TRIzol reagent were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Ethyl acetate, phosphotungstic acid, silica gel, and
sodium docusate (AOT) were obtained from Merck (Darmstadt, Germany). Agarose CL 4B,
isopropanol, triethylamine, and trifluoroacetic acid (TFA) were obtained from Alfa-Aesar
(Haverhill, MA, USA). Acetic acid, bromododecane, and sodium nitrite were obtained from
Carlo Erba (Val De Reuil, France). SOR was obtained from LcLabs (Woburn, MA, USA).
Sulfuric acid was obtained from Fluka (Buchs, Switzerland). ICOS-Fc was obtained from
Novaicos (Novara, Italy). Kolliphor® EL was a kind gift from BASF (Ludwigshafen am
Rhein, Germany).

Matrigel was obtained from BD Biosciences (San Jose, CA, USA). Polyclonal rabbit
anti-cluster of differentiation 31 (CD31) was obtained from Abcam (Cambridge, UK). Mono-
clonal mouse anti-human Kiel original clone 67 (Ki-67) antigen was obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The QuantiTect Reverse Transcription Kit was ob-
tained from Qiagen (Hilden, Germany). The TagMan gene expression Assay-on-Demand
and TagMan Universal PCR Master Mix were obtained from Applied Biosystems (Foster
City, CA, USA). The CFX96 System was obtained from Bio-Rad Laboratories (Hercules, CA,
USA).

2.1.2. Cells

A2058 and M14 human melanoma cells and B16-F10 murine melanoma cells were
purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). DAM
cells, a mouse melanoma engineered cell line harboring the BRAFV600E mutation, were
a gift from D.W. Mullis, Department of Medicine, Norris Cotton Cancer Center, Geisel
School of Medicine at Dartmouth, Lebanon, NH, USA. M14 and B16-F10 cells were cultured
in Roswell Park Memorial Institute 1640 medium (RPMI 1640; Sigma-Aldrich, St. Louis,
MO, USA), while A2058 and D4M were cultured in Dulbecco’s Modified Eagle Medium
(DMEM,; Sigma-Aldrich, St. Louis, MO, USA). All culture media were supplemented with
10% fetal calf serum (FCS; PAA Laboratories, Pasching, Austria), penicillin/streptomycin
(100 units/mL), and L-glutamine (2 mmol/L) (both from Sigma-Aldrich, St. Louis, MO,
USA). Cell lines were cultured in a 5% CO,, 37 °C incubator.

2.1.3. Animals

C57BL/6] mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
and were then bred under pathogen-free conditions in the animal facility of the University
of Piemonte Orientale, Department of Health Sciences (Authorization No. 61/2005-A—
6 May 2005, issued by the General Directorate of Veterinary and Food Health—Italian
Ministry of Health). Experiments were performed using female, 6-to-9-week-old C57BL/6]
mice that were treated in accordance with the University Ethical Committee and European
guidelines (Experimental protocol authorization No. 241/2022-PR, released on the 15-04-
2022 by the Italian Ministry of Health for protocol No. DB064.76).
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2.2. Preparation of Formulations under Study
2.2.1. Prodrug Synthesis

A lipophilic TMZ dodecyl ester (TMZ-C12) was synthesized, in accordance with the
literature [18,22,23].

2.2.2. Formulation of Drug Combination-Loaded IL

The combination of drugs (IL MIX) was loaded into IL 10% in accordance with the
following procedure. pH = 3.0 buffer citrate 0.1 M (40 uL) was first added to 1.6 mL of
IL. Then, 1.2 mg of TMZ-C12 was dissolved in 80 uL of DMF, together with 0.5 mg of
SOR, and this solution was added dropwise to IL. Subsequently, 96 uL of the AOT stock
solution (4.5 mg/mL—10.1 mM) and variable amounts of the ICOS-Fc stock solutions
(either 286 pL of 1.75 mg/mL human ICOS-Fc, or 302 puL of 1.65 mg/mL mouse ICOS-Fc)
were added to IL, forming an ion pair [18,24] at a 1:150 AOT-ICOS-Fc molar ratio. The final
drug concentrations in IL were: 0.6 mg/mL (1.65 mM) TMZ-C12, 0.25 mg/mL (0.54 mM)
SOR, and 0.25 mg/mL (3.2 uM) ICOS-Fc. PS was used as the de-bridging agent exclusively
in the case of the formulation of IL MIX with human ICOS-Fc. To this aim, 100 uL of a
10 mg/mL PS solution in water was added to avoid droplet aggregation (Figure 1). Human
ICOS-Fc was used for in vitro studies on human cell lines (M14, A2058). Mouse ICOS-Fc
was used for in vitro studies on mouse cell lines (B16, D4M) and for animal experiments.
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Figure 1. Flowchart of the preparation of the drug-loaded nanoemulsions. Abbreviations: AOT:
sodium docusate; IL: Intralipid® 10%; SOR: sorafenib; TMZ-C12: temozolomide dodecyl ester; MIX:
drug combination (temozolomide dodecyl ester, sorafenib, ICOS-Fc); PS: polystyrene sulfonate.
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2.2.3. Preparation of Control Formulations

The following IL-based controls were used for cell studies: IL TMZ-C12, IL SOR, and
IL ICOS-Fc (Figure 1). IL ICOS-Fc was also prepared using a 10-fold lower ICOS-Fc dose
(0.025 mg/mL—0.32 uM) for use exclusively in in vitro cell migration experiments. The
free-drug solution controls were: free TMZ, dissolved in DMF (6 mg/mL—31.2 mM), free
SOR, dissolved in DMSO (5 mg/mL—10.8 mM), and free ICOS-Fc mg/mL, dissolved
in water (1.75 mg/mL—22.4 uM for human ICOS-Fc; 1.65 mg/mL—22.1 uM for murine
ICOS-Fc). A mixture of the free drugs (MIX) was obtained impromptu from the single stock
solutions.
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The free MIX for the animal experiments was prepared as follows: SOR (0.25 mg/mL—
0.54 mM) was dissolved in Kolliphor® EL/ethanol/normal saline (1:1:6 volume ratio), with
mouse ICOS-Fc being added to a final concentration of 0.25 mg/mL (3.2 uM) and TMZ
powder being added to the formulation prior to use (0.32 mg/mL—1.65 uM) in order to
avoid pH-dependent degradation.

2.3. Characterization of Formulations
2.3.1. Determination of Droplet Size, Morphology, and Zeta Potential

The dynamic light scattering technique (DLS; 90 Plus, Brookhaven, NY, USA) was used
to determine the mean droplet size, polydispersity index (PDI), and Zeta potential of the
IL-based formulations, at 25 °C and in triplicate. Measurement angles were 90° for particle
size and 15° for Zeta potential. Transmission electron microscopy (TEM; High-Resolution
JEOL 300 kV) was used via IL-negative staining with 1% phosphotungstic acid [18,25].

2.3.2. Determination of Drug Recovery and Entrapment Efficiency

Drug recovery, defined as the ratio between the actual and theoretical drug concentra-
tions, was determined by high-pressure liquid chromatography (HPLC) [18]. TMZ-C12
and SOR were extracted via the dilution of 50 uL of IL-based formulations in 100 uL of ace-
tonitrile under a vortex, and centrifuging at 14,000 rpm (Allegra 64R centrifuge, Beckman
Coulter, Brea, CA, USA). To extract the ICOS-Fc-AOT ion pair, the precipitate obtained in
the previous step was dissolved in 100 pL of acetic acid, and lipids were precipitated with
50 uL of water (14,000 rpm centrifugation). Since PS interferes with the HPLC detection of
ICOS-Fc, the recovery of IL MIX that was formulated with human ICOS-Fc was determined
prior to its addition as the de-bridging agent. Drug entrapment efficiency (EE%), defined
as the ratio between the drug amount entrapped in the lipid matrix and the total drug
amount in the nanoemulsion, was assessed for each single therapeutic agent either after size
exclusion with Agarose CL 4B, or after gradient centrifugation with 30% 60,000-90,000 MW
dextran.

2.3.3. HPLC Analysis of MIX

HPLC analyses were performed by modifying a literature method [18,26]. The HPLC
system was composed of a YL9110 quaternary pump, a YL9101 vacuum degasser, and a
YL9160 photo diode array (PDA) detector, linked to YL-Clarity software for data analysis
(Young Lin, Hogyedong, Anyang, Korea). The column was a 300 nm pore size C8 Tracer
Excel, 25 x 0.4 cm (Teknokroma, Barcelona, Spain). A gradient was performed at 75 °C and
using a 1 mL/min flow rate between eluent A (0.1% TFA) and eluent B (79% isopropanol,
20% acetonitrile, 10% water, 0.1% TFA): 0 min—-90% A; 15 min—40% A; 24 min—-40% A;
27 min-90% A. The PDA wavelengths were 220 nm (ICOS-Fc), 265 nm (SOR), and 329 nm
(TMZ-C12), and the retention times were 11.3 min for ICOS-Fc, 16.2 min for SOR, and
20.6 min for TMZ-C12.

2.4. Cytotoxicity: MTT Assay

Cells (1 x 103 /well) were seeded in 96-well plates for 24 h and then treated with the
formulations under study. Viability was assessed via an MTT assay at 72 h, according to the
manufacturer’s instructions. Four replicates were performed in five separate experiments.

2.5. Proliferation: Clonogenic Assay

The B16, D4M, M14, and A2058 melanoma cell lines (8 x 102/well) were seeded into
six-well plates. After 24 h, cells were treated with the formulations under study for 3 h.
Afterwards, the medium was changed, and cells were cultured in drug-free medium for an
additional 7 days. The clonogenic assay was then performed as previously described [18].
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2.6. Invasion: Boyden Chamber Assay

Preliminary experiments were performed to identify non-toxic drug concentrations.
B16, D4M, M14, and A2058 melanoma cells (8 x 103) were seeded into 96-well plates
and treated for 6 h with the formulations under study. Cell viability was assessed using
the Crystal Violet assay, as previously described [18]. Melanoma cells (2 x 10%) were
then plated onto the apical side of a Boyden chamber with filters (0.5 um pore size and
8.2 mm diameter) that were coated with 50 ug/mL of Matrigel in serum-free medium. The
cells were then either treated with non-toxic concentrations (as previously assessed) of
the formulations under study or left untreated. The Boyden chamber-invasion assay was
performed as previously described [18].

2.7. SOR Release from IL and Internalization into Melanoma Cells
2.7.1. SOR Release from IL

Here, 1 mL of IL SOR was diluted in 4 mL of RPMI under magnetic stirring. At
scheduled times, 0.5 mL of the mixture was withdrawn and centrifuged at 25,000 rpm
(Allegra 64R centrifuge, Beckman Coulter, Brea, CA, USA), and the obtained supernatant
was injected into the HPLC system. The SOR amount that was still present in the lipid
matrix at the end of the experiment was assessed via extraction from the centrifuged
lipid pellet. Briefly, the pellet was dissolved in 0.5 mL of acetonitrile and the lipid was
precipitated with 0.5 mL of water, followed by centrifugation at 25,000 rpm (Allegra 64R
centrifuge, Beckman Coulter, Brea, CA, USA).

2.7.2. SOR Internalization in Melanoma Cells

Briefly, 1 uL of free SOR and, separately, 20 uL of IL SOR were diluted in 1 mL of
RPMI, with and without FCS, containing 5 x 10% melanoma cells. After 3 h of incubation,
the cells were isolated by centrifugation and the pellet obtained was extracted using 50 uL
of methanol, prior to injection into the HPLC system.

2.7.3. HPLC Analysis of SOR

A Jasco PU 1580 pump and a C18 Beckmann ODS 25 x 0.5 cm column were used. The
mobile phase, acetonitrile/water 65:35, was delivered at a flow rate of 1 mL/min. The Jasco
UV 1575 UV-visible detector was set at A 264 nm, and the calibration curve ranged between
2.5and 0.25 ug/mL (R2 =0.9994, CV = 0.070, LOD = 2.80 ng/mL, LOQ = 9.34 ng/mL).

2.8. Animal Experiments

B16-F10 melanoma cells were injected subcutaneously (1 x 10° in 100 uL/mouse), and
tumor growth was monitored every two days. Ten days after tumor induction, the mice
were divided into different groups (five mice each; T0) and either treated, via i.v. injection,
with the formulations under study, or with the same volume of phosphate-buffered saline
(PBS), used as a control. Mice were treated three times a week for two weeks (six i.v./mouse,
T1 to T6) and sacrificed three days after the last injection (Tend), or immediately after they
displayed suffering. In each treatment, drug doses were: TMZ 1.5 mg/kg, SOR 1.25 mg/kg,
and ICOS-Fc 1.25 mg/kg. Tumor volume was monitored over the treatment period and the
final tumor mass and volume were measured at the end of the experiment, after animal
sacrifice.

2.9. Immunohistochemistry of Tumor Specimens

The immunohistochemical analyses of CD31, an EC marker used to assess tumor
micro-vessel density (TMD), and Ki-67, a marker of proliferating cells, were performed in
animal-tumor specimens, as previously described [18].
2.10. Real-Time Polymerase Chain Reaction (PCR) of Tumors

Ribonucleic acid (RNA) was obtained from snap-frozen tumors, using the TRIzol
reagent. Then, 1 ug of RNA was retrotranscribed to cDNA using the QuantiTect Re-
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verse Transcription Kit. Interferon-y (IFN-y), interleukin-1 (IL-1f), interleukin-6 (IL-6),
interleukin-10 (IL-10), and tumor necrosis factor-oc (TNF-«) expression were evaluated
using a TagMan gene expression assay. The complementary deoxyribonucleic acid (cDNA)
amounts were normalized using the B-actin gene. Real-time PCR was performed on a
CFEX96 System and samples were run in duplicate in a 10 uL final volume that contained
1 uL of diluted cDNA, 5 uL of TagMan Universal PCR Master Mix, and 0.5 puL of Assay-
on-Demand mix. Relative gene expression was calculated using the AA threshold cycle
method.

2.11. Statistical Analysis

Data are presented as mean + SEM. Statistical analyses were performed using Prism
3.0 software (GraphPad Software, La Jolla, CA, USA) by means of one-way ANOVA and
the Dunnett’s test.

3. Results
3.1. Characterization of Formulations

Table 1 shows the characterization of the IL-based formulations. TMZ was loaded
into the lipid matrix by means of its ester prodrug, which also increases its stability in
biological fluids, preventing premature imidazotetrazine ring-opening at neutral pH [18,27].
ICOS-Fc is a high-molecular-weight and hydrophilic protein that was associated with the
lipid matrix via ion pairing with AOT [18,24]. However, in some cases, the high density of
positively charged amino groups on the ICOS-Fc molecule can cause the negatively charged
IL droplets to aggregate, especially when the combination of drugs is loaded together with
ICOS-Fc in the lipid matrix, meaning that PS was added, as a de-bridging agent, to the IL
MIX formulation with human ICOS-Fe.

Table 1. Characterization of Intralipid® (IL)-based formulations. Abbreviations: EE%: % entrapment
efficiency; MIX: drug combination (temozolomide dodecyl ester, sorafenib, ICOS-Fc); N.D.: not
determined; PS: polystyrene sulfonate; SOR: sorafenib; TMZ-C12: temozolomide dodecyl ester.

Mean Size (nm) Polydispersity

EE %

Z Potential (mV) Recovery %

Size Exclusion Dextran Gradient

IL MIX (human

TMZ-C12: 94.0 £+ 8.0

TMZ-C12: 95.9 TMZ-C12: 94

2799+ 3.0 0.146 2850 + 335 SOR: 96.1 + 6.0 : :
1COS-Fe) OO e Sy SOR: 84.6 SOR: 74
TMZ-C12: 100 + 5.1
]é'g)gé’c‘](g‘v‘v"gige) 269.3 = 10.1 0.025 ~29.41 = 3.06 SOR: 91+ 6.7 N.D. N.D.
ICOS-Fe: NLD.
B TMZ-C12: 99 + 11.1
il 2702+ 2.1 0.09 ~39.08 + 3.6 SOR: 119+ 11.8 N.D. N.D.
ICOS Fe: 107 + 21.4
IL MIX without TMZ-C12: 91 + 6.5
e 257.6 4+ 5.0 0.129 33,58 + 3.03 i b N.D. N.D.
IL TMZ-C12 2750+ 0.7 0.003 39520+ 7.22 68 + 5.0 N.D. N.D.
IL SOR 2626+ 12 0.071 2072+ 191 1027 + 117 N.D. N.D.
IL mouse ICOS-Fe 3483+ 6.1 0.142 331745 116 + 102 47 97
IL human ICOS-Fc 265.6 + 1.6 0.028 2679 = 340 78498 554 97
L h“";i‘l‘,é)cowc 2620437 0.050 —48.08 + 847 88.7 93 N.D. N.D.
rl““"“a” ICOS-Fe 244.6 + 18.0 0.051 —15.72 +1.83 N.D. N.D. N.D.
low concentration
Blank IL 2900+ 1.9 0.005 3953 £2.07 N.D. N.D. N.D.

Opverall, the drug combination was efficiently loaded into the lipid matrix without
relevant changes in mean IL droplet size. The EE% of ICOS-Fc was determined exclusively
on IL ICOS-Fc in the absence of PS, which would prevent the HPLC detection of the protein,
as previously reported. The loading of SOR, whether alone or used in combination, led to a
reduction in the Zeta potential absolute value, and this is probably due to the amino group

106



Nanomaterials 2022, 12, 4233

8of 18
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present in the compound. The same occurred with ICOS-Fc, and this is probably caused
by the excess amino groups of the protein that are exposed on the IL surface. However,
the original Zeta potential was restored when the negatively charged PS was added as a
de-bridging agent.

The loading of ICOS-Fc was further investigated by TEM (Figure 2). The presence of
condensed material on the surface of the IL droplets may be attributed to the ion-paired
protein that is loaded into IL, as shown in a previous work by our research group [18].

IL ICOS-Fe

20,000 X 40,000 %

Figure 2. Transmission electron microscopy (TEM) images of Intralipid® (IL) and ICOS-Fc-loaded IL.

3.2. In Vitro Studies

To preliminarily assess the biological effects of the IL formulations, we evaluated the
effect on cell viability assessed by the MTT (Figure 3) and clonogenic (Figure 4) assays
using the B16, D4M, M14, and A2058 cell lines, and on cell invasion (Figure 5) using
B16 and D4M cells. The ICOS-Fc control (low concentration) was only included in the
invasion experiments (Figure 5) since it is known not to affect cell viability (MTT—Figure 3,
clonogenic assay—Figure 4).

The comparison between the activity of free drugs and that of the corresponding IL-
loaded ones showed that IL loading always increased the inhibitory effect on cell invasion.
In contrast, the effect on cell toxicity (i.e., inhibition of cell viability) was variable using the
different drugs, cell lines, and assays. Compared to free drug, IL SOR decreased the cell
toxicity detected by MTT in all the cell lines, whereas in B16 and D4M (mouse cell lines),
it increased that detected by the clonogenic assay. IL loading increased TMZ cell toxicity
in all the cell lines, even if in D4M and A2058 a less pronounced effect was detected by
the MTT compared to the clonogenic assay. IL loading of MIX increased the cell toxicity
detected by the clonogenic assay in all the cell lines, except in M14, where it showed no
effect; while, with MTT, it increased cell toxicity only in M14, displaying the opposite effect
in the other cells. In the MTT assay, an additive effect between IL SOR and IL TMZ could
be hypothesized for IL MIX on M14 cells, since this is the only cell line where IL SOR exerts
a relevant cytotoxic effect.
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Figure 3. MTT assay performed after 72 h of incubation with the formulations under study. B16
cells: upper left panel; D4M cells: upper right panel; M14 cells: lower left panel; A2058 cells:
lower right panel. Abbreviations: IL: Intralipid® 10%; SOR: sorafenib; TMZ: temozolomide; MIX:
drug combination (temozolomide dodecyl ester, sorafenib, ICOS-Fc). Concentrations employed:
SORA =16 uM; B=10 uM; C =8 pM; D = 4.5 uM; E = 0.8 uM. TMZ A =48 uM; B =32 uM; C =24
uM; D = 16 uM; E = 2.4 uM. Statistical analysis: “ p < 0.05 SOR vs. IL SOR; * p < 0.05 TMZ vs. IL TMZ;
§ p < 0.05 MIX vs. IL MIX.
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Figure 4. Clonogenic assay with B16 (upper left panel), D4M (upper right panel), M14 (lower left
panel), and A2058 (lower right panel) melanoma cells. Abbreviations: IL: Intralipid® 10%; SOR:
sorafenib; TMZ: temozolomide; MIX: drug combination (temozolomide dodecyl ester, sorafenib,
ICOS-Fc). Cells were treated with the formulations under study for 3 h. Afterwards, the medium
was changed, and cells were cultured in drug-free medium for an additional 7 days. Concentrations
employed: SORA =16 uM; B=10 uM; C =8 uM; D =4.5 uM; E = 0.8 uM. TMZ A =48 uM; B = 32 uM;
C =24 uM; D =16 uM; E = 2.4 uM. Statistical analysis: * p < 0.05 SOR vs. IL SOR; * p < 0.05 TMZ vs.
IL TMZ; § p < 0.05 MIX vs. IL MIX.
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Figure 5. Migration assay with B16 (left panel) and D4M (right panel) melanoma cells. Abbreviations:
IL: Intralipid® 10%; SOR: sorafenib; TMZ: temozolomide; MIX: drug combination (temozolomide
dodecyl ester, sorafenib, ICOS-Fc). Concentrations employed: SOR A =16 uM; B =10 uM; C = 8 uM;
D =45 uM. TMZ A = 48 uM; B = 32 uM; C = 24 uM; D = 16 uM. ICOS X = 2 ug/mL; A = 0.5 ug/mL.
Statistical analysis: * p < 0.05 IL-loaded vs. free; ° p < 0.05 additive effect between drugs.

Considering that interpreting the effect of IL MIX is complex, because it is influenced
by the single drugs and the carrier, besides the cell phenotype, the most controversial
results came from SOR-based formulations. This evidence further drove our investigations
into the SOR mechanism of action. Release experiments in cell culture medium showed
the unexpected profile that is depicted in Figure 6a. After an initial burst release, drug
concentration decreased over time in the release medium. This cannot be ascribed to drug
degradation, as the compound that was missing from the release medium was recovered in
the lipid pellet obtained after centrifugation. Indeed, it appears that competition occurs
between the release medium and the lipid matrix of IL. The internalization studies in
melanoma cell lines (Figure 6b) showed that FCS strongly inhibited the internalization of
free SOR, while it was ineffective on IL SOR. Moreover, IL SOR internalization was lower
than that of free SOR, and this is probably because IL has an entry mechanism that is subject
to saturation.

The mechanism depicted in Figure 6c may therefore be hypothesized. IL SOR internal-
ization might be limited by a saturation-like effect, thus reducing the total SOR internalized
within the cell, leading to reduced cytotoxic action (MTT assay), that is mediated exclu-
sively by the inhibition of intracellular RAF kinases. On the other hand, extracellular SOR
acts on receptor tyrosine kinases (RTK), which are located on the cell membrane and are
responsible for angiogenesis and migration processes [28]. In the case of cell membrane-
associated RTK, the availability of extracellular SOR in the culture medium is lowered
by interactions with proteins, such as those of FCS [29,30]. When SOR is loaded into IL,
competition is established between the lipid matrix and the culture medium, preventing
SOR from protein sequestration and inactivation effects, thus resulting in more pronounced
migration inhibition. The clonogenic assay, instead, entails the proliferation process, which
is regulated, to various extents, by both RAF kinases and RTK, and this probably accounts
for the variable results obtained among cell lines. In this case, the most striking differences
were found between mouse (B16 and D4M) and human (M14 and A2058) cell lines, whose
cellular targets (that is RAF kinases and RTK) could probably show different sensitivities to
SOR.

These considerations suggest that the variable results obtained in the cell experiments
with IL SOR may be ascribable to the experimental setting, rather than to the formulation
itself.
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Figure 6. Hypothesized sorafenib (SOR) mechanism of action: (a) SOR release profile in culture
medium, and (b) SOR internalization migration assay (B16, M14 melanoma cells): *** p < 0.005,
*p <0.05, # p < 0.01. (c) Hypothesized cellular pathways. Abbreviations: FCS: fetal calf serum; IL:
Intralipid® 10%; RAF: rapidly accelerated fibrosarcoma kinases; RTK: receptor tyrosine kinases.

3.3. In Vivo Studies

Animal experiments were performed by comparing the growth inhibition of IL MIX
and free MIX on the established subcutaneous B16-F10 melanoma mouse model. Moreover,
an animal group treated with IL ICOS-Fc was also included to clarify the contribution of
immunotherapy to the total therapeutic effect.

The results (Figure 7) show that only IL MIX was able to significantly reduce tumor
volume and the mitotic index (Ki67), compared to the control animals. In contrast, tumor
angiogenesis (CD31) was also decreased in animals treated with IL ICOS-Fc. Moreover,
only treatment with IL MIX altered the cytokine expression pattern, inducing significant
increases in IFN-y, IL-13, IL-6, and IL-10, while no effect on TNF-x was measured. No
substantial toxicity was detected in analyses of the target organs, except for a slight increase
in spleen weights for all the treated groups (Table 2).

Table 2. Animal experiments (I): organ weights (grams). Abbreviations: CTR: control; IL: Intralipid®;
MIX: drug combination (temozolomide dodecyl ester, sorafenib, ICOS-Fc).

Liver Spleen Kidneys Lungs Heart
CTR 1.07 &+ 0.06 0.13 +£0.01 0.25 + 0.02 0.18 + 0.03 0.14 + 0.02
MIX 1.05 + 0.08 0.25 +0.04 0.24 + 0.00 0.15 £ 0.01 0.15 £+ 0.03
IL MIX 0.91 &+ 0.07 0.17 £ 0.05 0.22 £ 0.01 0.16 £ 0.01 0.12 + 0.01

IL ICOS-Fc 1.00 & 0.06 0.27 +0.04 0.22 + 0.00 0.17 £ 0.01 0.15 + 0.01
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Figure 7. Animal experiments (I): (a) time course tumor volume, (b) endpoint tumor volume,
(c) endpoint tumor weight, (d) tumor immunohistochemistry, and (e) tumor cytokines. Abbreviations:
CD31: cluster of differentiation 31; CTR: control; IEN-y: Interferon-y; IL: Intralipid® 10%; IL-10:
Interleukin-10; IL-1B: Interleukin-1f; IL-6: Interleukin-6; IL ICOS: lntralipid® 10% loaded with
ICOS-Fc; IL MIX: Intralipid® 10% loaded with temozolomide dodecyl ester, sorafenib, and ICOS-Fc;
Ki-67: Kiel original clone 67; MIX: free drug combination (temozolomide dodecyl ester, sorafenib,
ICOS-Fc); TMD: tumor micro-vessel density; TNF-o:: tumor necrosis factor-a. Days after B16-F10
cell subcutaneous injection (1 x 10 in 100 uL/mouse): TO = 10 days; T1 = 14 days; T2 = 16 days;
T3 =19 days; T4 = 21 days; T5 = 23 days; T6 = 25 days; Tend = 28 days. T0: assignment to groups;
T1 to Té: treatments; Tend: sacrifice. For this experiment, 20 mice were used (1 = 5 each group).
Statistical analysis *** = p < 0.0001; ** p < 0.005; * p < 0.05.
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Further in vivo experiments were performed to investigate the therapeutic contri-
bution of ICOS-Fc in the IL MIX, and to this aim, the effect of IL MIX was compared to
that of IL MIX formulated without ICOS-Fc (Figure 8, Table 3). The removal of ICOS-Fc
from IL MIX resulted in it having a lesser effect on tumor growth (mass, volume), cell
proliferation (Ki67), and immune modulation, in terms of IL-1f3, IL-6, and IL-10 expression.
In contrast, no significant differences were detected in terms of angiogenesis (CD31) and
IFN-y expression.
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Figure 8. Animal experiments (II): (a) time-course tumor volume, (b) endpoint tumor volume,
(c) endpoint tumor weight, (d) tumor cytokines, and (e) tumor immunohistochemistry. Abbreviations:
IL: Intralipid® 10%; CD31: cluster of differentiation 31; IFN-y: Interferon-y; IL-10: Interleukin-10; IL-
1B: Interleukin-13; IL-6: Interleukin-6; IL MIX: Intralipid® 10% loaded with temozolomide dodecyl
ester, sorafenib, and ICOS-Fc; IL MIX NO ICOS: Intralipid® 10% loaded with temozolomide dodecyl
ester and sorafenib; Ki-67: Kiel original clone 67; TMD: tumor micro-vessel density. Days after B16-
F10 cell subcutaneous injection (1 x 10 ® in 100 uL/mouse): TO = 10 days; T1 = 14 days; T2 = 16 days;
T3 = 19 days; T4 = 21 days; T5 = 23 days; T6 = 25 days; Tend = 28 days. T0: assignment to groups; T1
to T6: treatment; Tend: sacrifice. For this experiment, 10 mice were used (1 = 5 each group). Statistical
analysis ** p < 0.005; * p < 0.05.
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Table 3. Animal experiments (II): organ weights (grams). Abbreviations: IL: Intralipid®; MIX: drug
combination (temozolomide dodecyl ester, sorafenib, ICOS-Fc).

Liver Spleen Kidneys Lungs Heart
IL MIX 0.86+0.05 016+004 020£0.03 028+0.14 0.13+0.00
ILMIXNOICOS-Fc  0.87 £0.06 018+0.03 023+0.01 0.16+0.01 0.23+0.08

4. Discussion
4.1. Challenges of Current Melanoma Chemotherapy

Targeted therapies and immunotherapies have allowed the improved therapeutic
control of malignant melanoma to be achieved. However, several drawbacks (e.g., chemore-
sistance for targeted therapies, need for high mutational burden in immunotherapies) still
limit the effectiveness of these approaches. It is worth noting that combinations of the
two are currently under study and have provided promising results, despite the higher
incidence of side effects [1]. This experimental study therefore proposes a multi-target ap-
proach that merges immunotherapy (ICOS-Fc), targeted therapy (SOR), and chemotherapy
(TMZ) and evaluates it at a preclinical level. This approach targets three of the major factors
driving melanoma growth, i.e., proliferation, angiogenesis, and the immune response. Us-
ing previous encouraging results that have been achieved by our research group [18], this
combination was loaded into a biocompatible colloidal vehicle, namely the nanoemulsion
for total parenteral nutrition. This formulation is already employed in marketed drug-
delivery systems and is under evaluation for anti-cancer drug delivery because of its range
of potential targeting mechanisms [31]. Indeed, passive targeting mechanisms are favored
by both its nanometric size range and its high lipid content, which acts by saturating the
reticuloendothelial system (RES) [32]. Moreover, recent findings showed that it can reduce
blood viscosity, by interrupting the binding between fibrinogen and red blood cells, and
thus increase the tumor blood flow, which plays a key role in passive targeting. Indeed,
upregulation of fibrinogen has been reported in cancer, whereas fibrinogen-mediated clot
formation is responsible for the reduced tumor blood flow, a major barrier to drug delivery
to tumors [33].

4.2. Advantages of Merging Different Approches into One Biocompatible Lipid Vehicle

The variability of the data obtained, especially on cell toxicity in the case of SOR, is
mainly a result of the experimental in vitro setting, which does not account for the in vivo
fate of drug-loaded IL. Indeed, the in vivo results indicate that IL MIX has promising
therapeutic efficacy, while no relevant signs of toxicity were detected due to the sub-
therapeutic doses employed for each compound: in our experiments, TMZ 1.5 mg/kg,
SOR 1.25 mg/kg, and ICOS-Fc 1.25 mg/kg were co-administered, while in the literature
TMZ 40.0 mg/kg, SOR 9.0 mg/kg, and ICOS-Fc 5.0 mg/kg were employed [4,18,34,35].
It is worth noting that the in vivo experiments demonstrated the efficacy of the proposed
approach as such (IL MIX), since the administration of free MIX, IL ICOS-Fc, and IL
MIX without ICOS-Fc failed to provide substantial therapeutic effects in terms of tumor
growth, angiogenesis inhibition, and immunomodulation. The inefficacy of IL ICOS-Fc is
in apparent conflict with the previously documented efficacy of ICOS-Fc-loaded PLGA and
cyclodextrin nanoparticles in the same tumor model [4]. This discrepancy can be ascribed
to the ICOS-Fc dose, which, in IL, was only 25% of that used in the other nanoparticles.
However, the effect of ICOS-Fc in the IL MIX is highlighted by the significant loss of the
anti-tumor effects displayed in the IL MIX that lacked ICOS-Fc. The main effect of IL MIX
appears to be its action against angiogenesis, which may take advantage of the ability of
SOR and ICOS-Fc to inhibit VEGF and OPN induction, respectively.

4.3. The Role of Immune Modulation

It is noteworthy that multi-functional nanomedicines able to act as both immunomod-
ulators and drug carriers have been suggested, including autologous microparticles [36].
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Within this context, IL MIX also displayed substantial effects in terms of immune modula-
tion, as detected by the increased expression of IFNy, IL-1, IL-6, and IL-10. Intriguingly,
the increase of IL-1, IL-6, and IL-10 was mostly dependent on the whole IL MIX drug
combination, since these cytokines were not increased in mice treated with free MIX or IL
ICOS and were significantly lower in mice treated with IL MIX without ICOS than in those
treated with the whole IL MIX. In contrast, the increase of IFN-y was independent from
the presence of ICOS-Fc, since it was increased at similar levels in mice treated either with
IL MIX or IL MIX without ICOS, while it was not increased in mice treated with free MIX
or IL ICOS. The increased expression of IL-10 was unexpected since IL-10 usually works
as an anti-inflammatory and pro-oncogenic agent because it is associated with regulatory
T lymphocytes and the M2 polarization of tumor-associated macrophages. Conversely,
IFN-y is produced by lymphocytes with anti-tumor and pro-inflammatory activity, such as
T helper type 1 lymphocytes, cytotoxic T lymphocytes, and natural killer (NK) cells [37].
Moreover, it is well-known that IL promotes the polarization of macrophages to the anti-
cancer M1-like phenotype after i.v. administration [33]. However, the effect of IL-10 may
vary depending on the tissue context as it can even trigger IFN-y secretion and increase
cytotoxic anti-tumor lymphocytes and tumor rejection [38]. Previous evidence that we have
accrued [18,27] suggests that the increase in IL-10 may be mediated by the activation of
P38 mitogen-activated protein kinase (MAPK) in B lymphocytes, as induced by cytostatic
agents such as TMZ [39,40] (Figure 9). In contrast, the involvement of ICOS-Fc in this
mechanism is unlikely, since our previous work has shown that ICOS-Fc decreases IL-10
expression in the tumor mass when loaded into cyclodextrin nanosponges, but not in PLGA
nanoparticles. In this scenario, it is also noteworthy that, of the cytokines involved in acute
inflammation, the expression of IL-6 and IL-1 was increased, but that of TNF-a was not.
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Figure 9. Scheme of immunologic pathways involved in polychemotherapy (MIX). Abbreviations:
CD8: cluster of differentiation 8; IFN-y: interferon-y; IL-1: interleukin 1; IL-6: interleukin 6; IL-10:
interleukin 10; MAPK: mitogen-activated protein kinase; MDSC: myeloid-derived suppressor cells;
NK: natural killer; SOR: sorafenib; TAM: tumor-associated macrophages; TMZ: temozolomide; Treg:
lymphocytes T regulators; VEGF: vascular endothelial growth factor; VEGFR: VEGF receptor.

However, the immunological context can vary with the mouse model employed.
Indeed, the immunocompetent B16-F10 model in this experimental work was selected
because it expresses a large amount of ICOS-L (data not shown). Nonetheless, it is not
a BRAF-mutated model. Therefore, we will also assess our approach in BRAF-mutated
models in future studies to take advantage of the promising in vitro results obtained in
genetically modified BRAF-mutated D4M cells. In this case, selective BRAF inhibitors
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(such as vemurafenib) could be included in the drug combination to provide the necessary
advantages.

5. Conclusions

Despite the relevant advances in the pharmacological therapy of high-grade melanoma
obtained in recent years, this disease still represents a serious threat. This research work
therefore presented a combination therapy that has been engineered to include ICOS-
Fc as the immuno-stimulating agent, a cytostatic agent (TMZ), and a kinase inhibitor
(SOR) for loading into a nanoemulsion used for total parenteral nutrition. Results showed
that this therapy was effective in inhibiting the growth of mouse melanoma in vivo by
exerting a potent anti-angiogenic effect and complex immuno-regulatory activity. This is
the first attempt to introduce an immunotherapeutic drug working in the ICOS/ICOS-L
axis in a polychemotherapy approach, and the results showed that this approach allows to
substantially decrease the drug dose needed to obtain a therapeutic effect. Use of ICOS-Fc
is innovative since it works as both an immunostimulatory and antiangiogenic agent, and
therefore would be optimally synergistic with the other drugs loaded in the nanoparticles.
Tumor growth inhibition was obtained without any sign of systemic toxicity. Indeed,
sub-therapeutic drug doses were most probably effective because of the hypothesized
targeting properties of IL. This approach might represent a potential future tool that can
merge immunotherapy, targeted therapy, and chemotherapy into one safe delivery vehicle
to improve therapeutic efficacy, without increasing the incidence of the adverse side effects
that are typical of combination therapies.
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4.3.2 1COS-Fc in combined immuno chemotherapy for pancreatic cancer

4.3.2.1 Introduction

Pancreatic cancer incidence is rising both in Europe (Partyka et al., 2023) and in USA (Siegel et al.,
2023), with the lowest 5-year relative survival rate (12%) among all cancer types. In particular,
pancreatic ductal adenocarcinoma (PDAC), the prevalent type of pancreatic cancer, is one of the
deadliest cancers, as WHO reported that 90% of PDAC patients die within a year of diagnosis (C. Li
et al., 2020). The disease is asymptomatic during its early stages, patients are often diagnosed with
metastasized stage IV with no option for surgery (Lev et al., 2017). Moreover, the standard-of-care
treatments, which mainly consist in gemcitabine (GEM) and FOLFIRINOX (a combination of folinic
acid (leucovorin calcium), fluorouracil, irinotecan, and oxaliplatin) display often poor efficacy and/or
tolerability(Conroy et al., 2018).

GEM hydrochloride was approved by FDA in 1996 for the treatment of unresectable and metastatic
PDAC, despite a modest improvement on survival compared to 5-FU (Frezza et al., 2008).
Nevertheless, GEM suffers of poor penetration in the stiff desmoplastic pancreatic tumor stroma,
and of several mechanisms of chemoresistance, that range from the downregulation of the
transporter of GEM to the impairment of enzymatic functions involved in the metabolism of the drug
(Amrutkar & Gladhaug, 2017).

The major transporter of GEM into cells is the human concentrative nucleoside transporter 1,
(hCNT1), and its overexpression is considered a predictive survival marker of PDAC patients following
the treatment with the oligonucleoside (Giovannetti et al., 2006). Nevertheless, cancer cells often
downregulate this transporter in response to oxidative stress (Randazzo et al., 2020), and this
shortcoming diminish the response to GEM treatment (Khan et al., 2019).

In the last decades, nanosized drug delivery systems have been proposed as a solution to overcome
the poor efficacy and resistance issues correlated with GEM, including liposomes (Tamam et al.,
2019), polymeric nanoparticles and solid lipid nanoparticles (Cai et al.,, 2021). Furthermore,
nanomedicines represent a valid technology for combination therapy, allowing for a more efficient
treatment, able to counteract different mechanisms of cancer progression and resistance
(Alshememry et al., 2022). In the clinical practice, GEM is often administered with albumin-bound
paclitaxel (nab-paclitaxel) (Von Hoff et al., 2013), in order to improve its efficacy, but several other

combinations are evaluated in clinical and preclinical studies; additionally novel mechanisms to
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overcome resistance are constantly investigated (Lei et al., 2019; Z. Zhang et al., 2022). For instance,
the overexpression of a mutated KRAS oncogene is registered in 90% of pancreatic cancer, and it is
a very appealing target for novel drugs (K. Yang et al., 2018). Nevertheless, many strategies blocking
the activated KRAS and the RAF/MEK/ERK pathway did not show the expected efficacy. The use of
an antibody, RT11-i, which directly targets the intracellularly activated GTP-bound form of RAS, is
able to sensitize pancreatic cancer cells to GEM, reducing cell growth (K. Yang et al., 2018). The KRAS
mutation is also correlated with the overexpression of the Nuclear factor erythroid 2-related factor
2 (Nrf2) in pancreatic cancer, and therefore Nrf2 is an interesting target for the development of
anticancer drugs (Hayes et al., 2015). Indeed, downregulating the Nrf2 and yes-associated protein 1
(YAP) protein at the post-translational level, and increasing the oxidative stress level in cancer cells,
reduced the chemoresistance to traditional chemotherapeutic agent (Barrera et al., 2021; Grattarola
etal., 2021).

Another major player in the GEM chemoresistance mechanisms is represented by the tumor-
related glycoprotein HAb18G/CD147. The overregulation of HAb18G/CD147 is correlated with the
activation of the EGFR-pSTAT3 signaling, acting as pancreatic cancer cells self-defense mechanism
against GEM treatment. Indeed, following treatment with GEM, pancreatic cancer cells overexpress
the HAb18G/CD147 and are more prone to invade and metastasize, in response to the genotoxic
stress induced by the drug (Xu et al., 2016a).

So far, the most successful example of targeted-therapy for PDAC is represented by the poly (ADP-
ribose) polymerase (PARP) inhibitors. PARP is critical enzyme for single-stranded DNA repair, which
is upregulated in cancer with BRCA1 or BRCA2 mutations. The inhibition of this enzyme is correlated
to extended PFS in PDAC patients, and the PARP inhibitor Olaparib has been approved by FDA as
maintenance therapy of BRCA1 or BRCA2 mutated, platinum-sensitive metastatic PDAC (Hosein et
al., 2022).

Furthermore, a peculiar feature of pancreatic cancer is the presence of an immunosuppressive
microenvironment (Falcomata et al., 2023). In fact, less than 1% of PDAC patients result sensitive to
immune-checkpoint blockade via the PD-1/PD-L1 pathway (Le et al., 2015), due to the low
mutational burden reported in the vast majority of the cases (Imamura et al., 2023). The
mechanisms of immune suppression in PDAC have different origins, such as the desmoplastic stroma
that produce a hypoxic environment that inhibits the CD8+ T-cell, and the infiltration of immune
suppressor cells (mainly myeloid-derived suppressor cells and tumor-promoting M2-polarized

Tumor-associated Macrophages) (Ullman et al., 2022). To date, several immunotherapeutic
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approaches have been tested in pre-clinical and clinical studies, including immune-checkpoint
modulators, chimeric antigen receptor CAR-T cells and cancer vaccines (Yoon et al., 2021).
Nevertheless, all the efforts in developing novel immunotherapies, did not lead to a major
breakthrough for PDAC patients, and leave open the need of investigating alternative strategies.
ICOS/ICOSL involvement in cancer progression has been already reported, several evidence
documented ICOSL triggering via ICOS-Fc promising anti-neoplastic effects, when administered
alone, loaded into nanodelivery system or co-administered with other drugs in a polychemotherapy
strategy. It inhibited ECs and tumor cells line adhesion in vitro experiments, cancer cells
metastatization in vivo cancer models and, when loaded into suitable nanocarriers, it was able also
to inhibit tumour growth (Dianzani et al., 2014; Clemente et al., 2020; Monge et al., 2022).
Moreover, its immunostimulatory and antiangiogenic activity stood out when it was included into a
polychemotherapy association (Monge et al., 2022). The cytokine immunomodulation detected

supported its potential role in favoring a resumption of the anti-tumour response.

4.3.2.2 MIVO technology

One of the major issues in the development of novel therapies, including nanomedicines for PDAC
treatment, is the lack of clinically relevant animal models of the disease. PDAC is a type of tumor
characterized by high inter- and intra-tumoral heterogeneity, high stromal component and
infiltration of immunosuppressive cells. These features are very difficult to be represented by
preclinical models consisting of human or murine cell lines, patient-derived cells or genetically
engineered mouse models (GEMMs) (Yu et al., 2021).

Substantial differences between 2D cultures and real tumours cell behavior lie in their different
interactions with the microenviroment. The unequal nutrient concentration to which cells are
exposed represents an example: if 2D cultures cells are uniformly exposed to nutrients, the in vivo
concentration of nutrients is characterized by spatial gradients, which play a key role in biological
differentiation, organ development, determination of cell fate and signal transduction. Furthermore,
it was well documented how mechanical interactions with the surrounding microenvironment
regulate several cancer development crucial steps, such as metastasis process and tissue
organization, cell motility and proliferation (Lo et al., 2000; Cavo et al., 2018).

Organoids and spheroids have been shown to resemble many physiological aspects better than cells

grown in monolayers, but they are still quite far from recapitulating the whole in vivo scenario, since
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they do not resemble the fluid-dynamic stimuli at the cancer microenvironment level, and,
consequently, the drug transport mechanisms across the vascular endothelium structure (Marrella
A, 2021). Therefore, in the last years gained increasingly attention the new advanced in vitro models
represented by a fluidic culture system set in an innovative organ on chip technologies. On one side,
they keep important advantages belonging to the 2D models, such as the better control of the
experimental conditions, the relatively easy manipulation and analysis, with a species-specificity
feature. However, their main advantage stands in the possibility to reproduce the physiological blood
flow element, which can affect cells survival and metastatic propension, alongside a reliable drug
distribution, thus putting the model closer to the in vivo physiology (Hoarau-Véchot et al., 2018;
Trujillo-de Santiago et al., 2019). According to the complexity of this model, compared to a 2D
culture, it offers the opportunity to evaluate more in-depth cell behavior and to perform different
investigation, such as dynamic migration assay, anti-proliferative assay, 3D cancer model immune
cells infiltration, resemble skin or gastrointestinal drugs absorption assay (Cavo et al., 2018; Marrella
et al., 2020; Marrella A, 2021; Pulsoni et al., 2022).

To better reproduce the in vivo cancer context, the 3D scaffold-based cancer models were often
displayed in a dynamic in vitro system. They are able to resemble the tumor-associated stromal ECM,
which is an important component of the TME, playing crucial roles in cancer progression and
invasion (Dutta & Dutta, 2009; Marrella A, 2021). Different polymeric materials are used as artificial
ECM, alginate hydrogels are the mainly chosen because suitable for 3D gel-like structure stable over
a prolonged time, which can be easily tuned via calcium ions-mediated crosslinking. This defines
them suitable for in vitro pharmacological tests. On the other side Matrigel has been taken into
account to evaluate more aggressive cancer model, due to its capability to enhance cell biological
events and cells expressing feature of inner malignancy. Unfortunately, its structural weakness limits
its application in short-term analysis, or in monolayer or thin gel conformations. Cavo et al. (2018)
suggested a promising compromise 3D cells-scaffold made by 50%:50% Alginate: Matrigel gels,
showing it as a valid matrix to reproduce metastatic cancer model.

Among all the organ on chip technology emerging, we used a MULTI-ORGAN single flow device
(MIVO®), commercialized by React4life company (S.r.l., Genova, IT). This advanced in vitro model

was used to perform a dynamic migration assay (Cavo et al., 2018).
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43.2.3 Aim

The aim of this work was proposing a B-cyclodextrin based nanosponges (NS) loaded with GEM and
functionalized with ICOS-Fc as an innovative combination therapy, potentially suitable to overcome
drug resistance in pancreatic cancer.

It is well known how NS have been widely engineered for cancer therapy and drug delivery purpose
(Iravani & Varma, 2022), due to their high specificity, biocompatibility, degradability and prologued
released behavior. Additionally, they were depicted as safe and biodegradable material with
negligible toxicity on cell cultures and are well-tolerated after injection in mice (Trotta et al., 2012).
We firstly evaluated how the encapsulation of GEM into the NS is able to enhance its viability and
proliferation inhibition on 2D and 3D pancreatic cancer model. Moreover, the ICOS-Fc nanocarrier
functionalization represents an additional innovative aspect of the co-delivery system proposed.
ICOS-Fc NPs encapsulation and its involvement in polychemotherapy strategy were already
investigated and promising anti-neoplastic and immunostimulatory activities were detected.
However, this is the first time ICOS-Fc is displayed on the NS surface, as a targeting agent for ICOSL
expressing pancreatic cancer cells, with a key anti-invasion contribution in the synergistic effect of
the chemoimmunotherapy association. In this regard, the MIVO technology was exploited to confirm
the 2D anti-invasion effect rising up the complexity of the system and achieving evidence closer to
the in vivo scenario.

The project was performed in collaboration with Prof. Roberta Cavalli research group, which provide
the synthesis of the NS system, and Prof. Guiot research groups, which collaborated through the

MIVO technology purchase.

4.3.2.4 Material and Method

Materials

Dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
ultra-low 96-well plates, crystal violet, methanol, acetic acid were from Merk Life Science S.r.l.
(Milan, Italy). Dulbeccos Modified Eagle Medium (DMEM) high glucose, RPMI1640 medium, Fetal
Bovine Serum (FBS), penicillin, streptomycin, and trypsin were from Euroclone (Pero, Milan, Italy).
Transwell Boyden Chamber and Matrigel, were from BD Biosciences (Milan, Italy). MIVO® device

commercialized by Reactdlife (S.r.l., Genova, IT). PE-conjugated anti-ICOSL mAb (R&DSystems,
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Minneapolis, MN). Gemcitabine was purchased from Lilly France S.A. (Fegersheim, France) and ICOS-
Fc was obtained from Novaicos (Novara, Italy). All the other reagents not specified were purchased

from Sigma-Aldrich (Missouri, USA).

Cell culture

CFPAC-1 and MIA PaCa-2 human pancreatic cancer cells were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA). PANC-02 murine pancreatic cancer cells are a kind gift
from Dr. Jose Courty, Université Paris EST France.

CFPAC-1 and MIA PaCa-2 cells were cultured in DMEM, while PANC-02 in RPMI11640 medium. All
cultures were supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin. PANC-02
and MIA PaCa-2 were also supplemented with 1% sodium pyruvate. Cell lines were cultured in a 5%

CO2, 37 °C incubator.

MTT Assay

Pancreatic cells (1 x 10”°3/well) were seeded in 96 well plates for 24h, then they were treated with
GEM free form, NSGEM or NS (empty) using 0.04-10uM as the concentration range used. MTT assay
was performed to assess viability of both GEM sensitive (CFPAC-1 and PANC-02) and GEM resistant
(MIA PaCa-2) pancreatic cells after 72h of treatment. The cell proliferation reagent MTT was used,
as described by the manufacturer’s protocol. Cells that had received no drug, as control, were
normalized to 100%, and the readings from treated cells were expressed as percent of viability
inhibition. Four replicates were used to determine each data point, the results are expressed as
mean + SEM (n=6).

To evaluate cell viability at the time used in the invasion test (6h), the Crystal Violet Assay was used.
Cells (8x1073/well) were seeded into 96 well plates and treated for 6h with the compounds (with
GEM free form, NSGEM or NS used at the concentration range of 0.04-10 uM) under study. Cell
viability was assessed using the Crystal Violet Assay (Merck Life Science S.R.L., Roma, Italy)(Dianzani

et al., 2020b).

Clonogenic Assay

The pancreatic cells lines (1 x 10*3/well) were seeded into 6 well plates. The treatment (0.04-10 uM
with GEM free form, NSGEM or NS) was performed after 24h from seeding and the different
formulation were left on cell monolayer for only 3h. Afterwards, the medium was replaced with

drug-free medium and the cells were cultured at 37 °C and 5% CO2 for 7 days more. The Clonogenic
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Assay was then performed fixing and staining the cells with a solution of 80% crystal violet (Sigma-
Aldrich, St. Louis, MO, USA) and 20% methanol. In order to reach a quantitative data, the crystal
violet colonies were dissolved using a solution of 30% v/v acetic acid prepared in milliQ water.
Absorbance signal was recorded at 595 nm by a 96 well plate ELISA reader. The results are expressed

as mean + SEM (n=5).

Spheroid Formation of PANC2 Cells

PANC-02 cells, cultured in standard 2D condition, were dissociated with trypsin-EDTA into single-cell
suspensions. The cells were then seeded on ultra-low attachment (ULA) 96-well flat-bottom plates
(Sigma-Aldrich, St. Louis, MO, USA). Optimal seeding densities were established such that PANC-02
3D spheroids fell within a size range of 200 to 500 um in diameter on day 8, considering appropriate

for initiating experimental studies.

3D viability assay

The cytotoxic effect of GEM, NSGEM or NS on PANC-02 3D spheroids was determined by using the
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) reagent (Roche,
Italy). Cells were seeded (0.8 — 1.5 x1073 cells/well) in 100 pl of serum-supplemented medium and
treated with different concentrations of GEM, NSGEM or NS. After 72h, the drug was removed and
the WST-1 assay was performed. The optical density (OD) of treated and untreated cells was
determined at a wavelength of 450 nm with a microplate reader after 4h of incubation. Controls
were normalized to 100%, and the readings from treated cells were expressed as % of viability
inhibition. Eight replicates were used to determine each data point (n=5).

3D spheroid reconstructions were obtained by using ReViSP, http://sourceforge.net/p/revisp/, while
the spheroid volumes were obtained by using AnaSP, https://sourceforge.net/projects/anasp/. The

results are expressed as % inhibition of control and are the mean * SEM (n=3).

Boyden Chamber Assay

The Boyden chamber is made up of two portions, basal and apical series of wells, separated by a
Matrigel (BD Biosciences, San Jose, CA, USA) coated filtered membrane (8.2 mm diameter and 0.5
um pore size), through which is evaluated the cells migration behavior.

In the apical compartment, over a 50ug/mL Matrigel coated filter (8.2mm diameter and 0.5um pore

size), were placed 1 x 1073 cells/well in serum-free medium, with or without treatments under
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testing. In the basal compartment was displayed medium containing FCS 20% acting as a chemo-
attractant. Then, the Boyden Chamber was incubated at 37 °C under 5% CO2. After 6h, the cells on
the apical side were wiped off with Q-tips. The lower side of the filtered membrane was stained with
methanol-crystal-violet and the cells there migrated and attached were counted with an inverted
microscope (magnification 40x). The results are expressed as the % vs control of migrated cells from
all the wells of each quadruplicate filter + SEM (n=5). The control migration was 55 + 4 and 61 + 5

cells for CFPAC-1 and MIA PaCa-2, respectively.

ICOSL expression in tumour cell lines

The cell-surface phenotypes were assessed via directimmunofluorescence and flow cytometry using
the appropriate PE-conjugated anti-ICOSL mAb. The mean fluorescence intensity ratio (MFI-R) was
calculated considering all of the alive cells according to the following formula: MFI of the ICOSL-
stained sample histogram (arbitrary units)/MFI of the control histogram (arbitrary units) (Dianzani

etal., 2014).

Dynamic culture

Peristaltic
pump

+drug

Cell migration

Figure 2: MIVO experimental model scheme
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In vitro drug efficacy tests were performed using a MULTI-ORGAN single flow device (MIVO®)
consisting of two chambers placed in a closed circuit in which a peristaltic pump set an internal flow
rate. The system design is shown schematically in Figure 2.

In each chamber it was placed a 3 um pore size TW insert and we chose to call MIVO1 the chamber
which stands for the primary tumour site, consisting of a confluent MIA PaCa-2 cells monolayer
placed in complete cell culture medium, and MIVO2 the chamber which stands for new tumour
metastasis sites, consisting of two alginate hydrogels prepared with 30% FBS cell culture medium
and placed in 30% cell culture medium. This second chamber works as a chemo-attractant factor for
the cell migration.

The nanoformulations were prepared in complete cell culture medium (10% FBS), in the amount
necessary to fill in all the circuit and apical MIVO1 chamber (around 6ml).

In each experiment three different circuits were built in parallel: CTR (untreated), GEM+ICOS-Fc in
free form and NS[GEM+ICOS-Fc].

We set a flow rate of 20rpm using 2mm diameter tubes (this setting corresponds of a velocity of
0.64mm/sec below the TW and a flow rate of 4.28ml/min). This is the lowest flow rate that keeps
cells into the circuit and prevent cell deposition on the bottom of the MIVO chambers, the direction
of the flow rate is set from MIVO1 to MIVO2.

Once placed both chambers, displayed the chemo-attractant in MIVO2 chamber, filled the apical
MIVO1 and the circuit with the nanoformulation treatment, the micro-fluidic system was connected

to the peristaltic pump and moved into the incubator for 48h (37 °C and 5% CO2).

Analysis of drug antimetastatic effect in dynamic culture

In order to evaluate the antimetastatic effect of the different treatments, after 48h both TW were
removed from the MIVO chambers and both TW membranes were fixed and stained with a solution
of methanol-crystal-violet solution. The cells were counted at the microscope and the data collected
were expressed as number of cells attached on the respectively MIVO1 or MIVO2 membranes. The
results are expressed as mean of cells counting + SEM (n=3). Only on MIVO2 membrane photos were
taken at the microscope (magnification 10x).

To study if the cells, detached from the MIVO1 and MIVO2 membranes, kept their viability and
proliferation ability in the static system and once they reached the circulation flow, the apical volume

of MIVO1 chamber and the one displayed in the circuit tubes were moved into petri dishes. They
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were kept in incubator at 37 °C and 5% CO2 for 24h before replacing cell culture medium with fresh
one. The cells were kept in complete medium (10% FBS) for 14d more and monitored looking to
their ability to attach to the petri dish and grow (The analysis steps are shortly depicted in Fig 3.).

The cell clones grew in each petri dish were counted at the microscope and the data collected were
expressed as number of cells attached. The results are expressed as mean * SEM (n=3).
Representative photos of apical MIVO1 cells clones grew in petri dishes were taken at the

microscope (magnification 10x).

Peristaltic

+drug -

 —

37°C, 5% CO,

 —

37°C, 5% CO,

| Cell migration

—

37°C, 5% CO,

Figure 3. Scheme of analysis of drug antimetastatic effect in dynamic culture

Statistics

The statistical significance was evaluated by one-way ANOVA followed by the multiple comparison
post-test Bonferroni (GraphPad InStat software (San Diego, CA, USA). Data are expressed as mean
and standard error of the mean (SEM) and the statistical significance was set up at *p<0.05 and

*%0<0.01.
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% CFPAC-1 viability inhibition

110 4

100 —

4.3.2.5 Results

Viability: MTT Assay

Fig 4. showed the cytotoxicity results towards both GEM sensitive (CFPAC-1 and PANC-02) and GEM

resistant (MIA PaCa-2) pancreatic cell lines.

After 72h of treatment in CFPAC-1 and PANC-02 cell lines there were a small but significant difference

in cell viability inhibition, when GEM is administered encapsulated in NS compared to the free form

(range of concentrations used for GEM sensitive cell lines: 0.4-200 nM). Differently, there is no

significant difference between free or encapsulated GEM in MIA PaCa-2 treated cells (range of

concentrations used for GEM resistant cell lines: 0.04-10uM). No viability inhibition was detected on

cells treated with empty NS.
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Figure 4: Viability (MTT assay) in CFPAC-1, PANC-02 and MIA PaCa-2 untreated or exposed to GEM,

NSGEM or NS at the indicated concentrations 72h after the treatment. Results are expressed as a

percentage of viability inhibition vs control. The data are mean + SEM (n=6). §p < 0.05 NSGEM vs

GEM.
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% CFPAC-1 clonogenic inhibition

Proliferation: Clonogenic Assay

The methodology of colony forming assay used in these experiments is able to give information
about how fast the nanoformulation is uptaken by cancer cells and consequently how could be
effective on cell proliferation. Indeed, the cells were incubated only for 3h with the different drug
nanoformulations (range of concentrations used for GEM sensitive cell lines were 4-200nM in CFPAC-
1 and 2-200nM in PANC-02; range of concentrations used for GEM resistant cell lines: 0.04-10uM).
Then, cells were washed and incubated with free medium for 7d more.

CFPAC-1 cells Clonogenic Assay shows that the internalization of NSGEM was more efficient than
that of GEM administered in free form. Indeed, clonogenic inhibition is approximately 80% for the
highest concentration of NSGEM, while only 60% for GEM free (Fig. 5). The different speedy of
internalization is even more evident in PANC-02 cells. Very interesting is the results obtained using
MIA PaCa-2 cells. Indeed, Clonogenic Assay revealed that cells treated with NSGEM were first

internalized and more inhibited in the proliferation capacity (Fig. 5).
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Figure 5: Clonogenic Assay in CFPAC-1, PANC-02 and MIA-PaCa-2 untreated or exposed to GEM,
NSGEM or NS at the indicated concentrations. Cells were treated for 3h, then exposed with free
medium for 7 days. Results are expressed as a percentage of clonogenic inhibition vs control. The

data are mean + SEM (n=5). §p < 0.05 NSGEM vs GEM.
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3D viability assay

Naturally, in 2D cell cultures cells are grown in monolayer on a well, being very different from in vivo
condition. 3D cell cultures allow predict drugs treatment efficacy more accurately; this model leave
cells growing and interacting with surrounding extracellular framework in three dimensions better
representing in vivo tissue condition.

Therefore, it is very important to verify if also in these conditions NS formulation could be better
internalized and efficient than free drug.

To perform this viability assay PANC-02 cells were chosen, among all the others used, because the
most suitable for being cultured in 3D models. The results demonstrated that NSGEM induced a
significant and concentration-response volume reduction compared to the GEM free treatment.
Spheroids representative images are placed in Fig 6. In panel A; spheroids 3D volume images. In
panel B; the 3D spheroid reconstructions and quantitative data of % spheroids volume in graph C.
The graph D shows the WST-1 assay data collected after 72h of treatment. The cell viability results
confirmed that NSGEM can be internalized better and can slowly release GEM, being significantly

more efficient than in the GEM free form condition tested.
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Figure 6: PANCO2 spheroids untreated (C, control) or treated with GEM, NS, or NSGEM at 200, 400,
or 800nM for 72h. Panel B: 3D spheroid reconstructions corresponding to C, GEM 800nM, NS 800nM,
NSGEM 800nM were obtained by using ReViSP, http://sourceforge.net/p/revisp/. Panel C: Spheroid
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% CFPAC-1 invasion

volumes obtained by using AnaSP, https://sourceforge.net/projects/anasp/. The results are

expressed as % inhibition of control and are the mean + SEM (n=3). §§p < 0.01 vs control: **p <0.01.

Panel D: cell viability of 3D PANCO2 spheroids treated as reported above. The results are expressed

as % inhibition of control and are the mean + SEM (n=3). §§p < 0.01 vs control: **p < 0.01

Invasion: Boyden Chamber Assay

It has been previously reported by many authors Arora et al., 2013; Gingis-Velitski et al., 2011,

Hasnis et al., 2014; Xu et al., 2016b) that GEM can stimulate cell invasion in vitro and could be

associated to an accelerated metastasis diffusion in mice pancreatic cancer models in vivo.

Therefore, we wanted to check how our formulation behaved and whether they were able to

interfere with the metastatic process. So, we tested them for in vitro inhibition of pancreatic cells

invasion, which are initial step of the metastatization process.

In our experiments, GEM sensible and GEM resistant pancreatic cancer cells showed different

invasion behaviors. Indeed, as showed from literature in GEM sensible cells, in the range of

concentration tested (0.4-5ug/ml) GEM was unable to both induce or inhibit cell invasion. Really

interesting were the NSGEM effect showed, since it was able to inhibit in a concentration-dependent

manner CFPAC-1 invasion. On MIA PaCa-2 GEM resistant cells the results were even more striking

because GEM induced cell invasion, while NSGEM inhibited it (Fig.7).
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Figure 7: Invasion assay in CFPAC-1 and MIA PaCa-2 untreated or exposed to GEM, NSGEM or NS at

the indicated concentrations. Cells were treated for 6h in a Boyden chamber. Results are expressed

as a percent of invasion inhibition vs control. The data are mean + SEM (n=6). §p < 0.05 NSGEM or

GEM vs control; §§p < 0.01 NSGEM vs control; *p < 0.05 NSGEM vs GEM; **p < 0.01 NSGEM vs GEM.
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ICOSL expression in tumour cell lines

To induce or increase an antimetastatic effect on pancreatic resistant cells, we decided to use NS
decorated with ICOS-Fc, known for its ability to inhibit cell invasion, already reported when
administered in free form, loaded into nanodelivery system and co-delivered with other drugs in a
polychemotherapy strategy. Moreover, it was well documented how this effect was built on the
ICOSL triggering (Clemente et al., 2020; Dianzani et al., 2010, 2014; Monge et al., 2022). For this
reason, we checked the ICOSL expression level of the pancreatic cancer cells used in the biological
test. Fig 8. shows that MIA PaCa-2, GEM resistant cell line, are the highest ICOSL expressing cells.
They were suitably chosen to evaluate if NSGEM tailored with ICOS-Fc would be able to improve

invasion inhibition induced by NSGEM.
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Figure 8: Flow cytometry data showing ICOSL expression in pancreatic cancer cells CFPAC-1, MIA
PaCa-2 and PANC-02. The numbers in each panel indicate the MFI-R; the cutoff between the ICOSL"&"
and ICOSL'®" cells was set at MFI-R = 2.

First of all, it was necessary to fix the ICOS-Fc suitable concentration to functionalize the system,
since it was the first time ICOS-Fc was displayed on the nanocarrier surface and not loaded into it.
We started using the same ICOS-Fc loading concentration used in previous projects, realizing from
the data collected that was too much high because responsible to counteract a functional ICOSL
interaction, probably due to a steric obstacle reason. Using lower concentrations NSICOS-Fc were
able not only to inhibit MIA PaCa-2 invasion in a concentration dependent manner, but also were 20
times more active than the free form (Fig. 9a).

To study the anti-invasion effect of the nanodelivery system here proposed, we chose a good
proportion ratio of both components, such that allows to load GEM (0.4uM) and ICOS-Fc (0.2ug/ml)
at concentrations which respectively are able to induce and significantly inhibit MIA PaCa-2 cell

migration.
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As it was showed before, GEM free 0.4uM induced cells invasion and ICOS-Fc free, 0.2ug/ml has no
inhibition effect, while NSGEM 0.4uM and NSICOS-Fc 0.2ug/ml inhibited cancer cell invasion. When
they are administered together (0.4uM GEM and 0.2ug/ml ICOS-Fc), both in free form, no reduction
was observed, because that low dose of free ICOS-Fc was not effective. While, when both
components are combined together, the cells invasion was counteracted with higher inhibition effect

than all the other formulation (NSGEM+ICOS-Fc > NSGEM > NSICOS-Fc) (Fig. 9b).
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Figure 9: The graph a) reports the invasion assay results of in MIA PaCa-2 cell line exposed to ICOS-
Fc in free form or loaded into NS at the indicated concentrations. The graph b) shows the invasion
results collected after exposing MIA PaCa-2 cells with GEM free 0.4 uM, or ICOS-Fc free (0.2pg/ml),
NSGEM (0.4uM) and NSICOS-Fc (0.2pug/ml), and with NS [GEM+ICOS-Fc] (0.4uM GEM and 0.2ug/ml
ICOS-Fc). Cells were treated for 6h in a Boyden chamber. Results are expressed as a percent of

invasion inhibition vs control. The data are mean * SEM (n=6). *p < 0.05; **p < 0.01.

Migration: MIVO micro-fluid systems

We have recently developed a dynamic in vitro cancer model for testing anti-invasion drug effect.
Among the arising new organ-on-chip technology we used a MULTI-ORGAN single flow device
(MIVO®), commercialized by React4life, which consists in the realization of dynamic cell cultures,
placed in different cellular compartments which can cross-communicate through channels
interconnection, and/or porous membranes (Maulana et al., 2021). The MIVO® Migration Assay was
performed using two chambers placed in a closed circuit in which a peristaltic pump set an internal

flow rate. The primary tumor site was reproduced by a confluent cancer cells monolayer placed in
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MIVO1 chamber, while the chemo-attractant factor displayed in MIVO2 chamber works on cells
migration and stands for new tumor metastasis site.

This experiment was performed in order to evaluate the anti-invasion ability of NS [GEM+ICOS-Fc]
in dynamic condition. Thus, we chose the concentrations that have primary an anti-invasion effect
0.4uM NSGEM with 0.2ug/ml NSICOS-Fc, using GEM+ICOS-Fc free form and no treated cells as
control.

After 48h of dynamic condition cells attached to the TW membranes were counted. Cell counting
values are similar among all three conditions tested in MIVO1 chamber, while the MIVO2
membranes showed very interesting trend (Fig. 10a).

MIVO?2 cell counting values clearly showed the dominate GEM effect in the GEM+ICOS-Fc free form
association treatment, explained by a higher number of MIA PaCa-2 cells migrated compared to the
untreated condition (Fig. 10a). On the other side, NSGEM functionalized with ICOS-Fc significantly
counteracted MIA PaCa-2 metastatic dissemination, being cells attached to MIVO2 membrane lower

then both control and GEM+ICOS-Fc conditions (Fig. 10a).
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Figure 10: Counting cell values detected on MIVO1 and MIVO2 membrane after 48h of exposure to
GEM+ICOS-Fc or NS [GEM+ICOS-Fc], used at the concentration indicated, in dynamic condition (10a)
and representative images of all three conditions tested of MIA PaCa-2 cells attached on MIVO2

membrane. Fig 10b depicted the representative images of cells attached on MIVO2 membranes of
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all three conditions tested. Results are expressed as mean of counting cell values + SEM (n=3); *p <
0.05 GEM+ICOS-Fc vs control; ##p < 0.01 NS [GEM+ICOS-Fc] vs GEM+ICOS-Fc; °p<0.05 NS
[GEM+ICOS-Fc] vs control.

Then we have collected the fluctuant cells in apical chambers MIVO1 and those circulating in the
microfluid system to see if they were still alive and able to adhere to wells and grow. So, they were
placed in petri dishes for one day, then culture medium was replaced with fresh one without any
treatment and monitored for 14d.

Figure 11 shows the untreated condition counting cells values, which reports a very high number of
cells clones in the apical MIVO1, increased from 7d (>50 clones) to 14d (>200 clones) of culturing at
37 °C and 5% CO2. Representative images of cells collected from apical MIVO1 and cultured in
complete medium for 14d are reported in panel b.

A significant increase of cells clones was found also in the dishes harvesting the circuit volumes,
showing alive cells able to migrate and form metastasis.

The data related to the treated conditions (GEM+ICOS-Fc in free form or NS [GEM+ICOS-FC]) are
reported in the 11c and 11d images, showing the MIVO1 and circuit counting cells respectively. In
the MIVO1 supernatant treated with GEM+ICOS-Fc, the cells detached from the monolayer were still
alive and able to grow in clones over time, while in the NS[GEM+ICOS-Fc] condition any clones were
formed (Fig. 11c). Those evidence showed a better cells internalization of NS [GEM+ICOS-Fc]
compared to the drugs administered in the free form, which leads to counteract the cells migration
from MIVO1 to MIVO2. Indeed, NS [GEM+ICOS-Fc] can also inhibit the viability of the cells detached,
being GEM slowly released by the NS.

Same trend was highlighted considering the cells collected in the circuit volume, the NS [GEM+ICOS-
Fc] showed its ability to significantly counteract MIA PaCa-2 migration and proliferation over time,
compared to GEM+ICOS-Fc treatment condition (Fig. 11d). Even though in the GEM+ICOS-Fc
condition the cells collected from the circuit were much lesser than those detected in MIVO1
chamber, the counting cells values highlighted an increasing in number of cells clones depicting a
treatment condition allowing metastasis cancer dissemination. On the other side, the NS
[GEM+ICOS-Fc] treatment was able to counteract cell clones proliferation in both cells collected from

MIVO1 chamber and those harvested from the circuit.
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Figure 11: Counting cell values detected after 7-14d of culturing of cells harvested from MIVO1 or
circuit compartment (kept in dynamic condition for 48h). The graph 11a reported the untreated
condition of cells collected from both MIVO1 and circuit, the GEM+ICOS-Fc compared to NS
[GEM+ICOS-Fc] treatment is displayed in the panels below, 11c reporting the MIVO1 data and 11d is
referred to the circuit one. Panel 11b depicts representative images of MIA PaCa-2 cell line harvested

from the MIVO1 apical chamber and cultured for 14d in complete medium.
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4.3.2.6 Discussion

For this cancer, whose patients show a very poor outcome, compared to other resected solid
tumours, very few alternative treatments are available next to gold standard one GEM. Most of the
alternative clinical failure are due to the MDR, both intrinsic (innate) and acquired (in response to
drug therapy), characterized by the higher expression of drug efflux pump and a very dense stromal
environment tackling drug cancer permeation. Moreover, crucial role in promoting cancer
aggressiveness and drug resistance phenomena is exerted by the TME, which includes the ECM and
different kinds of cells, such as a variety of immune cells contributing for the immunosuppressive
additional therapeutic challenge (Alshememry et al., 2022).

This work showed the -cyclodextrin based NS loaded with GEM and functionalized with ICOS-Fc as
a promising strategy to overcome pancreatic cancer drug resistance. The encapsulation of GEM
showed in both GEM sensitive and GEM resistant cells a quicker internalization and a significantly
higher efficacy of NSGEM compared to GEM administered in free form. Those high differences
detected through colony forming assay were only slightly significant in MTT results correlated to
GEM sensitive cells, and no marked at all in MTT data of GEM resistant cells. This suggest the NSGEM
better internalization aspect, which is evident in the shorter time setting of the colony forming assay,
while totally hidden in the 72h of MTT protocol. However, even if the 2D models offer a first step of
in vitro investigation, since their static condition they are much far from representing what happen
in reality.

In order to investigate the permeation capability of NSGEM in a pancreatic tumour mass, we
developed a 3D cell culture system in collaboration with Prof.ssa Stefania Pizzimenti laboratory.
Compared to 2D models, in which the forced planar morphology acquired by the cells is potentially
responsible to alter several aspects of their behavior, cells that grow in a 3D environment are more
likely to develop shapes and phenotypes observed in an in vivo TME. It was well documented how
in a more complex system, allowing cell-cell contacts in all directions and cell-matrix interactions, 3D
cancer cells models display higher aggressiveness, overexpress pro-angiogenic growth factors and
acquire drug resistance (Leung et al., 2010; Lhuissier et al., 2017; Affoué Dit Faute et al., 2002).

The 3D model was performed using PANC-02 cell line, since identified as the most suitable one to
be cultured in 3D model and, because of their murine origin, potentially exploited in a planned in
vivo model. The viability assay shows that the spheroids volumes was significantly reduced when

treated with NSGEM, compared to GEM administered in free form. The higher NSGEM efficacy was
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confirmed through the WST-1 quantitative data, supporting much more how NSGEM are better
uptaken, thus how the GEM encapsulation ameliorates the drug permeation into the 3D pancreatic
cell structure.

According to literature migration experiments, GEM showed an induced-invasion effect on GEM
resistant pancreatic cancer cell, while no effect on GEM sensitive one. Moreover, it was documented
how this effect may be correlated to an induced overexpression of HAb18G/CD147, which acts as a
novel upstream activator of STAT3-mediated signaling in pancreatic cancer (Xu et al., 2016c).

The HAb18G/CD147 belongs to the CD147 family, multifunctional surface transmembrane
glycoproteins, found expressed by several malignant human cancers, including MIA PaCa-2 one
(Biswas Chitra et al., 1995; Riethdorf et al., 2006; Schnelderhan et al., 2007). It was documented
responsible to increase tumor invasion and metastasis, by inducing matrix metalloproteinases
(MMPs) secretion, and MDR (Pan et al., 2012; Xu et al., 2016c). Moreover, the lowered response to
GEM treatment could be related to the reduced GEM cell uptake, which is caused by the
downregulation of hCNT1 transporter in response to oxidative stress (Giovannetti et al., 2006; Khan
et al., 2019).

We performed a Boyden chamber assay to further demonstrate that GEM encapsulation in NS can
promote an anti-invasion effect on pancreatic cancer cells, avoiding of hCNT1 transporter intake and
HAb18G/CD147 GEM activation, especially on GEM-resistant one. Indeed, in our experiments we
didn’t find any changes in the expression of this transporter for all conditions tested (data not
shown).

The different CFPAC-1 and MIA PaCa-2 cells behaviors confirmed the GEM-mediated invasion
induced on MIA PaCa-2 cells and any correlated anti/induced invasion effects on CFPAC-1. However,
the more striking results are correlated to the significantly anti-invasion effect promoted by NSGEM
treatment. This evidence gained more weight particularly looking to MIA PaCa-2 GEM resistant cell,
on which the GEM administered in free form mediates the completely opposite effect. This results
could be due to the fact that the NS are internalized by endocytosis, avoiding the hCNT1-mediated
intake. Furthermore, It is well documented how NS ability to be taken up via active mechanisms and
circumvent the efflux drug pump depicts their reducing drug resistance properties (Daga et al.,
2020.)

Step forward was proceeding with the evaluation of the anti-invasion effect of the co-delivery system
proposed. In this regard, the ICOS-Fc choice lies on the several and promising evidence supporting

its anti-neoplastic, immunostimulant, antiangiogenic effects. According to all data published, it was

138



documented how ICOSL triggering via ICOS-Fc significantly inhibit cancer cells migration in both in
vitro and in vivo mouse models, when administered alone or encapsulated into nanodelivery system
or nanodelivered with other drugs (Dianzani et al., 2010, 2014; Clemente et al., 2020; Monge et al.,
2022). Since ICOSL triggering was found essential to exert any ICOS-Fc effects, the highest ICOSL level
detected on MIA PaCa-2 cell line led to suitably use them to evaluate the anti-invasion effect of the
combine therapy proposed. The good proportion ratio of both components was reached starting
with the evaluation of the most suitable ICOS-Fc concentration to use, since instead of loaded it was
displayed on the nanocarrier surface. Preliminary experiments didn’t show any anti-invasion effects
because the concentration of ICOS-Fc, used to decorate the NS, was the same already exploited to
deliver ICOS-Fc loaded into PLGA/CDNS (data not shown). The significant anti-invasion effect was
detected only using lower concentration of ICOS-Fc, suggesting how a too much high ICOS-Fc NS-
decoration may counteract functional ICOSL interaction, necessary to exert any resulting effect. The
ICOS-Fc decorated NS showed a statistically higher invasion inhibition till a concentration 20 times
lower than ICOS-Fc administered in free form. Considering all this evidence and the loading-stability
features of the NS carrier, GEM and ICOS-Fc were chosen to be administered at concentrations that
for the first was able to induce cancer cells invasion and for the other was able to significantly inhibit
it. According to the Boyden chamber in vitro results, the GEM+ICOS-Fc association administered
through NS carrier exerted the maximum anti-invasion effect, compared to all other treatment
condition tested (drugs alone or combine and administered in free form; drug nanodelivered alone).
The next project step would have been proceeding with the in vivo evaluation of NS [GEM+ICOS-Fc]
efficacy, but some challenges hindered to smoothly achieve a suitable pancreatic mouse model. In
this regard, the best cancer cells choice should express high level of ICOSL and have murine origin,
so that can be injected in immunocompetent mice. Unfortunately, if on one side MIA PaCa-2 were
the highest ICOSL expressing cells, because of their human origin they would be injectable only in
immunodeficient mice, hampering the possibility to evaluate any ICOS-Fc mediated effect. Thanks
to Prof.ssa Caterina Guiot collaboration in this project we were able to buy and use an advanced
dynamic organ-on-chip technology for testing NS [GEM+ICOS-Fc] anti-invasion effect (MIVO®).

This novel technology is emerging between the 2D cells cultures and in vivo animal models
traditionally used by cancer biology researchers. It is well known how much these two categories
differ, considering the microenvironment surrounding cells and consequently the different
interactions to which cells are subjected if displayed in a 2D or 3D model (Goliwas et al., 2016). Many

clinical failures are due to the too simplifying pre-clinical in vitro and in vivo tumor models, which
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are also expensive and associated with ethical issues (Marrella et al., 2019). This explained how in
the last years novel 3D in vitro culture systems gained more attention as an alternative to animal
tests, a suitable and reliable compromise between traditional 2D culture and in vivo models (Hoarau-
Véchot et al., 2018; Marrella et al., 2019). In this project we performed a dynamic migration assay
using a MULTI-ORGAN single flow device (MIVO®), able to resemble primary and metastasis tumour
sites connected together in a micro-fluidic system. This more complex in vitro setting allows to
investigate NS [GEM+ICOS-Fc] efficacy on cells migration, investigating also how the treatment
counteracts it on more fronts. In this regard, we evaluated if NS [GEM+ICOS-Fc] was able to affect
viability of both cells just detached from the primary tumour (MIVO1) and the one already flouting
in the circulation and ready to develop new metastasis spots (circuit). These are important physio-
pathological steps towards the metastatic onset (Cavo et al., 2016).

The counting cells values detected on MIVO2 membrane clearly showed the dominate induced-
invasion effect of GEM in the GEM+ICOS-Fc association treatment, which was reported by the
substantial higher number of MIA PaCa-2 cells migrated. More strictly results were correlated to NS
[GEM+ICOS-Fc] condition, which significantly counteract GEM resistant cells migration, compared to
both GEM+ICOS-Fc and control conditions.

Likewise, amazing results showed how 48h of treatment with NS [GEM+ICOS-Fc] was able to
counteract cell clones proliferation in both cells collected from MIVO1 and circuit. This effect was
significantly markable compared to GEM+ICOS-Fc one, which allowed cells clones proliferation over
time in both compartment sampled.

Thanks to a multidisciplinary approach, involving pharmacological, technological, pharmaceutical
and immunological fields, we proposed the innovative 3-cyclodextrin based NS decorated with ICOS-

Fc as a valid strategy to improve GEM efficacy in pancreatic cancer treatment (Paper in submission).
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