AGINGPROJECT

UNIVERSITA DEL PIEMONTE ORIENTALE

s
4
.
o )
N
4

Universita degli Studi del Piemonte Orientale

“Amedeo Avogadro”

Department of Health Sciences
PhD Course in “Food, Health and Longevity”
Curriculum: Food, microbiota, and disease

Cycle XXXV (2019-2022)

The Role of ICOS/OPN/ICOSL System in Wound Healing, Sepsis and
Cancer.

SSD: MED/04

Candidate: lan Stoppa
Coordinator: Prof. Antonia Follenzi
Tutor: Prof. Marisa Gariglio

Correlator: Prof. Umberto Dianzani



SUIMIMIBTY ..ooooooooo e 1
SUMMATNY (BNGIISN) ....eieice e et e et e e be s b et e s beeas e s te et e e tesbeeseestesreentenreans 1
SOMMATTO (ITAITAN0) ...ttt b b b r ettt eb b nen e 2
o] o] T o0 SR 4

INEFOAUCTION ...cocccc e 5
ICOS/OPN/ICOSL SYSLEIM ...c.veuverierieuietesieetestestestesteseeseesessessessessessesseseeseeseaseesessessesseseseeseesseseasessessessessessessnses 5
IMUIEIPIE MYBIOMAL ... bbbt b bbbt et b bbb e 6
1YL= TgTo] - OSSR PRSP 6
LA LT T I T=T= YT PSR 7
BT 01 LSS TSP P PP P TP PPUS PR PRUPPRPPIN 8
ATM OF T8 TRESES ...ttt b ettt E e bt bt st b et et e s e st e b e s benbesbesre b eas 8
R (] =] 1oL F SO S PSP 9

PUBDIICALIONS ...t 13
Inducible T-cell co-stimulator (ICOS) and ICOS ligand are novel players in the multiple-myeloma
Lo e L=l a1V T o] Ty I=T o SRS 13
Parenteral Nanoemulsions Loaded with Combined Immuno- and Chemo-Therapy for Melanoma
BT LT | T OO TP TP PP PP UPPTPUPRUPRUPRN 25
ICOSL Stimulation by ICOS-Fc Accelerates Cutaneous Wound Healing In Vivo ..o 43
ICOS-Fc as innovative immunomodulatory approach to counteract inflammation and organ injury in
=] 01T TSSOSO SRS PP 55

CONCIUSIONS .....oooo oo 68

FUTUIE PEISPECTIVES ...tttk bbb bbb bt bt et b e bbbt nn e 70
Ry (=] (=] o0 OSSP 71

ACKNOWIEUGEIMENTS ...tttk b bbb h bbbt b bt e st e bt bttt enn b 72



Summary

Summary (English)

ICOS (also known as CD278) isa T cell co-stimulatory molecule, a member of the CD28 family
[1]. It was originally identified on activated T cells, but it has been recently detected also in

dendritic cells and macrophages [2,3,4].

ICOS binds ICOSL (or B7h), a member of the B7 family. ICOSL is expressed by multiple cell
types, such as antigen presenting cells (APC), endothelial cells, epithelial cells, fibroblasts and
several types of neoplastic cells [5,6]. The interaction of ICOSL and ICOS can induce the
transmission of “reverse signals” in the cell that expresses ICOSL [7]. Moreover, recent data
showed that also OPN (Osteopontin) binds ICOSL using a different binding site than that used
by ICOS and elicits different, often opposite, effects [8] in the immune response, tumor
development, and bone metabolism. In particular, ICOSL triggering using a recombinant
soluble form of ICOS (ICOS-Fc) inhibits tumor cell migration, tumor angiogenesis, and tumor
growth, which are increased by OPN. Moreover, ICOS-Fc inhibits bone resorption mediated

by osteoclasts, whereas OPN is involved in bone deposition.

Aim of this thesis was to assess the role of the ICOS/ICOSL interaction in tumor development,
working on multiple myeloma and melanoma; and the relative role in the inflammatory and

repair phases of inflammation, working in skin wound healing and sepsis.

1) Multiple myeloma was chosen because it is a bone tumor in which the ICOS/ICOSL
interaction may influence both the tumor growth and the osteolytic lesions. Results show that
that multiple myeloma cells express high levels of ICOSL and low levels of ICOS, and patients
with multiple myeloma display increased serum levels of soluble forms of both molecules
correlating with known parameters of tumor burden. Moreover, treatment of mice with ICOS-
Fc loaded in biocompatible biodegradable PLGA nanoparticles inhibits the growth of myeloma

cells in vivo, exerting a predominant anti-angiogenic effect.

2) Melanoma was chosen because previous data showed that treatment of mice with ICOS-Fc
loaded on PLGA or cyclodextrin nanoparticles strongly inhibits tumor growth and
metastatization, and exerts anti-angiogenic effects. Using the B16 mouse melanoma model, we
investigated the possibility of using ICOS-Fc in a combination therapy where ICOS-Fc was
loaded in Intralipid® nanoemulsions together with the targeted drug sorafenib, and the
chemotherapeutic drug temozolomide. Results show that the combination therapy strongly

inhibits the tumor growth and angiogenesis, and a key role is played by ICOS-Fc.
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3) Skin wound healing was chosen because it is a physiologic process in which the
inflammatory and the repair phases of inflammation can be easily monitored in mice. Results
show that local treatment with 1ICOS-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.

4) Sepsis was chosen because it is a pathologic process due to excessive and uncoordinated
development of the inflammatory and the repair phase of inflammation. Results show that, in
sepsis induced by cecal ligation and puncture (CLP) in mice, treatment with ICOS-Fc reduces

the clinical severity score, plasma cytokines, liver injury, and kidney dysfunction.

These data suggest that ICOS-mediated triggering of ICOSL may play a key role in the repair
phase of inflammation, and short circuits of this interaction may be involved in tumor

development.

Riassunto (Italiano)

ICOS (noto anche come CD278) e una molecola co-stimolatrice espressa dalle cellule T; € un
membro della famiglia CD28 [1], originariamente identificato sulle cellule T attivate, ma

recentemente rilevato anche nelle cellule dendritiche e nei macrofagi [2,3,4].

ICOS lega ICOSL (o B7h), un membro della famiglia B7. ICOSL & espresso da piu tipi di
cellule, come cellule presentanti I'antigene (APC), cellule endoteliali, cellule epiteliali,
fibroblasti e vari tipi di cellule neoplastiche [5,6]. L'interazione tra ICOSL e ICOS puo indurre
la trasmissione di “segnali inversi” nella cellula che esprime ICOSL [7]. Inoltre dati recenti
hanno mostrato che anche OPN (Osteopontina) lega ICOSL, utilizzando un sito di legame
diverso da quello utilizzato da ICOS e inducendo effetti diversi, spesso opposti [8] sulla risposta
immunitaria, sullo sviluppo dei tumori e sul metabolismo osseo. In particolare, I'attivazione di
ICOSL mediata da una forma solubile ricombinante di ICOS (ICOS-Fc) inibisce la migrazione,
I'angiogenesi e la crescita nei tumori, che risultano invece aumentate da OPN. Inoltre ICOS-Fc
inibisce il riassorbimento osseo mediato dagli osteoclasti, mentre OPN & coinvolta nella

deposizione di nuova matrice ossea.

Lo scopo di questa tesi e stato quello di valutare il ruolo dell'interazione tra ICOS/ICOSL sullo

sviluppo tumorale, focalizzando I’attenzione su mieloma multiplo e melanoma; e sulle fasi



inflammatoria e riparativa dell'inflammazione, focalizzando 1’attenzione sulla guarigione delle

ferite cutanee e sulla sepsi.

1) Il mieloma multiplo e stato scelto perché & un tumore osseo in cui l'interazione tra
ICOS/ICOSL puo influenzare sia la crescita tumorale sia le lesioni osteolitiche. Abbiamo
osservato che le cellule di mieloma multiplo esprimono alti livelli di ICOSL e bassi livelli di
ICOS, e i pazienti con mieloma multiplo mostrano livelli sierici aumentati di forme solubili di
entrambe le molecole, correlati a noti marcatori di massa tumorale. Inoltre il trattamento di topi
con ICOS-Fc caricato in nanoparticelle biocompatibili e biodegradabili di PLGA inibisce la
crescita delle cellule di mieloma in vivo, esercitando in modo predominante un effetto anti-

angiogenico.

2) I melanoma e stato scelto perché dati precedenti hanno mostrato che, nel topo, il trattamento
con ICOS-Fc caricato su nanoparticelle di PLGA o ciclodestrine inibisce la crescita e la
metastatizzazione del tumore ed esercita effetti anti-angiogenici. Utilizzando un modello di
melanoma (B16) nel topo, abbiamo studiato la possibilita di utilizzare ICOS-Fc in una terapia
di combinazione in cui ICOS-Fc e stato caricato in Intralipid® (nanoemulsioni) insieme al
farmaco “mirato” sorafenib e al chemioterapico temozolomide. I risultati hanno mostrato che
questa terapia di combinazione inibisce in modo sostanziale la crescita tumorale e I'angiogenesi,

e che ICOS-Fc svolge un ruolo chiave.

3) Lariparazione delle ferite cutanee e stata scelta perché e un processo fisiologico in cui le fasi
inflammatoria e di riparazione dell'infiammazione possono essere facilmente monitorate nel
topo. | risultati hanno mostrato che il trattamento locale con ICOS-Fc migliora la guarigione
delle ferite, promuovendo l'angiogenesi, preceduta dall’aumento dell'espressione di IL-6 e
VEGF; aumentando il numero dei fibroblasti e dei linfociti T, mentre riduce quello dei

neutrofili; e aumentando il numero di macrofagi M2 rispetto ai macrofagi M1.

4) La sepsi € stata scelta perché e un processo patologico dovuto una inflammazione esagerata
con scoordinamento della inflammatoria e di riparazione. I risultati hanno dimostrato che nella
sepsi indotta da legatura e puntura cecale (CLP) nel topo, il trattamento con ICOS-Fc riduce la

gravita clinica della malattia, le citochine plasmatiche, il danno epatico e la disfunzione renale.

Questi dati suggeriscono che l'attivazione di ICOSL mediata da ICOS puo svolgere un ruolo
chiave nella fase di risoluzione dell'inflammazione e che un cortocircuito funzionale di questa

interazione puo essere coinvolto nello sviluppo dei tumori.
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Introduction

ICOS/OPN/ICOSL System

ICOS (CD278) is a T cell co-stimulatory receptor, member of the CD28 family [1], 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 activation of effector
T cells in peripheral tissues but also the development of regulatory T cells [2]. ICOSL is
expressed on multiple cell types, including antigen presenting cells (APCs), activated
endothelial cells (EC), epithelial cells, fibroblasts, and keratinocytes [3,4]. 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 [5-9]. It has been recently
shown that ICOSL also binds osteopontin (OPN) [10] a protein that can act both as an ECM
component and a soluble cytokine involved in inflammation and angiogenesis [11,12] and
known to bind several ligands, including several integrins and CD44, using different binding
sites. OPN binds ICOSL using a different binding site than that used by ICOS and elicits
different, often opposite, effects [10]. In particular, ICOSL triggering by 1COS inhibits tumor
cell migration, tumor angiogenesis, and tumor growth, which are increased by OPN. Moreover,
ICOSL triggering by ICOS inhibits bone resorption mediated by osteoclasts, whereas OPN is

involved in bone deposition [10].

In the tumor microenvironment, ICOS-L is expressed by several types of immune cells, EC,
and often tumor cells themselves, whereas ICOS is expressed by infiltrating T cells. It has been
recently shown 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, capable to
target the drug into the tumor mass [13]. The main effect of ICOS-Fc is the inhibition of tumor
angiogenesis, which is accompanied by variable immuno-regulatory activities and direct effects

on the tumor cells, which are mainly detectable in vitro.



Multiple Myeloma

Multiple myeloma (MM) is a plasma cell neoplasia resulting from monoclonal expansion of
long-lived myeloma cells in the bone marrow, leading to production of monoclonal
immunoglobulins (M protein), mostly 1gG or IgA. MM tends to develop from premalignant
monoclonal gammopathy of undetermined significance (MGUS), possibly going through a
stage known as asymptomatic smouldering multiple myeloma (SMM) [14-17]. Both MGUS
and SMM do not display the end organ damage typical of MM, consisting of osteolytic lesions,
anaemia, hypercalcaemia, and renal failure, which constitutes the classical CRAB clinical
presentation (hyperCalcaemia, Renal failure, Anaemia, Bone disease) [17,18]. In MM, active
osteolytic lesions are promoted by osteoclasts stimulated by high levels of receptor activator of
nuclear factor kappa-B ligand (RANKL) expressed on the surface of myeloma cells, bone
marrow stromal cells, T helper (Th) cells (mainly Th-17 cells), and soluble RANKL (SRANKL)
in the serum [19,16,20]. 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 osteoporosis in vivo
[9]. Second, ICOSL is also bound by 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. 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 [21,22]. Of
note, the serum levels of sSICOS and sICOSL are increased in some autoimmune diseases that
are often associated with osteoporosis due to unbalance between bone resorption mediated by

OC and bone deposition mediated by osteoblasts [23-27].
Melanoma

Therapeutic options for melanoma depend upon disease staging. The surgical removal of a
primary tumor is normally practiced in the case of early-stage disease (0—I1A). In stage 11B/C
(tumor thickness > 2.0 mm) and stage Ill, adjuvant chemotherapies are practiced following
surgery. Dacarbazine, the standard chemotherapy for stage IV (metastatic) melanoma up to
2011, is simply a palliative care treatment [28]. Temozolomide (TMZ) is an alternative
treatment as it can reach the central nervous system (CNS) to treat brain metastases [29]. 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 inhibitors of BRAF (vemurafenib, dabrafenib, encorafenib) and/or
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mitogen-activated protein kinase (MEK) (trametinib, cobimetinib, 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 pembrolizumab and nivolumab [28]. Indeed,
melanoma is one of the most immunogenic tumors and its relationship with the host immune
system is currently under investigation [30]. Besides immunotherapy with CTLA4 and PD1
inhibitors, it has been recently reported the efficacy of targeting the inducible T-cell co-
stimulator (ICOS)/ICOS ligand (ICOSL) dyad in mouse models of melanoma [13].
Nonetheless, despite significant therapeutic advancements, malignant melanoma remains an
aggressive and resistant tumor with unpredictable responses to chemotherapy, making it a major
health challenge [28]. Targeted therapies are hampered by chemoresistance [31], while the
response to immunotherapy strictly correlates to the tumor-mutation burden [32-34]. Therefore,
a multi-pronged approach that can target melanoma proliferation, angiogenesis, and
chemoresistance should be practiced, concurrently to immunotherapy, to improve therapeutic

efficacy.

Combinations of drugs against melanoma can be loaded into nanoemulsions for total parenteral
nutrition, namely Intralipid® 10% (IL), and have been found to be effective in an in vivo mouse
model of melanoma [35]. Specifically, a combination of drugs targeting tumor proliferation
(temozolomide), angiogenesis (bevacizumab), and mTOR (rapamycin), was loaded into IL and
tested in mice. Despite the promising results obtained, a strong dependence on the 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 since the rationale for anti-cancer drug

combinations focuses on reducing the dose of each component to prevent side effects.
Wound Healing

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 [36,37]. The formal demonstration of a functional role of the
ICOS/ICOSL pathway in wound healing comes from the observation that ICOS™, ICOSL"",
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and ICOS/ICOSL™ mice show delayed wound healing [38] likely due to decreased production
of IL-6 [39]. In good agreement with a role of the ICOS/ICOSL dyad in normal tissue repair, it
has been recently shown that CCl4-induced liver damage, which is dependent on massive
recruitment of blood-derived monocytes/macrophages, is dramatically worsened in both ICOS”
I~and ICOSL"" mice [40]. Interestingly, this impairment has been rescued by treating mice with
ICOS-Fc.

Sepsis

Sepsis is a life-threatening medical emergency characterized by a complex interplay of
exaggerated pro- and anti-inflammatory host responses, resulting in multiple organ dysfunction
that can ultimately lead to death [41]. Currently, deaths from sepsis correspond to nearly 20%
of all deaths worldwide, and there is still no specific treatment available [42]. Given the fact
that both animals and septic patients have an increased percentage of circulating Treg cells [43-
45], 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 by modulating the maturation and migration of macrophage and dendritic cells and
the endothelial cell adhesiveness [8]. Nevertheless, little is known about the ICOSL-

involvement in the inflammatory response.
Aim of the Thesis

Aim of this thesis was to assess the role of the ICOS/ICOSL interaction in tumor development,
working on multiple myeloma and melanoma; and the relative role in the inflammatory and

repair phases of inflammation, working in skin wound healing and sepsis.

1) Multiple myeloma was chosen to assess whether the ICOS/ICOSL interaction may influence
the tumor growth and the osteolytic activity. Results show that multiple myeloma cells express
high levels of ICOSL and low levels of ICOS, and patients with multiple myeloma display
increased serum levels of soluble forms of both molecules correlating with known parameters
of tumor burden. Moreover, treatment with ICOS-Fc loaded in biocompatible biodegradable
PLGA nanoparticles inhibits the growth of myeloma cells in an in vivo model in mice, exerting

a predominant anti-angiogenic effect.

2) Melanoma was chosen to assess whether the anti-tumor activity of ICOS-Fc may be exploited
in combination therapies starting from the previous work using temozolomide, bevacizumab,

and rapamycin loaded in intralipid nanoemulsions. Results show that Intralipid nanoemulsions



loaded with ICOS-Fc, sorafenib, and temozolomide strongly inhibits the tumor growth and
angiogenesis, and a key role is played by ICOS-Fc.

3) Skin wound healing was chosen because it is a physiologic process in which inflammatory
and the repair phases of inflammation can be easily followed up in mice. Results show that
local 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.

4) Sepsis was chosen because it is a pathologic process due to excessive and uncoordinated
development of the inflammatory and the repair phase of inflammation. Results show that, in
sepsis induced by cecal ligation and puncture (CLP) in mice, treatment with ICOS-Fc reduces

the clinical severity score, plasma cytokines, liver injury, and kidney dysfunction.

Altogether, these data suggest that ICOS-mediated triggering of ICOSL may play a key role in
the repair phase of inflammation, and short circuits of this interaction may be involved in tumor

development.
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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 activity 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/11l 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 cellsin the
bone marrow (BM), leading to production of mono- clonal
immunoglobulins (M protein), mostly 1gG or IgA.

Multiple myeloma tends to develop from premalignant
gammopathy of undetermined significance
(MGUS), possibly going through a stage known as asymp-
tomatic smouldering multiple myeloma (SMM).1~4 Both MGUS
and SMM do not display the end organ damage typi- cal of

MM, consisting of osteolytic lesions, anaemia,

monoclonal

a 2021 British Society for Haematology and John Wiley & Sons Ltd
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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.6-8

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)
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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.10-12 |COS is mainly expressed on activated T cells,
but weak levels have been detected also on dendritic cells
(DC).13 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.14-17

The main biological function of ICOSL is triggering 1COS,
which acts as a costimulatory molecule for activated Th cells by
modulating their cytokine secretion.18-21 Moreover, the
ICOS/ICOSL axis can elicit a bidirectional signal acting on ICOSL-
expressing cells.2223 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 | MHC molecules, and inhibits
cell adhesiveness and migration. Moreover, ICOS-Fc inhibits
adhesiveness and migration of endothelial cells and tumour
cell lines in vitro as well as metastatic dissemination of tumour
cells in vivo.2%26 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.28-30

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.3132 Of note, the serum levels of sICOS and sICOSL
are increased in some autoimmune diseases.33737

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 Carit*a”, 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).38 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.39-42

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!€05L cells were MOPC-21 cells that were trans-
fected with 2'51g of plasmid DNA coding for mouse
ICOSL, as previously reported.3°

In transwell plates (Corning Inc., Corning, NY, USA),
19 106 cells were plated onto the upper side of each well in
serum-free medium with or without 2 lg/ml of 1COS-Fc

Table I. Patients’ characteristics.

MGUS SMM MM Total

Patients n (%) 36 (17-6) 97 (47-5) 71(34-8) 204
Gender Female 14 (389) 38(39:2) 36 (507) 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 652 699 696 689

SD 11 115 83 105

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

a 2021 British Society for Haematology and John Wiley & Sons Ltd



(human or murine), that is an agonist of ICOSL, or F1195|COS-
Fc (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 9100).

In vivo experiments

Eight-week-old female NOD-SCID-IL2Rc—null mice (NSG)
(Charles River Laboratories, Wilmington, MA, USA) were
injected subcutaneously with 2 9 106 MOPC-21/€0st 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 1g) 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.?7:43

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 sICOS 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
1), 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-ll: n=39; DS-lll: n=16)
revealed that sICOS serum concentration was higher in DS-
Il and DS-lll compared to DS-I (Fig 1C,D), whereas no
difference was found for sICOSL.

a 2021 British Society for Haematology and John Wiley & Sons Ltd
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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 i) 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 sSRANKL (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 1gG
M protein (IgG/MM). We found that sICOS, but not sICOSL
(data not shown), negatively correlated with polyclonal IgA and
IgM (Fig 2H—1).

After a median follow-up period of 376 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 (10243 pg/ml) showed that patients with sICOS
levels above the median value had a worse OS than those
below this value (0S-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 2:78, 95% Cl 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 36 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; %, P < 0:01, %5, 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 (= 16), DS-Il (n= 39), and DS-llI
(n =16). *, P < 0-05 versus DS-Il, §, P < 0:05 versus DS-lIl 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 moleculesin 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 ICOS—
ICOSL* subsets accounted respectively for 45 8:2% and 55
8:3% (mean  SEM) of BM plasma cells.

In MM patients (n = 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).

16

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

a 2021 British Society for Haematology and John Wiley & Sons Ltd
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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 q test.

cells,2526 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!€0st), 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.F195|COS-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'C0st cells but not that of MOPC-

21 cells, which migrated to a much lower extent than
MOPC-21/C0st cells. As expected, F1195]COS-Fc had no effect
on either cell line.

a 2021 British Society for Haematology and John Wiley & Sons Ltd
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We previously demonstrated that treatment of mice with
ICOS-Fc  loaded in poly(d,|-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!0sL 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

viewed at wileyonlinelibrary.com]

respectively. Tumours from ICOS-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-c, IL-6, TNF-
a, 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) sICOSL
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and sICOS serum levels correlate with several markers of
tumour burden; iii) 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 1COS/ICOSL status in MM, a tumour in which 1COS/
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

a 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)-
derived myeloma cells and normal plasma cells. Representative dot plots and histograms of (A) myeloma and (B) BM samples. Plasma cells were
gated on CD38e" (CD38***) cells displaying the expected side scatter profile. Phenotype of the myeloma cells was CD38***/CD45—/CD56*, that
of normal plasma cells was CD38***/CD45*/CD56~. 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

a 2021 British Society for Haematology and John Wiley & Sons Ltd

hidden by the basally high serum levels of sICOSL, which are
approximately one log-level higher than sICOS levels in HCs.
Moreover, increased sICOSL 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*l- 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.45

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 ICOS 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 q 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'COSt 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 [COS-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?746 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 prompting

mice, 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.*®53 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

a 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'°St, 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'°05t (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 F1*%5ICOS-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'©St* cells 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;
8 P <005; %, p< 00001 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 1COS-
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.>45%
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.>%57 Both models may apply to sICOSL and sICOS, which
can function as either antagonistic monomers or ago- nistic
dimers.58>9

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
survival (OS) of patients. (A) MM vs SMM+MGUS. (B—D) All
patients (MM+SMM+MGUS) with (B) sICOS, (C) sICOSL,
or (D) sRANKL above or below the median level.
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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: Intralipid®; 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 (0-1IA).
In stage IIB/ C (tumor thickness > 2.0 mm) and stage IlI, 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). D4M
cells, a mouse melanoma engineered cell line harboring the BRAFV6E 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 pL) was first added to 1.6 mL of IL.
Then, 1.2 mg of TMZ-C12 was dissolved in 80 pL 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
ML of 1.75 mg/mL human ICOS-Fc, or 302 pL 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 pM) 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 pL 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.

\ 2 R ) ”~
" ik 1COS-Fc AoT

AOT ICOS-Fc PS
A T™Z-C12

[-:>[i:>[i:>[i:>[i [i Ii@[i

ILT™MZ IL ICOS-Fc

L

Buffer citrate ﬁ SOR
A /‘_«
(8 IL SOR

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.

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 pM) 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 pM 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 pM) and TMZ
powder being added to the formulation prior to use (0.32 mg/mL —1.65 pM) 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 YL of IL-based formulations in 100 L 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 YL 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 X0.4 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 x10%/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% 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 10%) were then
plated onto the apical side of a Boyden chamber with filters (0.5 pm pore size and
8.2 mm diameter) that were coated with 50 pg/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 pL of free SOR and, separately, 20 pL 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 pL
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

2.5 and 0.25 ug/mL (R? =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 (1x 10 in 100 pL/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, viai.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 pg of RNA was retrotranscribed to cDNA using the QuantiTect Re-
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verse Transcription Kit. Interferon-y (IEN-y), interleukin-1p (IL-1B), interleukin-6 (IL-6),
interleukin-10 (IL-10), and tumor necrosis factor-a (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
CFX96 System and samples were run in duplicate in a 10 pL final volume that contained 1
ML of diluted cDNA, 5 pL of TagMan Universal PCR Master Mix, and 0.5 pL of Assay- on-
Demand mix. Relative gene expression was calculated using the AA threshold cycle
method.

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-Fc.

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.

EE %
Mean Size (nm) Polydispersity Z Potential (mV) Recovery %
Size Exclusion Dextran Gradient
IL MIX (human + Tl\/éé'lglgé 243 :08'0 TMZ-C12: 95.9 TMZ-C12: 94
1COS.Fo) 0.146 —28.50 + 335 :96.1 % 6. SOR. 846 SOR. 74
ICOS-Fc: 106.3 + 11.7 SO :
IL MIX (human TMZ-C12: 100 % 5.1
+
+10.1 0.025 —29.41 % 3.06 SOR:91 6.7 ND. N.D.
ICOS-Fc low dose) 1COS-Fe: NLD.
TMZ-C12: 99 + 11.1
1L li/gés(r;‘g)“se 0.099 —39.08 + 3.69 SOR: 119 £ 11.8 ND. ND.
ICOS Fe: 107 % 214
. _ SOR: 105 % 6.0
IL 1\/I[1C>(<)\év_1;?out 0.129 33.58 + 3.03 ND. ND.
TMZ-C12: 91 % 65
IL TMZ-C12 275.0 £ 07 0.003 —39.52+ 7.2 68 50 ND. N.D.
IL SOR 262.6 £12 0.071 —20.72 £ 191 102.7 £ 11.7 N.D. N.D.
IL mouse ICOS-Fc 3483 £ 6.1 0.142 —33.17 £ 45 116 £ 102 47 97
IL human ICOS-Fc 265.6 £ 16 0.028 —26.79 % 3.40 78 £ 98 554 97
L hum(i‘r%ésos'& 262.0 37 0.050 —48.08 + 847 88.7+£93 ND. N.D.
IIL human ICOS-Fe 244.6 + 180 0.051 1572 £1.83 ND. ND. N.D.
ow concentration
Blank IL 290.0 £ 1.9 0.005 —39.53 £ 2.07 N.D. N.D. N.D.

Overall, 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
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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

IL ICOS-Fe

20,000 X 40,000 X

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: SOR A
=16 yYM; B=10 pM; C =8 pM; D = 4.5 uM; E = 0.8 pM. TMZ A = 48 uM; B =32 pM; C = 24
puM; 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: SOR A =16 upM; B=10 pM; C=8 upM; D =4.5 uM; E=0.8 uyM. TMZ A =48 uM; B =32 uM;

C =24 pM; D =16 pM; E = 2.4 pM. 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 pM; B =10 pM; C =8 pM;
D=45uM.TMZ A =48 pM; B=32 pM; C=24 uM; D =16 pM. ICOS X =2 pg/mL; A =0.5 pg/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 6¢c 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.

34



Nanomaterials 2022, 12, 4233

110f18

(o]
o

B
o
1

cumulative % SOR released
N
o

*kk #
0.057
] M14ILSOR
0.044 M14 SOR
3 3 B16ILSOR
© 0.031
= 3 B16 SOR
m -
o
® 0.02
0.01
0.00
20 30 «
time (hours o
( ) ©, &
9
(@ (b)

Free SOR IL SOR

(©)

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-1B, IL-6, and IL-10, while no effect on TNF-& 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; IFN-y: Interferon-y; IL: Intralipid® 10%; IL-10:
Interleukin-10; IL-1: Interleukin-1p; IL-6: Interleukin-6; IL ICOS: Intralipid® 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-&: tumor necrosis factor-«. Days after B16-F10 cell
subcutaneous injection (1 X 10 ° in 100 yL/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. TO: assignment to groups; T1 to
Té6: treatments; Tend: sacrifice. For this experiment, 20 mice were used (n = 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-1B, 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,

(¢) 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-1B; 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 yL/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 (n = 5 each group). Statistical
analysis ** p < 0.005; * p < 0.05.

37



Nanomaterials 2022, 12, 4233

14 0f 18

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 086005 016+004 020+003 028+014 0.13£0.00
ILMIXNOICOS-Fc  0.87+006 018+003 023+001 016001 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 Approaches 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 1L-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-x was not.

ANGIOGENESIS
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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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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~/—,1COSL~/~, 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 CCli-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 F19ICOS-Fc (2 pg/mL), an ICOS-Fc mutant unable to bind
ICOSL. After 24 h, microscopic evaluation revealed that treatment with ICOS-Fc but not
FII9S]COS-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 ®SMA 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-
Fc, calculated by paired t-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 10 X).
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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. (¢) *XSMA 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.

45



Int. ]. Mol. Sci. 2022, 23, 7363

4 of 12

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).

4 CD31
= PBS o il
2 151 ICOS-Fc  gg & i
(3]
e )
< * 3
g 1.0 T -
o T
(5] ;
2 .
< 0.54 o
2 ]
2 n -
3 Q.
@ 0.0- : T =4
& N .
66‘ 66‘
b cD31 VEGF  gmm pBs
o 800 800 " ICOS-Fc
X * B
c 700 = 700 I
2 600- 'I' S 600+
g 5001 @ 500
g 400+ & 400+
o 180T ux.l 150+
2 1001 T o 2 100 T
3 50 x S .
['4 & -
0' T T T 0' T T Ll
N 4 > N VvV >
& & & & & o

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 X) 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 t-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-x, TGF-B, 1L-33, 1L-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-B was moderately decreased at day
3 (Figure 5b,c). Expression of TREM1 and TREM?2, respective markers of M1 and M2
macrophages, displayed opposite patterns since treatment with ICOS-Fc downregulated
TREM1 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 X) 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
wound. Expression of IL-6 (a), TNF-x (b), TGF-B (c), TREM1 (d), TREM2 (e), and ICOSL (f) mRNA as
assessed by real time PCR at day 1, day 2, and day 3, and expressed as mean + SE from 3 independent
experiments. (g) TREM2/TREMI1 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 ARGl 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, ARGI, 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 F119SICOS-Fc using either CCL2 (30 nM) (c) or OPN (10 pg/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

FII9S1COS-Fe (* p < 0.05; ** p < 0.01) or the untreated control (¥ p < 0.05; 58 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,

48



Int. ]. Mol. Sci. 2022, 23, 7363

70f12

Wound Closure %

Wound Closure %

which consists of the extracellular portion of murine ICOS fused to the Fc of human IgG1.
In addition, human F1195ICOS-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, [COS-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¢c) or OPN as chemoattractant stimuli (Figure 6d).
On the other hand, treatment with F119ICOS-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-Fc.

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 1COs~/~ (PBS: n =16; ICOS-Fc: n = 11), ICOSL~/~ (PBS:n=09;
ICOS-Fc: n =9), and NSG (PBS: n = 15; ICOS-Fc: 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-& — 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* Ml1-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 B2 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

HaCat 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 pg/mL human ICOS-Fc or F11951COS-
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™IMak/]
(ICOS~/~) and B6.129P2-Icosl™Mak /] (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) »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 pg) was retro-transcribed using QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany). Expression of the IL-6, TNF-«, TGF-B, IL-33, IL-10, IL-4, IEN-y,
OPN, TREM1, TREM2, VEGF-&, ®-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 pL final volume containing 1 pL of diluted cDNA, 5 pL 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-ym 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 200x magnification. The positive areas for CD31,
fibroblasts, and collagen were calculated using the following formula: (positive area/ total
area) x100%. 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 pg/mL Matrigel-coated filters in serum-free medium in the presence or absence of
msICOS-huFc (2 pg/mL), composed by the extracellular portion of murine ICOS fused to
the Fc of human IgG1, or human F19ICOS-Fc (2 pg/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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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, F119S|COS-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-g 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 F1195]COS-Fc. Treatment of CLP-mice with ICOS-Fc also attenuated
the sepsis-induced local activation of FAK, P38 MAPK and NLRP3 infammasome.
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 1
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 fat, the role of ICOS-ICOSL
interaction has been poortly 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, itis 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 1COS 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—106). 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). Iz 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-a and IL-6 (22), and the NOD-like
receptor protein 3 (NLRP3) inflammasome, able to induce the
release of IL-1b and 11.-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
(LPS)

macrophages and lung tissues (25). Therefore, here we

receptor 4 upon lipopolysaccharide challenge in

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 expetimental

model of sepsis.

Material and methods
Animals and ethical statement

Inbred wild-type (WT, C57BL/6) mice, ICOSL knockout
mice (ICOSL-/~, B6.129P2-Icostm™Mak /1) TCOS knockout mice
(ICOS/-, B6.129P2-Icosm!Mak /1) and OPN  knockout mice
(OPN-/, B6.129S6(Cg)-Spp1tm1Bh /) 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 (20) 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 I./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 +
FISSICOS-Fc, 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 pg
cach), "1SICOS-Fc (100 pg each) or Vehicle (PBS, pH 7.4, 100 ul

cach) 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 06-Plex
(#MG6000007NY) assay (Bio-Rad, Kabelsketal, Germany). The
cytokines (IL-1b, II.-6, TNF-a, IFN-g, I1.-17 and I1.-10) were

measured following the manufacturet’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 wete 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
F1198]COS-Fc (100 ug) intravenously. At 24 h all parameters were analyzed.

500 ML 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 ML) were
assessed for MPO activity by measuring spectrophotometrically (650
nm) the H,O:-dependent oxidation of 3,3'5,5"-
tetramethylbenzidine (TMB). Bicinchoninic acid (BCA) protein
assay (Pierce Biotechnology Inc., Rockford, 1., 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 manufacturet’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 hat RT, followed by incubation with primary
antibodies at the dilution 1:1000., rabbit anti- Thr!80/anti-Tyr!82
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-Tyr397
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-D-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 31™ software (31). Data are
expressed as dot plots (for each mouse) and as mean = S.E.M
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 posz 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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induced sepsis caused striking increase of ALT, AST, creatinine
Results

and urea levels in WT type mice, and these levels were decreased

i i i by treatment with ICOS-Fc, but not "11SICOS-Fc. Levels of these
|ICOS-Fc-mediated immunomodulation markers were increased also in CLP ICOS~/- and ICOSL/- mice

attenuates clinical status and organ and urea levels were even higher in ICOS+/- than in WT mice. In

i nj u ry/dysfu nction tri gge red by se pSiS CLP ICOS"/- mice, treatment with ICOS-Fc significantly decreased

all these markers. In CLP OPN-/- mice, levels of these markers
Sepsis was induced by CLP in WT mice treated with vehicle,

ICOS-Fc or FIISICOS-Fc (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

wete significantly lower than in CLP WT mice.

ICOS-Fc administration modulates
experimental sepsis-induced
cytokine storm

drug in the absence of the endogenous ICOS.
The 6 cytokines were measured systemically in plasma

Results showed that, as expected, CLP-induced sepsis in WT . ) ] ;
mice led to a higher clinical severity score (Figure 2A) when safnples by u‘smg ! rnultlpléx array. Figure 4 Sh?WS that,in WT

mice, CLP-induced sepsis led to a cytokine storm with
significant increase of levels of IL-1b, IL-6, I1.-10, TNF-a, IFN-g
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 TNF-a, whereas F119ICOS-Fc
had no effect. Levels of IL.-1b, I1.-6, 11.-10, TNF-a, and IFN-g
were also increased in CL.P ICOS-/- and ICOSI./- mice at levels
similar to those observed in CLP WT mice. Moreover, CLP
ICOSL/- mice showed higher levels of 1I.-17 than Sham mice,
and CLP ICOS-/- mice displayed higher levels of TNF-a and,
especially, IL-10 than CLP WT mice. The CLP ICOS~/- mice
treated with ICOS-Fc significantly decreased levels of IL-1b, I1.-6
and IL-10 compared to the untreated counterparts. In CLP

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 F119SICOS-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 W 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.

. . L OPN-/- mice, the increase of these cytokines was in general
Figure 3 shows that results mirrored those shown in Fig.2: CLP-
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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 pg)
or F119S|COS-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; 4p<0.05 vs ICOS™ + Vehicle.
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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 pg)
or FI9|ICOS-Fc (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 + 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.

moderate, with levels of I1.-6, I1.-10, TNF-a and IFN-g higher
than in Sham mice, and levels of 11-1b and 1L-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 F119ICOS-Fc
treatment) in the kidney, but not in the liver. In the liver, MPO
activity was similatly 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
ICOS-/- and ICOSI./- 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®7 and p38 MAPK at Thr!80/
Tyr!$2 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 inflaimmasome, 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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FIGURE 4
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 pg) or F1195ICOS-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-a (C), IFN-g (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 + Vebhicle; #p<0.05 vs CLP +
Vehicle; 4p<0.05 vs ICOS™ + Vehicle.

molecules, and the increase was inhibited by mice treatment with
1ICOS-Fc (Figures 6H—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
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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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FIGURE 5
Effect of ICOS-ICOSL axis immunomodulation on sepsis-induced neutrophil (MPO activity) infiltration. 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 pg) or F119S]|COS-Fc (100 pg) intravenously. At 24 h, liver and kidney samples were harvested. Through an in vitro assay,
myeloperoxidase (MPO) activity was measured in liver (A) and kidney (B). Data are expressed as dot plots (for each animal) and as mean + S.E.M
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; 4p<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 23) 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 similatly, 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.

ICOS-Fc

ameliorated the clinical picture by significantly decreasing all these

Intriguingly, treatment with substantially
parameters of sepsis. The effect was specific since no protection
was detected following administration of F119SICOS- 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,
triggering of the endogenous ICOSL. However, the

effectiveness of ICOS-Fc not only in WT mice but also in ICOS-/-

to
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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
activities both 2 vitro and 7n vive (13, 15, 106, 19).

several anti-inflammatory

These results are in keeping also with recent findings
showing that ICOS-Fc protects against liver damage through a
shift of pro-inflammatory monocyte-detived macrophages to an
(20).
renoprotective effect triggered by ICOS-Fc treatment is supported

anti-inflammatory  phenotype In parallel, the direct
by a recent study showing a key role of ICOSL in preventing early
kidney disease, possibly through a selective binding to podocyte
avb3 integrin, in which ICOSL serves as an avb3-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 I1.-6 secretion (38).
showed that ICOS- Fc inhibits

several proinflammatory activities of OPN & vitro and in vivo

Moreover, several reports
(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
kidney (41). OPN

phosphorylated  extracellular protein, expressed and secreted

rogressive isease is an eavily
d heavily

by several cell types, including macrophages,
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FIGURE 6

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 pL), ICOS-Fc (100 pg) or F*9S|COS-Fc (100 pg) intravenously. At 24 h, liver and kidney samples were harvested, and total proteins

were extracted from them. Western blotting analysis for phosphorylation of Tyr

397

on FAK in the liver (A) and kidney (B) were normalized to total

FAK; Phosphorylation of Thr8%/Tyr!82 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 b-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
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.
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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, 1L.-6, TI.-
10, TNF-a and IFN-g. Moreover, increase of TNF-a and,
especially, TL-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 11.-
1b and TNF-a in WT mice and I1.-1b, I1.-6 and I11.-10 in ICO S~
that ICOS-Fc
downmodulates the cytokine storm in sepsis. In OPN~/- mice,

/- mice indicating substantially
increase of these cytokines was in general moderate, with a
significant decrease of IL-1b and I1.-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-a, 1L-6, IL-1b and 11.-17, which in turn
contribute to the cytokine storm and multiple organ failure (MOT)
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 vive (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-1b. 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
FI9SICOS-Fe. Intriguingly, increased MPO

recorded in liver homogenates from septic mice, regardless of

activity was

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 (40). 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 7n 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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therefore MOF to improve clinical outcomes.

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-1b 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

understanding of the molecular basis of ICOS-Fc-mediated
cffects is needed to harness its actions as a potentially powerful
immunomodulatory tool for counteracting inflammation and

organ injury in sepsis.
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Conclusions

The present thesis shows that ICOS-mediated triggering of ICOSL plays a role in the repair
phase of inflammation and that boosting this triggering using ICOS-Fc might be exploited to
reverse pathologic short circuits of inflammation such as those developing in sepsis and tumors.
These short circuits may involve unbalance of the molecular and functional interactions
between ICOS, OPN and ICOSL.

A key finding suggesting this possibility was that 1ICOS-Fc increases the physiologic
angiogenesis of wound healing whereas it inhibits the pathologic angiogenesis of tumors. This
discrepancy might be ascribed to involvement of different angiogenic mechanisms in the two
setting and, possibly, to a differential involvement of OPN, participating to the
ICOS/ICOSL/OPN network and playing an important role in tumor angiogenesis, compared to
other angiogenic factors such as VEGF playing a key role in wound healing-associated

angiogenesis.

In wound healing, 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. [1] 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 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 Fc receptors. 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
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macrophages. Therefore, ICOS-Fc and other molecules capable of triggering ICOSL might be

exploited to improve wound closure in patients with impaired tissue repair.

In sepsis, treatment with ICOS-Fc ameliorates the clinical picture and decreases organ damage.
These findings were confirmed by exacerbation of septic injury in knockout mice for the ICOS
and ICOSL genes. 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 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.

In multiple myeloma, 1COS and ICOSL are expressed on the tumor cells and sICOSL and
sICOS serum levels correlate with several markers of tumour burden, and high serum levels of
sICOS are an independent prognostic factor of shorter survival in patients with plasma cell
disorders. However, no data indicate correlations of the osteolytic lesions. The possibility that
ICOS/ICOSL signalling plays a role in MM development is supported by our in vivo
experiments showing that treatment with ICOS-Fc significantly inhibits the growth of MOPC-
21'°OSL tumours in mice. This effect may be due to inhibition of tumour angiogenesis, as
documented by the decreased tumour microvessel density displayed by tumours from mice
treated with ICOS-Fc. However, ICOS-Fc might also exert direct effects on myeloma cells by
inhibiting their migration, since ICOS-Fc inhibits 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 [2,3] and several other works showing that inhibition of ICOS function
on T cells impairs regulatory T-cell activity [4]. Given their ubiquitous distribution within the
tumour microenvironment and neoplastic cell surface, ICOS and ICOSL may represent

attractive therapeutic targets for MM [4].

In melanoma, we found that ICOS-Fc may be effective in combination therapies with cytostatic
agents (TMZ), and a kinase inhibitor (SOR) when loaded in nanoemulsions 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 combination 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. This approach might represent a potential

69



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.
Future Perspectives

The work reported in this thesis may be supported with additional experiments with the aim to
better understand the mechanisms activated by the ICOS/OPN/ICOSL system during the wound
healing process. For this aim, the wound healing experiment performed on WT mice can be
repeated by comparing mice KO for ICOS, OPN and ICOSL genes and dual KO mice
(ICOS/OPN KO mice, ICOSL/OPN KO and ICOS/ICOSL KO) and comparing the effects of
local treatment with ICOS-Fc or with OPN.

The in vivo experiments in multiple myeloma were quite preliminary and need to be improved
using a more relevant model in which myeloma cells grow inside the bone marrow and induce
the typical osteolytic lesions. These models should include the possibility to monitor the tumor
growth and osteolytic lesions by in vivo imaging and to increase the bone-targeting ability of

the drug-loaded nanoparticles.
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