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“ICOS-Fc, an innovaƟve immune modulator suggested as a new 

pharmacological strategy in a wide range of pathologies” 

CHIARA MONGE 

Department of Drug Science and Technology (Turin, Italy) 

ABSTRACT 

 

Inducible T-cell cosƟmulator (ICOS) upon binding to its ligand (ICOSL), which was found widely cells 

expressed, can mediate several immune responses and trigger bidirecƟonal signals on ICOSL 

expressing cells leading to ICOS/ICOSL targeƟng in many different pharmacological fields. 

The aim of this study was to invesƟgate the therapeuƟc potenƟaliƟes of ICOS-Fc, a recombinant form 

of ICOS, studying its effect upon ICOS/ICOSL system triggering in seƫngs different from the immune 

system.  

Promising results showed that ICOSL has a central role in Ɵssue repair. Since it is able to trigger 

ICOSL, ICOS-Fc showed itself able to improves cutaneous wound healing by increasing angiogenesis, 

enhancing fibroblasts and reparaƟve macrophages recruitment. 

Despite ICOS/ICOSL system has been poorly invesƟgated in sepsis context, surprising ICOS-Fc effect 

emerged on the complex interplay of hyperinflammaƟon and immunosuppression host response 

developing in sepƟc paƟents. ICOS-Fc treatment showed to be able to significantly ameliorate the 

clinical sepsis context and, moreover, the plasma level of ALT, AST, creaƟnine and urea reported how 

ICOS-Fc treatment was able to protect from liver and renal injury or dysfuncƟon sepsis caused.  

Choosing ICOS/ICOSL pathway as a pharmacological target for anƟtumor therapies hold a great 

promise for cancer therapy as well. In this regard, ICOSL triggering by ICOS-Fc hampered 

adhesiveness and migraƟon of dendriƟc, endothelial, and tumor cells in vitro and metastaƟc 

disseminaƟon in vivo. On the other side, the inhibiƟon of tumor growth was reached only when 

ICOS-Fc was encapsulated into nanodelivery system. All these previous findings were confirmed also 

in myeloma mulƟple context. Indeed, ICOS-Fc was able to inhibit migratory property of MM cell line 

expressing high level of ICOSL. Furthermore, when ICOS-Fc was loaded into PLGA, it significantly 

counteracted tumor growth in MM subcutaneous in vivo model.   

In addiƟon, the ICOS-Fc anƟtumor effects were studied more in depth considering the involvement 

of OPN, another important player in the ICOS/ICOSL axis. Intriguingly, the OPN or ICOS different 

interacƟons exert opposite ICOSL triggering effects: OPN support metastasis and angiogenesis, 
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which is dominantly inhibited by ICOS. The in vitro migraƟon assay and the in vivo evaluaƟon of 

melanoma lung metastasis spreading were performed comparing the metastasizing capability of 

lower or higher ICOSL expressing melanoma cells. The results confirmed that melanoma cell 

migraƟon induced by OPN is strictly correlated to ICOSL expression, while ICOS-Fc was significantly 

able to inhibit it.  

The promising ICOS-Fc anƟtumor effect observed supported its potenƟal applicaƟon in combined 

cancer therapies and highlighted nanotechnology strategy as a precious tool to improve its 

therapeuƟc efficacy. Important findings are here reported regarding the involvement of ICOS-Fc in 

an innovaƟve drugs combinaƟon with SOR and TMZ co-loaded in injectable nanoemulsions for total 

parental nutriƟon (Intralipid© – IL) or in β-cyclodextrin based nanosponges (NS) loaded with GEM 

(NS[GEM+ICOS-Fc]). They were used to opƟmize melanoma or pancreaƟc cancer therapy 

respecƟvely. In both case the results collected highlighted the important ICOS-Fc contribuƟon. For 

the IL-polychemotherapy proposed, it consisted of an immunosƟmulatory and anƟangiogenic 

acƟvity with an opƟmally synergic effect with the other drugs loaded in the nanodelivery system. 

Compared to free drugs administraƟon, the IL-loading drugs MIX showed an increased inhibiƟon on 

melanoma cell invasion in vitro and significant tumor growth inhibiƟon in vivo.  

In pancreaƟc cancer scenario, ICOS-Fc involvement in a combinaƟon therapy depicted a promising 

strategy to overcome pancreaƟc cancer drug resistance, as a suitable alternaƟve to only GEM 

standard treatment. The GEM loading into NS funcƟonalized with ICOS-Fc enhanced its cancer cells 

viability and proliferaƟon inhibiƟon in both 2D and 3D model, depicƟng a more efficient 

internalizaƟon of the system proposed compared to GEM administered in free form.  The migraƟon 

experiments in both staƟc and dynamic condiƟon highlighted a significant NS[GEM+ICOS-Fc] anƟ-

invasion effect. These results gained even more weight for GEM resistant cells on with GEM in free 

form was even able to induce cell migraƟon and metastaƟzaƟon. Furthermore, the synergist effect, 

resulted from the ICOS-Fc anƟ-invasion with the GEM anƟproliferaƟve one, was highly supported by 

the results collected by the MIVO dynamic migraƟon assay performed. Indeed, it suggested the β-

cyclodextrin-NS loaded with ICOS-Fc as a valid strategy that might improve the GEM efficacy in 

pancreaƟc cancer treatment. 

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

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

 

Keywords: ICOS:ICOSL system; immunomodulaƟon; chemo-immunotherapy; nanodelivery system 
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AML-MRC: AML with myelodysplasia-related changes 

APCs: anƟgen presenƟng cells 
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BTB: blood-brain tumor barrier 

BVZ: bevacizumab 

CDNS: -cyclodextrin nanosponges 

CIT: chemo-immunotherapy 

CLP: cecal ligaƟon and puncture surgery 

CNS: central nervous system 

CRC: colon rectal cancer  

CTLA-4: Cytotoxic T-Lymphocyte Associated Protein 4 

CVID: common variable immunodeficiency 

DCs: DendriƟc cells (immature iDCs; mature mDCs)  

DLS: dynamic light scaƩering 

ECs: Vascular Endothelial cells 

ECM: extracellular matrix  

EMT: epithelial-to-mesenchymal-transiƟon  

EPR: enhanced permeability and retenƟon effect 

ERK: extracellular signal-regulated kinase 

FA: folate acid 

FAK:  focal adhesion kinase 
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5-FU: 5-fluorouracile 
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Nrf2: nuclear factor erythroid 2-related factor 2 
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PD1: Programmed Cell Death 1 
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RA: Rheumatoid arthriƟs  
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RAP: rapamycin 

SLE: Systemic Lupus Erythematosus 

SMM: smouldering mulƟple myeloma 

sICOS: soluble ICOS 

sICOSL: soluble ICOSL 

SLNs: solid lipid nanoparƟcles 
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SOR: sorafenib 

sRANKL: soluble RANKL 

t-AML: therapy-related AML 

T1D: type 1 diabetes 

TCR: T cell receptor 

TĬ :T follicular helper cells 

Treg: T regulatory cells 

TMD: tumor micro-vessel density 
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VEGF: vascular endothelial growth factor 
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1. AIM 
 

 

My thesis aim was to invesƟgate the therapeuƟc potenƟaliƟes of ICOS-Fc, studying its effect through 

ICOS/ICOSL system triggering in cells not belonging to immune system. 

The specific objecƟves were: 

1) Studying ICOS-Fc as a novel player in ICOSL triggering promising pharmacological 

applicaƟons, such as Ɵssue repair, in sepsis and cancer contexts 

2) Studying ICOS-Fc different nanoformulaƟons as novel strategies in immune combinaƟon 

cancer therapy  

 

The experiments, whose data are here reported, were performed in the laboratory of Pharmacology 

in the Department of Drug Science and Technology (University of Turin, Italy), in the laboratory of 

Immunology in the Department of Health Science (University of Novara, Italy) and in the laboratory 

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

The project I worked on was in collaboraƟon with different research groups, such as those of Prof. 

Umberto Dianzani (Department of Health Science - University of Novara), Prof. Stefania PizzimenƟ 

(Department of Clinical and Biological Sciences - University of Turin), Prof. Roberta Cavalli 

(Department of Drug Science and Technology - University of Turin), Prof. Luigi BaƩaglia (Department 

of Drug Science and Technology - University of Turin) and Prof. Caterina Guiot (Department of 

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

2.1 ICOS  

 

ICOS is an inducible T-cell co-sƟmulator receptor, originally discovered in 1999 on the surface of T 

cells upon T-cell receptor (TCR) sƟmulaƟon. It is a homodimeric protein, of a molecular weight of 

55∼60 kD approximately and third member of the CD28 family, next to CD28 and CTLA-4. If CD28 

role is enhancing T-cell funcƟons essenƟal for an effecƟve anƟgen-specific immune response, on the 

other side a counterbalance, essenƟal to prevent an oversƟmulaƟon of the lymphoid system, is due 

to the homologous CTLA-4 mediated signals (Brown, 2012; Liu Jie et al., 2014; Boggio et al., 2016).  

It has been found involved in several diseases including atherosclerosis, chronic inflammatory 

diseases, and several autoimmune diseases (Hutloff et al., 1999). 

In this regard, CD28 and ICOS share many similariƟes in structure and funcƟon. Indeed, they act 

likewise during expansion, survival and differenƟaƟon of T-cells and they are both necessary for 

proper IgG responses (van Berkel & Oosterwegel, 2006). The major difference is shown by the fact 

that ICOS cannot be consƟtuƟvely expressed on resƟng T-cells (Li & Xiong, 2020). However, it shares 

with CD28 the capacity to induce, when highly expressed on acƟvated T-cells, similar amount of 

cytokines, such as IFN, TNF(Th1) and IL-4, IL-10, IL-5, IL-13 (Th2) and IL-17 (Th17) responsible for 

T-cell differenƟaƟon (Hutloff et al., 1999; Park et al., 2005). Several invesƟgaƟons reported its 

expression on Th1, Th2, Th17, T follicular helper (TĬ) cells, T follicular regulatory (Tfr) cells, Tregs, 

type 1 regulatory T (Tr1) cells, and innate lymphoid cells (ILCs) (D. Y. Li & Xiong, 2020b). Its wide 

distribuƟon on T-cells populaƟon highlighted its relevant role in immune responses. Indeed, once 

triggered, it regulates T-cell acƟvaƟon in lymphoid organs and T-cell funcƟon at inflammaƟon sites 

by supporƟng the differenƟaƟon of regulatory T-cells (Treg) and type 17 T helper cells (Th17). 

Moreover, it modulates TĬ cells funcƟon and CD8+ cell-mediated response to tumors and 

intracytoplasmic pathogens (Clemente et al., 2020).  

ICOS has a unique ligand, ICOSL (also named B7RP-1, B7h, B7-H2, B7-like protein GI50, GL50, 

KIAA0653, LICOS or CD275), which was firstly detected on a small subset of T-cells, accounƟng 5% of 

CD3+ T cells and discovered being expressed on the surface of mulƟple cells types, such as anƟgen 

presenƟng cells (APCs), B cells, dendriƟc cells (DCs), macrophages and other cell types from non-

lymphoid Ɵssue, including fibroblasts, vascular endothelial cells (ECs) and epithelial cells (Yoshinaga 

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

 

Considering ICOSL widely distribuƟon, it could be easily explained why ICOS/ICOSL pathway was 

found involved in mediaƟng several immune responses (Nurieva, 2005; Dianzani et al., 2010) and 

how much anƟ-ICOS/ICOSL monoclonal anƟbodies could show an excellent potenƟal in several 

clinical applicaƟons (D. Y. Li & Xiong, 2020a).  

Co-sƟmulatory pathways were studied as a natural target for immunotherapy in autoimmune 

diseases. It has been well documented the strict relaƟonship between an increased expression of 

ICOS bearing TĬ cells and several autoimmune disorders. ICOS ligaƟon induces the expression of 

numerous cytokines, including IL-21, which is criƟcally required for the TĬ cells formaƟon and 

funcƟon (Gigoux et al., 2009). The abnormal humoral responses caused by ICOS-induced over-

release of IL-21 is what detected in Systemic Lupus Erythematosus (SLE) and others autoimmune 

condiƟons (Edner et al., 2020). The SLE is a chronic autoimmune disease characterized by mulƟorgan 

damage and life-threatening consequences caused by altered producƟon of inflammatory cytokines 

and autoanƟbodies. Antagomir-21, niclosamide and prezalumab are examples of potenƟal 

immunomodulaƟon drugs able to act on TĬ cell-mediated autoimmune response, thus recently 

proposed as novel pharmacological strategies for SLE treatment (O’Dwyer et al., 2018; Jang et al., 

2021; Gao et al., 2022). 

Increased ICOS expression has been idenƟfy responsible of the pathological synovial inflammaƟon, 

hyperplasia, and carƟlage destrucƟon in mulƟple joints of paƟents affected by rheumatoid arthriƟs 

(RA) (Lu et al., 2021; Weyand & Goronzy, 2021). The growing understanding of ICOSL biology 

promoted its use also in RA as a viable therapeuƟc target next to the commonly used 

TNFantagonist therapy. Clear evidence of that is shown by the interesƟng findings of Ronan 

O’Dwyer research group, who proved the efficacy of anƟ-mouse ICOSL domains in a collagen-

induced mouse model of RA (O’Dwyer et al., 2018). 

Immunotherapy was widely invesƟgated as a potenƟal treatment opƟon for type 1 diabetes (T1D), 

considered as suitable strategy to forestall or reverse the destrucƟon of β-cells through immune 

system manipulaƟon. A long Ɵme of research was focused on studying the T-cell differenƟaƟon 

involvement in the development of autoimmunity in T1D. The findings highlighted an elevated 

expression of archetypal TĬ molecules, including CXCR5, IL-21, PD-1, ICOS, and BCL6 in memory T-

cells of T1D paƟents (Kenefeck et al., 2015), which were carefully taken into account as potenƟal 

pharmacological target (Singh Akash et al., 2023). 
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TargeƟng cosƟmulatory molecule was deeply studied also in Primary Sjögren's syndrome (pSS), a 

systemic autoimmune disease characterized by a lowered salivary secreƟon, due to an abnormal 

acƟvaƟon of T and B cells, next to the periductal lymph cells infiltraƟon in the lacrimal and salivary 

gland Ɵssues (Manoussakis & Moutsopoulos, 2000). The work by Ping Li et al (P. Li et al., 2022) 

showed how the salivary weight was negaƟvely correlated with the expression of ICOS in paƟents 

with pSS. Next to its potenƟal use as pharmacological target, it has been suggested also as an 

alternaƟve candidate for pSS diagnosis. 

On the other side, an ICOS deficiency has been associated with a severe reducƟon in circulaƟng 

memory T helper cells, which results in a progressive loss of B cell repertoire and an increased rate 

of variable immunodeficiency scenario (Grimbacher et al., 2003; Salzer et al., 2004; Bossaller et al., 

2006; Warnatz et al., 2006; Yong et al., 2009). The importance of T-cell cosƟmulatory molecules in 

host defense is highlighted much more when ICOS deficiency promote defecƟve Th1, Th2, and Th17 

T-cell cytokine producƟon and/or impaired acƟvaƟon of macrophages, which express ICOS ligand, 

occurs and is responsible to  contribute opportunisƟc infecƟons. Human ICOS mutaƟons were found 

involved in anƟbody deficiency contexts, such as those described in common variable 

immunodeficiency (CVID). CVID paƟents are predisposed to recurrent bacterial infecƟons of the 

respiratory and gastrointesƟnal tract, due to their markedly reduced serum levels for IgG and IgA or 

IgM, an impaired ability to specific anƟbody producƟon aŌer vaccinaƟon or exposure, and exclusion 

of secondary causes for anƟbody deficiency (Salzer et al., 2004; Warnatz et al., 2006). Indeed, the 

current therapy prevenƟng most CVID-predisposed infecƟons is the regular administraƟon of Ig 

(Remiker et al., 2023). However, all findings confirming the criƟcal role of ICOS/ICOSL interacƟon in 

germinal center formaƟon, anƟbody producƟon and B-cell survival encouraged the research for 

more geneƟc defects in CVID, both upstream and downstream of the ICOS/ICOSL pathway and 

beyond (Yong et al., 2009). 

 

2.3 ICOS/ICOSL bidirecƟonal signal 

 

ICOS/ICOSL axis can elicit a bidirecƟonal signal, acƟng on ICOSL-expressing cells (Mak et al., 2003; 

Tang et al., 2009).  

For instance, it was found playing an important role in the development and biological funcƟons of 

dendriƟc cells (DCs). This are the only type of APCs that can transfer informaƟon from the outside 

world to the cells of the adapƟve immune system. They play a crucial role not only for inducing 
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primary immune responses, but also for relevant involvement in immunological tolerance 

(Banchereau et al., 2000). Indeed, they were found responsible of regulaƟng the type of T cell–

mediated immune response, such as the sensiƟzaƟon of MHC-restricted T-cells, the rejecƟon of 

organ transplants, and the formaƟon of T-dependent anƟbodies and cytokines release (Banchereau 

et al., 2000; Tang et al., 2009; OcchipinƟ et al., 2013). 

In this regard, reverse signaling mediated by B7h has been studied as strategy to modulate DCs 

funcƟon with effects on their maturaƟon, adhesiveness and migratory ability, and their recruitment 

into Ɵssues (OcchipinƟ et al., 2013). 

More recently, ICOS/B7h interacƟon has been detected in important modulaƟon of OCs funcƟons, 

which, similarly to DCs, are cells deriving from the monocyte lineage (Boggio et al., 2021). OCs are 

giant cells formed by cell-cell fusion of monocyte-macrophage precursors playing a crucial role in 

bone metabolism, acƟng next to osteoblasts (OBs) and osteocytes. The OCs funcƟon and its 

pathological increased acƟvity was deeply invesƟgated in pathological bone metabolism condiƟons, 

such as osteoporosis and RA bone pathologies, and the osteolyƟc bone metastasis of solid cancers 

(Myeloma MulƟple - MM). As ICOSL expressing cells, OCs were found to be potenƟally driven by 

ICOS/ICOSL bidirecƟonal signals, highlighƟng how much the immune system results involved in the 

complex bone remodeling process (Giglioƫ et al., 2016). 

Moreover, recent findings showed how ICOSL expression levels on tumor infiltraƟng T-cells were 

correlated with paƟent survival (Zhang et al., 2016). In addiƟon, both ECs and several kinds of tumor 

cells lines were found expressing ICOSL and interesƟngly involved in the ICOS/ICOSL reverse signaling 

of cancer development. The complex interplay between the tumor and the microenvironment 

supports cancer progression promoƟng cancer cells growth, angiogenesis, invasion and 

disseminaƟon (Weis & Cheresh, 2011; Dianzani et al., 2014). In parƟcular, a successful cancer 

metastasis spreading appears when tumor cells can invade the extracellular matrix and intravasate 

taking root into healthy Ɵssues. This is the most dangerous cancer skill, responsible of depicƟng 

higher rate of tumor aggressiveness and poor therapy outcomes. In the cells movements across the 

Ɵssues both ECs, correlated to inflammatory and immune responses leukocyte recruitment into 

Ɵssues, and tumor cells assume a crucial role. 

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

pharmacological use of ICOSL as a potenƟal target in anƟneoplasƟc therapy as well. 
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3. ICOS-Fc 

 

In the extensive search of interactors of ICOS/ICOSL system as immunomodulatory drugs, ICOS-Fc 

stood out with its several promising pharmacological applicaƟons. It is a recombinant protein 

consisƟng of Fc porƟon of IgG1 and two molecules of the extracellular porƟons of ICOS, whose was 

found able to modulate the funcƟon of several human cell types acƟng on ICOS/ICOSL axis.  

In vitro ICOS-Fc showed itself able to modulate human monocyte-derived DCs funcƟons. OcchipinƟ 

et al. (2013) demonstrated that ICOS-Fc is capable to substanƟally block ICOS/ICOSL interacƟon, 

resulƟng in counteracƟng the adhesion of both iDCs and mDCs (immature and mature respecƟvely) 

to vascular and lymphoid ECs and their spontaneous and chemokine-driven migraƟon. DramaƟcally 

increased migraƟon of DC, due to higher moƟlity and responsiveness to lymph tropic 

chemoaƩractant, occurs during infecƟon and inflammaƟon scenarios (Banchereau et al., 2000). In 

this regard, the inhibiƟon of  iDCs migraƟon was found as a relevant ICOS-Fc effect, essenƟal for 

arresƟng these cells in the inflamed Ɵssues and in the secondary lymphoid Ɵssues, where they can 

support the differenƟaƟon of Th17 cells and highly inflammatory cytokine release (OcchipinƟ et al., 

2013). 

How it has been menƟoned, ICOSL has been detected also on OCs (Boggio et al., 2021) and recent 

findings depicted ICOS-Fc potenƟal pharmacological applicaƟon in some bone pathologies. The 

immune system was found involved in the complex bone remodeling process, since it showed itself 

able to regulate OCs and OBs cells funcƟons through cytokine acƟvity and surface receptors. Several 

inflammatory cytokines, such as TNF, IL-1, IL-6 and M-CSF were found able to upregulate the 

expression of the receptor acƟvator of NF-kB (RANK) ligand (RANKL) and inducing OCs acƟvity. In 

addiƟon, Th cells were found having a crucial role in the immune control of bone formaƟon. In 

parƟcular, Th17 cells express high level of RANKL and secrete IL-17, which induces the expression of 

RANKL and recruitment of inflammatory cytokines. These are some of the key players responsible of 

the progressive bone loss showed in osteoporosis and RA pathologies and the osteolyƟc metastasis 

of MM cancer scenario. InteresƟng findings showed its capability to inhibit the osteolyƟc acƟvity of 

human monocyte-derived OC-like cells (MDOCs) in vitro, detected by decreased expression of TRAP, 

OSCAR, DC-STAMP and NFATc1 in cells ICOS-Fc treated. These data were supported by in vivo results 

showing that treatment with ICOS-Fc strikingly inhibits the systemic bone reabsorpƟon in 

ovariectomized or soluble RANKL-treated mice. These findings suggested a novel field in the 

pharmacological use of agonist and antagonist of the ICOS/ICOSL system (Giglioƫ et al., 2016). 
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In addiƟon, ICOS-Fc was proposed as a novel immunomodulatory drug capable to play a large role 

in the immune inflammatory response and cancer metastasis disseminaƟon as well. Dianzani et al. 

(2010) demonstrated that ICOS-Fc can significantly counteract the adhesion of ECs to both several 

tumor cell lines and polymorphonuclear cells (PMNs) (Dianzani et al., 2010). Among the several 

molecules expressed by ECs and which are involved in T-cell acƟvaƟon, ICOSL is expressed at low 

level and upregulated upon acƟvaƟon (Khayyamian et al., 2002). The ECs-T cells interacƟon has been 

involved in acƟvaƟon of the memory adapƟve immune response, graŌ rejecƟon and even 

recruitment of Ag-specific effector T-cells in sites of infecƟon.  

The promising effect of ICOS-Fc highlighted how ICOSL triggering in ECs is involved in immune and 

inflammatory response. Upon ICOSL triggering and during their extravasaƟon into inflamed Ɵssue, 

ICOS+ T-cells may modulate ECs adhesiveness. For instance, the inhibiƟon of PMN adhesiveness 

switches this interacƟon on one side promoƟng an acute-type inflammaƟon driven by PMNs and 

macrophages, on the other side a chronic-type inflammaƟon driven by lymphocytes and 

macrophage (Dianzani et al., 2010). 

First evidence showing ICOS-Fc potenƟal applicaƟon against cancer spreading came out by ICOS-Fc 

in vitro acƟvity demonstrated on E-selecƟn signaling. ICOS-Fc was found able to inhibit ERK and p38 

axis acƟvaƟon. Those are key player, induced in ECs trough proadhesive sƟmuli, responsible of 

enhancing endothelial permeability and enabling transedothelial migraƟon of cancer cells. Thus, 

ICOS-Fc showed how ICOSL triggering could result in anƟadhesive effects, due to an interference 

with ERK and p38 signaling pathway (Dianzani et al., 2010). 

Subsequently, addiƟonal research contributed to describe more ICOS-Fc anƟtumor effects, 

supporƟng its use in novel immunocancer therapies. Striking results showed that ICOS-Fc was 

capable to inhibit epithelial-to-mesenchymal-transiƟon (EMT) and migraƟon in vitro, as well as 

metastasis in vivo. As it is well known EMT is promoted by cancer cells in order to acquire invasive 

and metastaƟc proprieƟes, several reports showed its involvement with epithelial cells disrupƟon of 

intercellular contacts, inducƟon of cell moƟlity, survival and proliferaƟon (“invasive growth”) (Son & 

Moon, 2010). ICOS-Fc showed itself able to strongly counteract the HGF-induced migraƟon, by 

preserving the cell epithelial morphology and protecƟng them from cells scaƩer HGF-induced 

(Dianzani et al., 2014). 

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

showed lowered lung metastasis formaƟon whether injected with a human (CFPAC-1 Luc) or a 



18 
 

mouse (B16-F10) tumor cell line. This suggested that the effect was ascribable to ICOSL triggering 

on both kind of tumor cells, as well as ECs (Dianzani et al., 2014). 

Moreover, in ECs and tumor cells ICOSLhigh, ICOSL triggering by ICOS-Fc inhibits the phosphorylaƟon 

of focal adhesion kinase (FAK), a cytoplasmic tyrosine kinase highly expressed in numerous cancers, 

regulaƟng several tumorigenic pathways, and is able to promote a downmodulaƟon of -Pix, which 

is a Rac-1 acƟvator required by acƟvated integrins and rapid nascent adhesion turnover (Kuo et al., 

2011; Dianzani et al., 2014).  Considering that the overexpression and acƟvaƟon of both of them are 

found in several human cancers and have been involved in cancer migraƟon, invasion, EMT and 

angiogenesis (J. Zhao & Guan, 2009), those findings highlighted more in depth ICOSL triggering by 

ICOS-Fc immunomodulaƟon potenƟaliƟes. 

With a in depth evaluaƟon of all these data collected, ICOSL-mediated signaling responsible of cell 

invasion could be analyzed not only in the tumor progression context, but also in physiological 

processes, such as Ɵssue remodeling during embryonic development and skin wound healing.  

 

 
Figure 1: Summary scheme of ICOS-Fc mulƟple applicaƟons 

 

3.1 ICOS-Fc applicaƟon in wound healing 
 

Skin wound healing starts immediately aŌer injury and involves three phases. The inflammatory 

phase is the first one, in which platelets tend to aggregate and sequenƟal infiltraƟon of inflammatory 

cells is induced at the wound site (Guo & DiPietro, 2010). The second proliferaƟve phase, which 
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generally follows and overlaps with the inflammatory one, consists in the formaƟon of granulaƟon 

Ɵssue and re-epithelializaƟon. In the reparaƟve dermis, fibroblasts and endothelial cells are the most 

highly recruited cells, which support capillary growth, collagen and granulaƟon Ɵssue formaƟon at 

the site of injury. Within the wound bed, fibroblasts produce major components of the extracellular 

matrix (ECM), like glycosaminoglycans and proteoglycans. Following robust proliferaƟon and ECM 

synthesis, wound healing enters the final remodeling phase, during which the vascular density of 

the wound returns to normal and the ECM remodeling ends to an architecture approaching that of 

normal Ɵssue. This could be achieved allowing the reorganizaƟon of the connecƟve Ɵssue in order 

to promote scar formaƟon (Singampalli et al., 2020; Stoppa et al., 2022). 

The immune system plays a central role in orchestraƟng the Ɵssue healing process (Larouche et al., 

2018), this could be confirmed by macrophages, which were found to play mulƟple roles in wound 

healing process. In the early wound, they release cytokines promoƟng inflammatory response by 

recruiƟng and acƟvaƟng addiƟonal leukocytes. They are responsible for clearing apoptoƟc cells and 

promoƟng successively the Ɵssue regeneraƟon undergoing a phenotypic transiƟon to a reparaƟve 

state that sƟmulate keraƟnocytes, fibroblasts, and angiogenesis (Meszaros et al., 2000; Mosser & 

Edwards, 2008; ). 

Upon inflammatory cells and macrophages, T lymphocytes migrate into wounds as well, it is usually 

registered their peak during the late-proliferaƟve/early-remodeling phase. Hence, in the design of 

novel therapeuƟc strategies promoƟng Ɵssue repair, much more targeƟng relevance is giŌed to the 

immune system role and the advantage achievable with its modulaƟon (Larouche et al., 2018).  

Maeda et al. (2011) demonstrated how important is the role of T-cell cosƟmulatory molecules in 

wound healing (Maeda et al., 2011). A significant delay in skin wound healing was detected in mice 

with disrupƟon of the ICOS/ICOSL pathway. The loss of ICOS and/or ICOSL showed to negaƟvely 

affect the recruitment of all cells types necessary for repairing the wound, such as infiltraƟng T-cells, 

macrophages, and neutrophils and was correlated to suppressed keraƟnocyte migraƟon (epithelial 

gap), granulaƟon Ɵssue formaƟon, angiogenesis, and myofibroblast proliferaƟon. Several authors 

demonstrated the key role of ICOS/ICOSL system in lymphocytes migraƟon and how crucial is the 

cytokines, chemokines, grow factors supplying in handling cell movement in wound healing 

inflammatory response (MarƟn, 1997; Kondo & Ishida, 2010; Brancato & Albina, 2011; Maeda et al., 

2011). 

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

collagen deposiƟon, and angiogenesis at wound site (Maeda et al., 2011; Johnson et al., 2020). 



20 
 

Moreover, an impaired or accelerated wound healing process is correlated to a reduced/absence or 

increased number of Ɵssue-repairing macrophages respecƟvely (Danon et al., 1989). It has been 

recently demonstrated how ICOSL acƟvaƟon could modulate human M1 and M2 cells acƟvity and 

promote Ɵssue repair, thanks to the overall anƟ-inflammatory effect achieved with the M2-like 

macrophages recruitment at the wound site (Giglioƫ et al., 2023). 

Therefore, the local wound inflammatory response could be managed by T-cells not only by 

producing cytokines but also triggering ICOSL signaling on macrophages. According to the data 

collected it was suggested that ICOSL-M1 interacƟon in the first inflammatory phase would induce 

increased secreƟon of IL-23, which induces a type 3 response and the neutrophil recruitment, while 

acƟvaƟng ICOSL on M2 cells would consist in IL-10 and CCL3 increased secreƟon in the second phase, 

which again would promote the neutrophils recruitment supporƟng the removal of Ɵssue debris and 

the release of pro-angiogenic factors (L. Chen et al., 2018). 

StarƟng from the proved evidence that ICOSL triggering by ICOS drives a “reverse signal”, acƟng on 

ICOSL-expressing cells, including APC, acƟvated ECs, epithelial cells, fibroblasts and keraƟnocytes 

(Sharpe & Freeman, 2002; Yoshinaga Steven K. et al., 1999), ICOS-Fc was proposed and tested as an 

immunomodulator potenƟally useful for cutaneous wound healing improvement, since capable of 

inducing angiogenesis and recruitment of reparaƟve macrophages. During my PhD years promising 

findings were collected on this research topic, which were performed in collaboraƟon with the 

laboratory of Professor Umberto Dianzani of the UPO University (Novara). 
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ICOSL SƟmulaƟon by ICOS-Fc Accelerates Cutaneous Wound Healing In Vivo 
 
Background: Wound healing is a complex biological process that consists of hemostasis, 

inflammaƟon, proliferaƟon, and remodeling phases. A wide numbers of cell types are involved in 

this process and the immune system is a key player acƟvely parƟcipaƟng to reestablish homeostasis 

following Ɵssue injury via mulƟple mechanisms. ICOS/ICOSL involvement in Ɵssue repair has been 

already demonstrated (Maeda et al., 2011), proving that the disrupƟon of the ICOS/ICOSL pathway 

dramaƟcally delayed skin wound healing in mice, due to a markedly reduced numbers of infiltraƟng 

T-cells, macrophages, and neutrophils into wounds and decreased producƟon of IL-6 (Johnson et al., 

2020). 

Aim: The aim of this work was evaluaƟng the in vivo effect of ICOS-Fc, a recombinant soluble form 

of ICOS, on skin wound healing. 

Methods: The effect of human ICOS-Fc on wound healing was previously assessed performing an in 

vitro scratch assay on HaCat human keraƟnocytes expressing ICOSL, but not ICOS. A linear scratch 

was performed on a confluent cell monolayer, which was then cultured in serum free medium (to 

minimize cell proliferaƟon) with or without ICOS-Fc or human F119SICOS-Fc, mutant form of ICOS-Fc 

unable to bind ICOSL. The in vivo evaluaƟon of ICOS-Fc effect was conducted performing a wound 

healing assay firstly on wild type (WT) mice C57BL6/J, evaluaƟng fibroblast migraƟon, the collagen 

deposiƟon, vessel density and infiltraƟon of inflammatory cells (histological staining and mRNA level 

through real Ɵme PCR). 

Successively, the in vivo wound healing was performed including ICOS−/− and ICOSL−/− knockout 

mice and NOD-SCID-IL2R null (NSG) mice, lacking T, B and NK cells. All the animals were wounded 

on their back using a 4mm puncher, treated daily and monitored for 12d. 

Results: In vitro treatment of ICOS-Fc significantly enhanced HaCat wound closure in scratch assay, 

showing a completely opposite effect of ICOS-Fc on cell migraƟon, whose inhibiƟon effect has been 

previously demonstrated on several kind of cells (ECs and tumor cell lines) (Dianzani et al., 2010; 

OcchipinƟ et al., 2013; Dianzani et al., 2014).  

ICOS-Fc in vivo experiments showed how ICOS-Fc treatment on wild type mice significantly improved 

wound closure in the first six days of the treatment. In absence of ICOS-Fc treatment all knockout 

mice showed a substanƟal healing delay, compared to wild type mice, suggesƟng the important role 

of ICOS/ICOSL system and mediated cells recruitment. Moreover, ICOSL triggering relevance in 

driving Ɵssue repair stood out from the totally negligible ICOS-Fc effect observed in ICOSL -/- treated 
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animals. On the other side, it significantly improves wound closure in both ICOS-/- and NGS mice 

and again in the iniƟal part of the healing (1-6d). 

The histological staining of fibroblast and collagen showed that ICOS-Fc treatment promote Ɵssue 

repair, inducing an increased fibroblast migraƟon, but not scar formaƟon suggested by an 

unchanged collagen deposiƟon.  

Moreover, surprising was the enhanced wound angiogenesis found in mice treated with ICOS-Fc, 

since it previously showed ability to curb neoplasƟc angiogenesis in several mouse tumor types 

(Dianzani et al., 2010; Clemente et al., 2020). Differently, in the wound healing scenario, the ICOS-Fc 

treatment led to an upregulaƟon of CD31 and VEGFof skin samples with an increased T-cell 

recruitment. 

Likewise intriguing was the increased macrophages wound recruitment, which was detected 

studying ICOS-Fc effect on in vitro migraƟon of M1 and M2 macrophages. Differently from how it 

inhibited the migraƟon of all cell types analyzed Ɵll then (Dianzani et al., 2010; OcchipinƟ et al., 

2013; Dianzani et al., 2014; Raineri et al., 2020; Boggio et al., 2021;  Raineri et al., 2022), ICOS-Fc 

promoted a higher M2-like reparaƟve macrophages migraƟon, compared to M1-like inflammatory 

macrophages.  

On the other side, the ICOS-Fc treatment was correlated to a decreased neutrophils recruitment, 

confirming its capability to inhibit neutrophil adhesion to ECs, affecƟng their recruitment to inflamed 

Ɵssues (Dianzani et al., 2010). 

Finally, ICOS-Fc strictly increased IL-6 expression at day 2, supporƟng the ICOSL-induced IL-6 

producƟon, responsible of a substanƟal improvement of Ɵssue repair. 

Conclusion: Promising results showed that ICOSL has a central role in Ɵssue repair. Since it is able to 

trigger ICOSL, ICOS-Fc showed itself able to improves cutaneous wound healing by increasing 

angiogenesis, enhancing fibroblasts and reparaƟve macrophages recruitment. 
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3.2 ICOS-Fc applicaƟon in sepsis 
 

Although ICOS/ICOSL system has been poorly invesƟgated in sepsis context, surprising data were 

collected evaluaƟng ICOS-Fc effect on the complex interplay of pro- and anƟ-inflammatory host 

response developing in sepƟc paƟents.  

Sepsis is one of the most frequent causes of death worldwide and there is sƟll no specific treatment 

available (Rudd et al., 2020; Fleischmann-Struzek & Rudd, 2023). It is a life-threatening medical 

emergency characterized by hyperinflammaƟon, largely driven by innate immune cells, and 

immunosuppression, mainly affecƟng adapƟve immunity, whose altered interplay results in mulƟple 

lethal organ dysfuncƟon (Boomer et al., 2011; Hotchkiss et al., 2013; X. Zhao et al., 2014).  

In this context ICOS/ICOSL pathway may play an important role in regulaƟng the hyperinflammaƟon 

and immunosuppression caused by sepsis. Recent findings reports that sepƟc paƟents showed 

reduced ICOS expression in whole blood (Möhnle et al., 2018) and how organ dysfuncƟon is strongly 

associated with that (Menéndez et al., 2019). Considering the  well documented bidirecƟonal signals 

of ICOS/ICOSL, it has been extensively supported how ICOS triggering modulate cytokine secreƟon 

in acƟvated T-cells and how it is able to regulate T-cell funcƟon at inflammaƟon sites by supporƟng 

the differenƟaƟon of Treg and Th17 cells (Dianzani et al., 2010, 2014; Clemente et al., 2020). If on 

one side, Th17 cells are responsible of amplifying the inflammatory response, through the synthesis 

of proinflammatory factors (IL-1β, IL-6, and TNFα), on the other side the immune homeostasis is 

maintained by Tregs secreƟon of anƟ-inflammatory factors (TGF-β and IL-10) (L. Chen et al., 2022). 

Both of them play a crucial role in maintaining immune homeostasis, thus their imbalance is related 

to the occurrence and development of sepsis (Xia et al., 2020). Considering the high percentage of 

circulaƟng Treg cells in sepƟc paƟents and animals (Kurosawa et al., 2008; Leng et al., 2013), could 

be worth of invesƟgaƟon the ICOS triggering role in  the sepƟc immunosuppressive status.  

Moreover, ICOSL triggering could be related to the modulaƟon of maturaƟon and migraƟon of 

macrophage and DCs and the endothelial cell adhesiveness, resulƟng in an anƟ-inflammatory effect 

(OcchipinƟ et al., 2013).  In addiƟon, in the sepƟc paƟent has been highlighted an increased serum 

levels of another ligand of ICOSL, osteoponƟn (OPN), which in normal condiƟon carries out its 

funcƟon acƟng against virus, bacteria and parasite infecƟons. However, when its protecƟve effects 

are overweighed by its proinflammatory property, it becomes responsible of  greater inflammatory 

response and increased mortality of severe sepsis (ForƟs et al., 2015).  
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Considering the interesƟng funcƟonal network depicted between ICOS, ICOSL and OPN, ICOS-Fc 

treatment was proposed as a novel immunomodulatory pharmacological approach, which acts as 

antagonist of ICOS, agonist of ICOSL and potenƟally capable of inhibiƟng proinflammatory acƟviƟes 

of OPN.   

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

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

Background: Sepsis results from a disordered infecƟon response of the host, which can pose a threat 

to life and causes death at intensive care units global. The altered immune homeostasis caused in 

sepsis context is fostered by an imbalance of Treg and Th17 cells mediated signaling towards an 

excessive proinflammatory OPN-induced one, responsible of ending in the compromised organ 

dysfuncƟon (Xia et al., 2020).  

Although it is sƟll slightly invesƟgated, recently interesƟng findings helped to depict more in depth 

the role of ICOS/ICOSL pathway in sepsis context. Indeed, sepƟc paƟents showed a reduced ICOS 

expression in whole blood, an increased percentage of Treg cells explaining the ICOS triggering 

crucial involvement and an increased serum levels of pro-inflammatory mediator OPN, another 

ligand of ICOSL. 

StarƟng from the recent findings, ICOS-Fc was proposed as an innovaƟve immunomodulatory drug, 

capable of modulaƟng cytokine release and cell migraƟon to inflamed Ɵssues by acƟng on both ICOS 

and ICOSL, as an antagonist/agonist respecƟvely (Dianzani et al., 2010; OcchipinƟ et al., 2013; 

Dianzani et al., 2014; Giglioƫ et al., 2016; Ramavath et al., 2021; Stoppa et al., 2022). 

Aim: The aim of this research was invesƟgaƟng, in a murine model of sepsis, the potenƟal protecƟve 

effects of ICOS/ICOSL immunomodulaƟon by administering ICOS-Fc. 

Method: A polymicrobial sepsis mouse model was performed by carrying out a cecal ligaƟon and 

puncture (CLP) surgery on both WT mice and knockout mice (KO) for ICOS, ICOSL and OPN. 

AdministraƟon of ICOS-Fc, F119SICOS-Fc, a mutated form uncapable to bind ICOSL, or vehicle was 

intravenously injected aŌer 1h from the surgical procedure 24h aŌer surgery clinical score and body 

temperature were recorded; finally, organs (liver and kidney) and plasma were collected for 

analyses. 

MulƟplex array was used to evaluate plasma cytokines, systemic levels of AST and ALT (as markers 

of hepatocellular injury), creaƟnine and urea (as markers of renal dysfuncƟon). To invesƟgate 

leukocyte Ɵssue infiltraƟon, myeloperoxidase (MPO) acƟvity analysis was performed on both liver 

and kidney samples. Western blot analysis was performed to invesƟgate the degree of 

phosphorylaƟon of FAK/p38 axis, expression of the inflammasome (NLRP3) and cleaved caspase-1 

in organs Ɵssues. 
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Results: ICOS-Fc treatment showed to be able to significantly ameliorate the clinical sepsis context, 

acƟng on all the sepsis parameters observed dramaƟcally increased in vehicle-treated sepƟc mice. 

Indeed, a severe sepsis context is defined by a low body temperature, hepatocellular injury and renal 

dysfuncƟon correlated to an increase of plasma AST/ALT and creaƟnine/urea levels respecƟvely. 

Compared to the higher clinically score detected in CLP-induced sepsis WT, ICOS-/- and ICOSL-/- KO 

mice, CLP-OPN-/- mice developed a milder sepsis confirming the OPN crucial role in sepsis 

pathogenesis. 

Intriguingly, ICOS-Fc treatment improved in WT and ICOS-/- mice clinical score and hypothermia, 

significantly decreased ALT, AST, creaƟnine and urea levels and reduced specific cytokines release 

(TNF, IL-1, IL-6, IFN and IL-10).  

The ICOS-Fc effecƟveness showed in ICOS-/- mice, compared to the not relevant one found in ICOSL/- 

mice, suggested how ICOS-Fc protecƟve effect is due to ICOSL triggering. More Ɵme confirmed from 

the evidence that in all animals treated with F119SICOS-Fc was not shown any effect.   

The different ICOSL expression in liver and kidney Ɵssues could explain the discrepancy of data 

collected about organ injury analysis. On one side, ICOS-Fc promoted a decreased levels of ALT, AST, 

creaƟnine and urea in both Ɵssues analyzed, while only in kidney a decreased MPO acƟvity. Since 

hepatocytes did not express ICOSL, the hepaƟc protecƟon detected aŌer ICOS-Fc administraƟon 

could be due to a resoluƟon of inflammaƟon rather than a reducƟon in leukocyte infiltraƟon. 

More details about ICOS-Fc immunomodulaƟon molecular mechanism were given studying its effect 

on crucial inflammatory pathways acƟvated during sepsis (liver and kidney samples of WT mice 

belonging to Sham, CLP and CLP treated with ICOS-Fc groups). ICOS-Fc significantly aƩenuated FAK 

and p38 MAPK phosphorylaƟon, whose acƟvaƟon promote increased expression/secreƟon of pro-

inflammatory cytokines which ends up in the sepƟc cytokine storm and lethal organ failure 

correlated. Moreover, ICOS-Fc showed itself to interfere with crosstalk linking FAK to NLRP3 

acƟvaƟon: both liver and kidney reduced expression of NRLP3 were detected next to its downstream 

mediator caspase-1. 

Conclusion: CollecƟvely, these promising results show the beneficial effects of ICOS-Fc in sepsis 

mouse model, suggesƟng ICOS/ICOSL axis as an important target in sepsis-induced inflammaƟon and 

organ dysfuncƟon. 
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3.3 ICOS/ICOSL/OPN important role in tumor development and ICOS-Fc anƟmetastaƟc 
effect 

 

It has been documented how cancer development depends largely on immune dysfuncƟon 

(Kravchenko et al., 2015; Tsai & Hsu, 2017; Ghahremanloo et al., 2019; Su et al., 2023; Tsai & Hsu, 

2017). The characterisƟcs and heterogeneity of cancers are depicted by how tumor cells and 

immune cells interact in tumor microenviroment (TME) (Farkona et al., 2016; ConstanƟnidou et al., 

2019; Khosravi et al., 2020). Several authors demonstrated the adapƟve immunity and the anƟ-

tumor response mediated by ICOSL triggering by ICOS (Hutloff et al., 1999; Dianzani et al., 2010, 

2014; Solinas et al., 2020). For this reason, choosing ICOS/ICOSL pathway as a pharmacological target 

for anƟtumor therapies hold a great promise for cancer therapy (Clemente et al., 2020). For instance, 

ICOS/ICOSL pathway has been shown to be involved in colorectal cancer (CRC) pathogenesis. Zhang 

et al. (2016) demonstrated that, being ICOSL mainly expressed on tumor cells, ICOS expression is 

negaƟvely associated with the progress of CRC and especially with tumor metastasis. AddiƟonally, 

amount of ICOS+ T-cells in the peripheral blood is significantly higher in CRC paƟents at stage I and 

II, compared to late stages and healthy control. This evidence suggested that ICOS expression levels 

on Th1 cells and other tumor infiltraƟng T-cells could be associated with paƟent survival (Zhang et 

al., 2016). 

This was confirmed also by Carthon et al. (2010), who studied if ICOS+ effector T-cells could be 

considered a valid clinical outcome for melanoma metastaƟc paƟents treated with anƟ-CLTA-4. Once 

more, improved overall survival of metastaƟc melanoma paƟents was correlated with an increased 

amount of ICOS+ effector T-cells (Carthon et al., 2010; Fu et al., 2011). 

Recent findings discovered another important player involved and affecƟng ICOS/ICOSL axis 

bidirecƟonal signals. It is a maƩer of OPN, a phosphoprotein secreted by several cell types, such as 

macrophages, DCs and Th cells. It is defined as an intrinsically disordered protein (IDP), lacking well-

folded crystallizable structure, but showing a flexible and a dynamic one which awards it to adopt 

different funcƟonal structures and interact with several binding partners (Kurzbach et al., 2013; Z. 

Liu & Huang, 2014). In this regard, it can funcƟon both as a matricellular protein and a cytokine 

mediaƟng several biological funcƟons, such as bone remodeling, macrophage response, cell 

migraƟon and adhesion, in addiƟon to modulaƟng the acƟvaƟon and differenƟaƟon of 

proinflammatory Th1 and Th17 cells.   

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

cells and its microenvironment. Indeed, it is widely demonstrated to be overexpressed in several 
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human tumors, in which induces inflammaƟon, tumor invasion and its metastaƟc disseminaƟon 

(Castello et al., 2017; KhongsƟ & Das, 2021). Consequently, it has been emerged as a potenƟal 

valuable biomarker for diagnosing and treaƟng cancers (Wei et al., 2017). 

The interesƟng funcƟonal network between  ICOS, ICOSL and OPN was slightly introduced previously 

talking about OPN proinflammatory acƟvity and its increased level depicted in sepsis context (Alves 

et al., 2022). However, considering all the funcƟons that they have in common, several are the 

potenƟal applicaƟons of using  this trio as a pharmacological target in several human diseases. 

In detail, all these molecules support Th17 cell responses and they are involved in the bone 

metabolism. Indeed, OPN is a key bone component produced by OBs, while ICOSL is expressed by 

OCs and its triggering by ICOS was shown responsible of inhibiƟng OCs differenƟaƟon in vitro and 

development of osteoporosis in vivo (Giglioƫ et al., 2016). 

The potenƟal crucial role of ICOS/ICOSL/OPN has been highlighted in cancer context as well. For the 

first Ɵme, the groups of research of Prof. Chiara and Umberto Dianzani demonstrated for the first 

Ɵme that ICOSL is a receptor also for OPN and that their interacƟon take place not overlapping the 

binding site used by ICOS. The two different interacƟons exert opposite effects, ICOS/ICOSL mediates 

inhibiƟon of cell migratory effect, while OPN/ICOSL is correlated to a strong pro-migratory one 

(Castello et al., 2017; Clemente et al., 2020; Raineri et al., 2020, 2022). 

The already demonstrated anƟmetastaƟc effect of ICOS-Fc was then exploited to confirm the 

funcƟonal relevance of the OPN/ICOSL interacƟon in tumor cells migraƟon. The OPN pro-metastaƟc 

effect was detected more intense on cells expressing high level of ICOSL, and the cell migraƟon was 

significantly inhibited when ICOS-Fc was administered. Indeed, both OPN pro-migratory effect and 

ICOS-Fc effecƟveness were negligible in in vitro cancer models performed using tumor cells lines 

expressing low level of B7h (Dianzani et al., 2014; Raineri et al., 2020). 

Moreover, in vivo 4T1ICOSL  tumor showed higher levels of OPN and ICOSL expression,  associated with 

a higher density vessel, which depicted the impact of OPN/ICOSL interacƟon on the TME and tumor 

angiogenesis (Raineri et al., 2020).  

In addiƟon, the role of ICOS/ICOSL/OPN network in tumor cell metastasis was studied in depth 

comparing the in vivo metastasizing capability of two variants of melanoma cells (B16-F10 expressing 

high or low level of ICOSL), when injected in WT mice or in ICOS, ICOSL and OPN KO mice. Those 

findings gave the opportunity to explore this immunotherapy outcome either for nonresponding or 

paƟents resistant to convenƟonal therapies. 
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Inducible t-cell cosƟmulator ligand plays a dual role in melanoma metastasis upon 
binding to osteoponƟn or inducible t-cell cosƟmulator 
 

Background: Melanoma is a highly immunogenic tumor, alteraƟons in anƟgen expression or 

presentaƟon represent its primary immune escape. However, immunosuppression plays another 

relevant role in supporƟng this cancer malignancy, as the impairing anƟtumor response correlated 

to acƟvated Treg and myeloid-derived suppressor cells (MDCSs) enriched in TME. Studying 

melanoma progression, OPN was found overexpressed in invasive tumor stages, suppressing Treg 

proliferaƟon and acƟvaƟon and supporƟng MDCSs colonizaƟon. Highly documented is its wide 

expression by different component of the TME and its several mediated funcƟons.  

As wriƩen before, our group of research stood out for finding that ICOS shares its unique ligand with 

OPN, and that OPN/ICOSL interacƟon take place at a binding site not overlapping the one used by 

ICOS. Intriguingly, the OPN or ICOS different interacƟons exert opposite ICOSL triggering effects, OPN 

support metastasis and angiogenesis, which is dominantly inhibited by ICOS. SupporƟng findings 

were those correlated to ICOS-Fc effecƟveness in inhibiƟng cell migraƟon in vitro and cell 

metastaƟzaƟon in vivo melanoma mouse model, added to an anƟproliferaƟve and an anƟangiogenic 

acƟvity exerted when encapsulated into nanoparƟcles (Dianzani et al., 2014; Clemente et al., 2020; 

Raineri et al., 2020). 

Aim: This work was focused in assessing the net effect of ICOSL triggering by this different binding 

partner in melanoma metastasis formaƟon. 

Method: In order to confirm OPN/ICOSL interacƟon in human melanoma metastasis, a Proximity 

LigaƟon Assay (PLA) was performed in human melanoma samples of both primary tumors and 

corresponding metastasis. B16-F10 cells were used to set up the in vivo melanoma model, they do 

not express ICOS nether OPN, while they were engineered to stably express high (B16ICOSL-high) or low 

(B16ICOSL-low) ICOSL level. Their migraƟon response was compared performing an invasion assay 

(Boyden chamber), puƫng cancer cells in presence of either OPN or ICOS-Fc, standing opposite 

effects. AddiƟonally, an anchorage-dependent and independent growth assay were performed to 

evaluate ICOSL expression role in influencing B16-F10 cells disseminaƟon aƫtude.  

In vivo experiments involved female mice of four different strains: C57BL/6 WT, OPN KO, ICOS KO, 

ICOSL KO. AŌer 15d from cancer cells i.v. injecƟon (1*10^6 cells/animal), the animals were sacrificed, 

lung metastases were counted, and organs samples were collected and harvested. 
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Results: The first part of the project was validaƟng the animal model using two type of cancer cells. 

It consisted in collecƟng all preliminary data related to migraƟon and growing behavior of both kind 

of ICOSL expressing melanoma cells and confirming OPN and ICOS opposite mediated effect. Indeed, 

the OPN/ICOSL PLA signal was significantly higher in metastases than in primary tumors, confirming 

also in human melanoma how OPN/ICOSL interacƟon is increased in metastaƟc lesions. Moreover, 

Boyden chamber results confirmed that melanoma cell migraƟon induced by OPN is strictly 

correlated to ICOSL expression. Indeed, B16ICOSL-low showed a lower OPN-induced migraƟon, 

compared to that of B16ICOSL-high cells, which was significantly inhibited by ICOS-Fc. However, 

between them, B16ICOSL-low cells grew more efficiently in the absence of anchorage to the ECM, 

showing themself as the one kind much more prone to metastasize in vivo. 

The project proceeded in comparing in vivo the metastasizing capability of both variants of 

melanoma cells, monitoring how OPN and ICOS opposing forces end up in modulaƟng tumor cancer 

migraƟon by ICOSL triggering. 

Melanoma lung metastasis counƟng values were compared among WT mice, in which all three 

components of the OPN/ICOS/ICOSL trio are expressed and where every single effect could be 

masked from another, versus OPN KO, ICOS KO and ICOSL KO mice, lacking one component per Ɵme. 

B16ICOSL-low produced more metastasis than B16ICOSL-high in OPN KO, ICOS KO and ICOSL KO and in WT 

mice. The differences in lungs metastases counƟng highlighted how both ICOSL and OPN promote 

cancer disseminaƟon (decreased metastases were detected in OPN KO and ICOSL KO mice), while 

ICOS inhibits it. Even if showing a lower metastaƟc behavior, B16ICOSL-high metastasis formaƟon 

showed revealing differences among mice strains used. For instance, analyzing ICOS KO mice 

emerged, as in B16ICOSL-low, an increased number of lung metastases confirmed the dominant ICOS-

mediated triggering of ICOSL. On the other side, OPN KO mice showed fewer metastases, compared 

with WT mice, using B16ICOSL-low. This evidence supported the effect resulƟng from a loss of OPN-

induced prometastaƟc effect. 

Conclusion: CollecƟvely, these data suggest that OPN induces tumor metastasis by interacƟng with 

ICOSL and how ICOS can dominantly inhibit it. Moreover, this model improved current understanding 

concerning the role of OPN/ICOSL interacƟon in tumor progression and metastases disseminaƟon. 

Indeed, it gave the opportunity to study interfering/modulaƟng ICOS/ICOSL/OPN network as 

potenƟal target for immunotherapy also for paƟent resistant to convenƟonal therapies. 
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3.4 ICOS-Fc applicaƟon on Myeloma MulƟple 
 

MulƟple Myeloma (MM) is a complex and heterogeneous malignant disease of plasma cells (PCs) 

that are located into the bone marrow (BM) and whose malignancy is exhibited through the 

producƟon of abnormal immunoglobulin (M protein), mostly IgG and IgA (Michels & Petersen, 

2017). Development and progression of MM was found oŌen correlated to chromosomal 

abnormaliƟes with other geneƟc mutaƟons. For instance, KRAS and NRAS genes mutaƟons were 

demonstrated favoring tumor cells survival and proliferaƟon, while treatment resistance and poor 

prognosis were correlated to TP53 tumor suppressor gene deleƟon and/or mutaƟons (Hoang et al., 

2006; W. Xiong et al., 2008; Jovanović et al., 2019; Yang et al., 2022). The disease tends to progress 

from a premalignant monoclonal gammopathy of undetermined significance (MGUS), eventually 

developing through an intermediate stage of smouldering mulƟple myeloma (SMM). Both do not 

display the end organ damage typical of MM, whose clinical scenario is commonly described with 

CRAB acronym.  The “C” stands for hyperCalcemia; the “R” for Renal insufficiency; the “A” for 

Anaemia and the “B” for Bone disease, whose characterisƟc osteolyƟc lesions are showed by the 

majority of MM paƟents and are considered the MM hallmark (Fairfield Heather et al., 2016; 

Tomasson et al., 2018).  

The MM severe net bone loss and limited bone healing is due to the progressive loss of balanced 

funcƟonal acƟviƟes of OBs (bone building) and OCs (bone breakdown and resorpƟon). The OCs 

acƟvity is oversƟmulated by high levels of RANKL expressed on the surface of myeloma cells, BM 

stromal cells, Th cells (mainly Th17 cells), and soluble RANKL (sRANKL) in the serum. Moreover, the 

involvement of BM microenvironment mediated by MM PCs is crucial in fostering cytokines and 

vascular endothelial growth factor producƟon (IL-6 and VEGF), vascular permeability, angiogenesis 

and different cells interacƟons, which all together work for perpetuate uncontrolled tumor growth, 

bone destrucƟon and immune dysfuncƟon (Fairfield Heather et al., 2016; Bernstein et al., 2022; 

Schinke et al., 2022; Rafae et al., 2023). Indeed, MM paƟents show an impaired immunity and a 

higher suscepƟbility to infecƟous diseases. The tumor strategy of promoƟng a suppressive 

environment, able to evade immune system response, can affect different immune cell populaƟons. 

Indeed, MM is characterized by a reducƟon in the diversity and funcƟon of T-cells and natural killer 

(NK) cells, as well as an increase in Treg cells and MDSC, whose accumulaƟon blocks their 

differenƟaƟon into DCs causing their deficiency and drop of funcƟons (Brimnes et al., 2010; Rafae et 

al., 2023). As a result, next to the tradiƟonal chemotherapy and radiaƟon, in the last two decades 
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research was extensively focused on MM novel immunotherapy approaches and tremendous 

advances in outcomes were achieved (Rajkumar, 2022; Morè et al., 2023). Unfortunately, MM 

remains not only incurable in most paƟents, but the progressive compromised bone condiƟon daily 

threatens paƟents safety and wellbeing, even if a remission was started and ongoing (Roodman, 

2011; Bird & Boyd, 2019; Bernstein et al., 2022). 

In this scenario, earns more relevance the discovered and well documented involvement of the 

inducible T-cell co-sƟmulator (ICOS) and its ligand (ICOSL) in bone metabolism. Their important role 

in acƟvaƟon of Th cells, Treg differenƟaƟon and T-/B-cell interacƟon was widely demonstrated in 

osteoporosis context, highlighƟng how ICOS/ICOSL interacƟon can modulate OCs funcƟon (Giglioƫ 

et al., 2016). The second significant aspect of ICOS/ICOSL system in MM lies in the fact that ICOSL is 

also bound by OPN, which is not only expressed by MM cells, but found involved also in tumor 

progression, cancer cell metastaƟzaƟon, angiogenesis and bone destrucƟon (Valković et al., 2014; 

Castello et al., 2017; Raineri et al., 2022). 

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

cells migraƟon suggested ICOS-Fc as potenƟally effecƟve immunomodulator drug in MM therapy. 
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Inducible T-cell co-sƟmulator (ICOS) and ICOS ligand are novel players in the 
mulƟple-myeloma microenvironment 
 
Background: MM is a malignant disease characterized by the accumulaƟon of MM PCs into the bone 

marrow, which produce abnormal immunoglobulin (M-protein). It usually develops from a 

premalignant condiƟon MGUS and SMM, which could be asymptomaƟc and do not achieve the 

organ damage typical of MM. The acronym CRAB is used to gather its clinical specific hallmarks, such 

as hyperCalcemia, Renal insufficiency, Anaemia and Bone disease, resulƟng in severe osteolyƟc 

lesions caused by imbalanced funcƟons of OBs and OCs. It has been already documented the 

relevance of the BM microenvironment involvement led by MM PCs, which promotes tumor growth, 

bone destrucƟon and immune dysfuncƟon. InteresƟngly, ICOS/ICOSL system was found involved in 

the lymphocyte-bone cells interacƟon, depicƟng how its mediated signaling could inhibit OCs 

acƟvity (Giglioƫ et al., 2016). Moreover, acquired evidence showed ICOSL triggering anƟ-tumor 

effects by acƟng on tumor cells, TME, DCs, ECs and macrophages (Dianzani et al., 2010; OcchipinƟ 

et al., 2013; Dianzani et al., 2014). In this regard, the OPN documented involvement in bone 

formaƟon and tumor progression achieved much more relevance when it was idenƟfied as another 

ligand for ICOSL. Next to the OPN/ICOSL induced cell migraƟon effect, ICOS-Fc was able to block 

cancer cell migraƟon induced by OPN. This effect confirmed how ICOS interacƟon with ICOSL 

dominantly counteract OPN effect. Since OPN is also expressed on myeloma cells, it is considered 

another important aspect of targeƟng the ICOS/ICOSL system for MM. 

Aim: The aim of this work was to invesƟgate the expression of ICOS and ICOSL and their soluble form 

(sICOS and sICOSL) in MM cells and to evaluate the potenƟal ICOS-Fc immunomodulatory role in 

MM progression. 

Method: a cohort of plasma cell dyscrasia paƟents (MGUS, SSM and MM) were involved to evaluate 

both serum level of sICOS and sICOSL and MM cells surface expression of ICOS and ICOSL. MigraƟon 

assay was performed using the murine cell line MOPC-21 and MOPC-21ICOSL, expressing low and high 

level of ICOSL respecƟvely, and the human RPMI-8226, which spontaneously express high level of 

ICOSL.  

In order to evaluate the anƟproliferaƟve effect of ICOS-Fc, it was performed an in vivo MM mouse 

model, using NSG mice injected subcutaneously with MOPC-21ICOSL cells.  

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

nanoparƟcles (Clemente et al., 2020), once again the ICOS-Fc administraƟon was done through 
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nanodelivery system (PLGA nanoparƟcles). Tumor samples were harvested and stained with CD31 

or Ki67 to assess tumor vessel formaƟon and cancer cell proliferaƟon. 

Results: Serum levels of sICOS and sICOSL differed among the different plasma cell disorders 

considered. They were found to posiƟvely correlate with several markers of tumor burden, such as 

2-microglobulin (B2M), M protein, BM plasma cells and negaƟvely correlated with haemoglobin 

(Hb). The results showed that higher were the serum levels of sICOSL and sICOS found in MM 

paƟents, compared to MGUS and SMM cases, and massive sICOS level could be associated with 

worse overall survival (OS) of MM paƟents. 

The flow cytometry results demonstrated that MM cells express both ICOSL, and at lower levels, 

ICOS. This evidence led to evaluate ICOS-Fc anƟ-migratory effect on all kind of MM cells (MOPC-21; 

MOPC-21ICOSL; RPMI-8226). As able to inhibit invasion of different kinds of tumor cells, ICOS-Fc 

revealed itself capable to significantly counteract migraƟon of both myeloma cells lines expressing 

high level of ICOSL.  

Moreover in vivo results already showed that ICOS-Fc nanoencapsulaƟon in poly lacƟc-co-glycolic 

acid (PLGA) nanoparƟcles promoted a beƩer drug tumor targeƟng and therapy effecƟveness 

opƟmizaƟon, which resulted in ICOS-Fc-PLGA capability to decrease tumor growth of ICOSL+ cells in 

melanoma mouse model (Clemente et al., 2020). In the MM model scenario, the results showed 

again how ICOS-Fc-PLGA treatment can counteract tumor growth, compared to control mice. The 

Ki67 staining of the tumor samples confirmed ICOS-Fc clear effect on cancer cell proliferaƟon rate. 

Moreover, the resulƟng therapeuƟc effect could be correlated to an ICOS-Fc anƟ-angiogenic effect, 

supported by a significant decreased of tumor vascular density (CD31 staining of tumor secƟons).  

The NGS mice were chosen to collect clear evidence about ICOS-Fc anƟneoplasƟc effect, without 

any potenƟal effects coming from an immune response involvement. In this regard, ICOS-Fc might 

boost the anƟ-tumor immune response helping to overcome immune evasion. Even if in the MM 

mouse model exploited the immunological effect was underesƟmated, the promising findings 

collected with a well-documented immunomodulaƟon potenƟality of ICOS-Fc, supported the 

hypothesis to reach beƩer therapeuƟcal advantages using an immunocompetent in vivo model. 

Conclusion: These promising results indicated that both sICOS and sICOSL may play a role in 

myeloma cells growth. They could be considered as valid therapeuƟc target for MM, since widely 

distributed within the TME and neoplasƟc cell surface. Moreover, ICOS/ICOSL axis could be exploited 

to support anƟ-tumor immune response, reinforcing the efficacy of immunotherapeuƟc approaches. 
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4. ICOS-Fc nanoformulaƟons 

4.1 Cancer drug nanodelivery system 
 
In cancer therapy, nanotechnology-based drug delivery systems arose as effecƟve therapeuƟc 

approach able to overcome the challenges and limitaƟons of the old and convenƟonal therapies, 

such as their high dose and low availability, intolerance, instability, fluctuaƟons in plasma drug levels 

not providing sustained effect (Pourmadadi et al., 2023). 

Next to the severe side effects, the mulƟdrugresistance (MDR) is the ricurrent stumbling block to a 

posiƟve chemotherapeuƟc therapy outcome (Boggio et al., 2023). When not already inherent, it 

consists in a complex and mulƟfactorial process that cancer cells acquire to escape from 

chemotherapy. In this regard, the reducƟon in drug cytotoxicity is correlated to funcƟonal gene 

mutaƟons, which are responsible to alter target proteins, to decrease membrane permeability and 

to modulate drug metabolism. Many forms of drug resistance could be idenƟfied, such as the tumor 

drug accumulaƟon, the prevenƟon of cell drug internalizaƟon, the enhanced DNA repair processes 

and the increased in drug efflux transporters (Z. S. Chen & Tiwari, 2011; Zhang et al., 2017; H. Wang 

& Huang, 2020). Frequently it is a maƩer of P-glycoprotein (P-gp), mulƟdrugresistance associated 

protein (MRP1) and breast cancer resistance protein (BCRP), which belong to the ATP-binding 

casseƩe efflux transporters family (Higgins, 2007; Trédan et al., 2007; Prasad Preethy et al., 2013).  

In this scenario, nanoparƟcle formulaƟons stand out for their capability to avoid mulƟple membrane 

efflux pumps, promoƟng drug released into cancer cells via endocytosis uptake mechanism (H. L. 

Wong, Bendayan, et al., 2006; H. L. Wong, Rauth, et al., 2006; Shuhendler et al., 2010; Prasad P. et 

al., 2013). This is one of the NPs advantages that fostered their use in anƟcancer therapy, followed 

through well documented evidence proving their correlated drug biodistribuƟon opƟmizaƟon, drug 

cytotoxicity strengthening with the minimizaƟon of the free drug adverse effects. Moreover, the 

drug encapsulaƟon into a protecƟve shell-like structure leads to reduce the potenƟal enzymaƟc and 

chemical drug degradaƟon, increasing its bioavailability (Choudhury et al., 2017). In this context, 

main notable advantages of nano-delivery systems are the tumor targeƟng and the controlled drug 

release at the target site. The first one is due to the enhanced permeability and retenƟon effect 

(EPR), which allows the nanoparƟcles discharging from vessels and their accumulaƟon inside the 

tumor. The second one resulted from the improved in-situ drug retenƟon, which permits prolonged 

maintenance of therapeuƟc drug levels, thus reduced dose frequency administraƟon (Hani et al., 

2023). Both effects could be enhanced through acƟve targeƟng strategies, consisƟng in the NPs 
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funcƟonalizaƟon with specific ligands targeƟng receptors or other surface proteins overexpressed 

on cancer cells (Bazak et al., 2015; Clemente et al., 2020). For instance, whole anƟbody or anƟbody 

fragments, such as single chain fragment variable (scFv), were used to target CD133 or HER2, 

receptors overexpressed on tumor cells of glioblastoma and breast cancer respecƟvely. RDG pepƟde 

has been used to target integrins, overexpressed in the melanoma tumor cells. It was well 

demonstrated how an integrin-mediated endocytosis resulted in a more efficient intracellular 

delivery and in a significant reduced tumor growth (Boggio et al., 2023). Furthermore, several 

publicaƟons reported the high versaƟlity of nanocarriers conjugated with folate acid (FA), which 

promote a selecƟve cells-drug delivering, based on the system high affinity for FA binding proteins 

(FRα), aberrantly expressed in a wide spectrum of solid tumors (Assaraf et al., 2014; Seidu et al., 

2022). 

The choice of the drug carrier material is taken among several candidates (inorganic, metal, 

polymeric, lipid, and surfactant matrixes) and it depends on many factors, starƟng from the parƟcle 

size required and the physical properƟes of the drug, to the surface characterisƟcs, the degree of 

biodegradability, biocompaƟbility, toxicity and drug release profile (Felice et al., 2014; Vega-Vásquez 

et al., 2020).  

Furthermore, a surface conjugaƟon with polyethylene glycol (PEG) could be added to NPs which are, 

due to their charge, their molecular size and their hydrophobicity, highly vulnerable to be opsonized. 

The “proteic repellent” funcƟon of PEG protects the nanodelivery system from the immune system 

mediated eliminaƟon, enhancing NPs longevity within the bloodstream (Veronese & Pasut, 2005; 

Felice et al., 2014; Mishra et al., 2016). 

Thanks to their high biocompaƟbility, almost all the NPs delivery systems approved by the FDA or 

currently in clinical trials are based on liposomes or polymers (Acharya & Sahoo, 2011; Boggio et al., 

2023; Zeng et al., 2023). Is the maƩer of Doxil® (PEGylated liposome loaded with doxorubicin) 

approved in 1995 to be used in advanced-stage breast and ovarian cancer paƟents and in 2007 for 

mulƟple myeloma therapy (Hani et al., 2023). This liposomal anthracycline system stood out for its 

significant anƟcancer acƟvity, assisted by a PEG-mediated considerably prolonged drug circulaƟon, 

and a markable reduced cardiotoxicity. Furthermore, currently available for acute lymphoblasƟc 

leukemia are Oncaspar® (polymer protein conjugated with L-asparaginase approved in 2006), and 

Marqibo® (liposome loaded with vincrisƟne approved in 2012). The first one main advantage 

consists in reducing the immunogenicity of asparaginase, while the encapsulaƟon of vincrisƟne 
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allows to ameliorate its restricted pharmacokineƟc properƟes, depicted by its rapid clearance rate 

and dose-related neurotoxicity (Verhoef et al., 2014; Mao et al., 2019). 

As a widely used delivery system, another liposomal drug delivery has been approved by FDA in 2015 

(Onivyde®) for pancreaƟc and CRC. In these disease, the irinotecan liposomal injecƟon offers several 

advantages, such as favoring the lactone E-ring stabilizaƟon, a pharmacokineƟcs improvement, side 

effects reducƟon, a prolonged acƟon and an increased selecƟve tumor uptake (Su et al., 2023). 

Beyond the great therapy advantage achieved with drug loading into nanocarrier, the research 

moved progressively from single-agent therapies towards the combinaƟon nanomedicine 

therapeuƟc potenƟaliƟes.  

 

4.2 CombinaƟon therapy in cancer nanomedicine 
 

The combinaƟon of different anƟ-tumor drugs and their loading into nanocarriers was proposed as 

a promising strategy to enhance drug efficacy and reduce life-threatening toxiciƟes keeping the 

advantages of nanotechnology formulaƟons (Boggio et al., 2023). Indeed, the pharmaceuƟcal 

relevance of the combined nanomedicines consists in maximizing drugs addiƟve or synergisƟc 

effects, allowing to reduce respecƟvely each drug therapeuƟc dose.  

Not few challenges have to be overcome to reach the best co-delivery nanoformulaƟon. Indeed, the 

drugs can be loaded in a precise, therapeuƟcally synergisƟc raƟo, which not always corresponds to 

the one needed for synergism. Moreover, the potenƟal interacƟons among drugs pair and the 

nanocarrier core could strongly impact on release kineƟcs and drugs stability, depicƟng the high 

syntheƟc challenge of formulaƟng combined nanomedicine (BhaƩacharjee, 2022). 

However, once found the suitable drugs match, the co-loaded drugs are then delivered together and 

targeted to the same Ɵssue, being able to affect cancer development, acƟng on both cancer cells 

and tumor microenviroment. What make this system more effecƟve is the capability to perform an 

anƟcancer therapy through more and different mechanism of acƟons (Parhizkar et al., 2020).  

This is what depicts them as a more powerful strategy against cancer MDR, whose mechanisms are 

influenced by both tumor cells and the TME, represenƟng the principal cause of chemotherapy 

failures in metastaƟc cancer paƟents. Next to the cancer cells resistance, the compromised TME play 

a crucial role by acƟng as a both physical barrier, decreasing drug intratumor penetraƟon and 

diffusion, and as a biological barrier by regulaƟng geneƟc mutaƟons, epigeneƟc changes with effects 

on mulƟple crosstalk networks. An in-depth study of MDR causes, tumor biology, molecular 
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pathways and tumor-TME interacƟons suggested co-delivery nanosystems as useful tool to 

circumvent MDR and ameliorate cancer therapy outcomes.  

Thanks to their mulƟple pharmacologic advantages, the most significant combine nanomedicines 

applicaƟons concern chemoresistant tumors, such as triple-negaƟve breast cancer (TNBC); highly 

metastasized tumors, such as melanoma; and tumors in which biological barriers hamper successful 

drug targeƟng, such as the blood-brain barrier (BBB) crossing challenge in glioblastoma therapy 

(Boggio et al., 2023). 

Drugs combinaƟons can include cytotoxic drugs, such as doxorubicin, vincrisƟne, camptotecin, 

paclitaxel and temozolamide. Among those, key role is fulfilled by doxorubicin, whose 

chemoresistance and systemic toxicity were frequently handled through involving it in suitable 

combined nanomedicine therapy. 

Different cytotoxic drugs can be combined together or combined with targeted drugs, such as the 

tyrosine kinase inhibitors (i.e., erloƟnib, lapaƟnib). Clear anƟneoplasƟc effect was found correlated 

to liposome-based nanocarriers co-loaded with doxorubicin and erloƟnib, which significantly 

reduced tumor growth in a breast xenograŌ mouse model (Morton et al., 2014). Moreover, Ni et al. 

(2021), disclosed the effectual synergism of doxorubicin-lapaƟnib associaƟon delivered through a 

co-funcƟonalized nanoparƟcle (A-NPs-cT) for breast cancer brain metastases (BCBM) treatment. In 

vivo studies highlighted an improved therapeuƟc efficacy in BCBM-bearing mice, enhanced by a 

selecƟve NPs crossing of blood-brain tumor barrier (BTB) (Ni et al., 2021). 

Furthermore, promising effects were detected from drugs combinaƟon with phytochemicals agents, 

such as querceƟn (QUR). It is a maƩer of a natural flavonoid compound with extensive bioacƟviƟes 

including anƟ-inflammatory, anƟtumor, anƟoxidaƟon and hyperlipidaemia acƟviƟes. When 

combined with different chemotherapeuƟcs, it was found able to produce relevant synergisƟc 

effects. Its anƟneoplasƟc contribuƟon was reported due to its chemosensiƟzer funcƟon, which 

allows it to suppress the expression of mutant p53 and Pgp and promote cells apoptosis (X. Wang et 

al., 2014; Cote et al., 2015; Z. Zhang et al., 2018). VincrisƟne cytotoxicity and anƟtumor efficacy was 

found enhanced through its combinaƟon with QUR in a liposome formulaƟon co-delivering. This 

combinaƟon effecƟvely increased the intracellular accumulaƟon of vincrisƟne, supported by the 

reduced vincrisƟne efflux QUR-mediated, in a trastuzumab-insensiƟve xenograŌ breast cancer 

model (M. Y. Wong & Chiu, 2011). 

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

This strategy gives the opportunity to knock down genes involved in MDR, contribuƟng to enhance 
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the resulƟng anƟneoplasƟc effect. For instance, siRNA targeƟng P-gp drug exporter, co-delivered 

with doxorubicin in mesoporous silica NPs, was reported to significantly contribute to inhibit tumor 

growth and overcoming doxorubicin MDR in both in vitro and in vivo human breast cancer xenograŌ 

model (Meng et al., 2013). Furthermore, the folate-targeted polymeric micelle incorporaƟng 

temozolamide and anƟ-BCL-2 siRNA showed striking in vivo glioma growth inhibiƟon.  BCL-2 belongs 

to anƟapoptoƟc protein family, whose expression was documented overexpressed in several cancer 

types. BCL-2 silencing leads to a valid strategy to overcome cancer resistance and hamper tumor 

apoptosis. Its associaƟon with the first-line drug chose in glioma chemotherapy led to enhanced 

survival rate of rats bearing orthotropic C6 glioma (Peng et al., 2018). 

Finally, one major success of combine nanomedicine is highlighted by Vyxeos (CPX-351), approved 

by both FDA (2017) and by EMA (2018) for the treatment of two types of acute myeloid leukemia 

(AML): newly diagnosed therapy-related AML (t-AML) or AML with myelodysplasia-related changes 

(AML-MRC). It is a maƩer of a liposomal fixed combinaƟon of daunorubicin and cytarabine,  which 

co-delivered in a 1:5 molar raƟo showed an effecƟve anƟneoplasƟc synergisƟc effect (Krauss et al., 

2019; Tzogani et al., 2020). 

It is increasingly recognized that for inducing a durable cancer remission, a therapy aiming only at 

killing cancer cells is not sufficient. In this regard, it is well-documented the cytotoxic chemotherapy 

immunosuppressive effect and the cancer therapeuƟc improvement achieved in boosƟng the 

immune system’s response against cancer progression. These evidence led to a parƟcular kind of 

combinaƟon therapy, define chemo-immunotherapy (CIT), which consist in combining 

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

 

4.3 Chemo-Immunotherapy  

 

In the last cancer therapy decade, posiƟve outcomes were recurring found correlated to host 

immunity adjuvant involvement. It is well documented how cancer cells evade anƟ-cancer immunity 

bypassing cancer-immunity cycle. This starts with the APCs idenƟficaƟon of cancer anƟgens that 

leads to the naïve T-cells acƟvaƟon via MHC-anƟgen-T cell receptor (TCR) interacƟon, along with the 

cosƟmulatory signals (CD28/B7-1/2- mediated signaling). Successively, once reached the circulaƟon 

system, the acƟvated immune cells infiltrate the TME and promote target cancer cell death through 

the interacƟon between their TCR and anƟgen presented on MHC of tumor cells. In this regard, the 

convenƟonal chemotherapy agents act primarily killing the cancer cells, but their cytotoxic and 
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cytostaƟc effects is found directed also towards healthy proliferaƟng cells, such as hematopoieƟc 

cells. These are the chemotherapy aspects responsible of myelosuppression and paƟents therapy 

failures (Zhu et al., 2021). 

In the last decade, the immunotherapy, such as immune checkpoint inhibitor (ICI)-based one, 

revoluƟonized cancer treatment and became the frontline therapy for many cancers. The success of 

immunotherapy was reached upon broadening the targeƟng strategy from only cancer cells to the 

cancer immune environment. Monoclonal anƟbodies targeƟng immune checkpoints, as 

Programmed Cell Death 1 (PD-1) and Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4), stood 

out for their clinical benefits and beƩer toxic profile, compared to chemotherapy. ICI efficacy was 

demonstrated for the first Ɵme in metastaƟc melanoma, for which nivolumab and pembrolizumab 

(anƟ-PD-1), ipilimumab (anƟ-CTLA-4) and the associaƟon anƟ-PD-1/ CTLA-4 (nivolumab–

ipilimumab) are approved and currently used treatments (Robert Caroline et al., 2015; Larkin et al., 

2019). However, T-cell-targeted immunomodulators are now used as single agents or in combinaƟon 

with chemotherapies for the treatment for about 50 cancer types (Xin Yu et al., 2019). Despite their 

striking clinical results, only a minority of paƟents experience long-term benefits from ICI 

monotherapies, treatment failure is oŌen correlated to primary and secondary resistance to single 

agent immunotherapy (Jenkins et al., 2018). On the other side, several preclinical evidence detected 

more efficient chemotherapy outcomes in immunocompetent mice, compared to immunodeficient 

counterparts (Zitvogel et al., 2016). Some chemotherapeuƟc drugs achieved higher effecƟveness 

mediaƟng an immune sƟmulatory effect by targeƟng the immunosuppressive TME. All of these 

evidence supported the novel CIT strategy, promoted by the opportunity to combine together 

chemotherapy and immunotherapy advantages (Pol et al., 2015; Kroemer et al., 2022; P. Liu et al., 

2022).  

Among several CIT successful combinaƟons, the foremost has been achieved in lung cancer, in 

parƟcular for Non–Small-Cell Lung Cancer (NSCLC). Unprecedented efficacy was observed 

associaƟng pembrolizumab to a standard chemotherapy, resulƟng in significantly higher rates of 

response and longer progression-free survival than chemotherapy alone (Gandhi et al., 2018; Paz-

Ares et al., 2018). Improvement of metastaƟc NSCLC paƟents’ survival was reached also through the 

administraƟon of atezolizumab with the already approved bevacizumab-chemotherapy associaƟon. 

The promising outcomes correlated to this strategy are due to bevacizumab-chemotherapy 

immunomodulatory effects that may augment the efficacy of atezolizumab (Socinski et al., 2018). 

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

al., 2023). 

Moreover, the NP-loaded drug-containing CIT associaƟon will represent the future prospecƟve for 

reaching more effecƟve anƟcancer therapy. NPs can encapsulate both agents, and eventually 

conjugate one of them displaying it on the NPs surface. Usually, it is a maƩer of the 

immunotherapeuƟc agent, such as ICIs, or anƟbodies, RNAs, and small molecule inhibitors. An 

example is reported by Ghasemi-Chaleshtari et al. (2020) results, showing that cisplaƟn NPs labelled 

with anƟ-PD-1 are able to infiltrate the tumor site, where they promote cisplaƟn release and, 

targeƟng T-cells, they impact tumor cells simultaneously. Moreover, Hess et al. (2019) results 

showing a higher tumour regression promoted by nano-liposome containing paclitaxel and 

decorated with PD-L1 mAb, compared to the respecƟve monotherapy (Hess et al., 2019; Ghasemi-

Chaleshtari et al., 2020; ; Kiaie et al., 2023). 

All the suggested ICOS-Fc potenƟal therapeuƟc applicaƟons were Ɵll now related to its mono-

therapeuƟc effect, delivered in free form or encapsulated into nanodelivery system (Dianzani et al., 

2014; Clemente et al., 2020; Boggio et al., 2021). Its involvement in combinaƟon therapy 

nanomedicine was suggested considering the possibility to broaden its therapeuƟcal potenƟaliƟes, 

thanks to its cooperaƟve immunomodulant role with other drugs associaƟon. 

 

4.3.1 ICOS-Fc in combined immuno chemotherapy for melanoma treatment 
 

According to its high immunogenic feature, melanoma development is strictly correlated to tumor-

immune system crosstalk. This explains why next to the dacarbazine or targeted standard 

chemotherapy, such as BRAF inhibitors (BRAFi), and/or mitogen-acƟvated protein kinase (MEK) 

inhibitors (MEKi), immunotherapy strategy is progressively arising. The aggressiveness of malignant 

melanoma is highly due to its MDR and massive metastaƟzaƟon properƟes responsible of cancer 

spreading to distal sites, such as lungs, brain and bones (Leonardi et al., 2018). The therapeuƟc 

opƟons depend upon disease staging: if not diagnosed on Ɵme, it can easily reach advanced and 

lethal stages characterized by poor paƟents outcomes even though surgical removal (Atkinson, 

2017).  

Among the immunotherapy opƟons, both immuno checkpoints inhibitors, such as the CTLA-4 

blocker ipilimumab and PD1 blocker pembrolizumab, and several BRAFi/MEK1 combinaƟons 

(dabrafenib/trameƟnib; vemurafenib/cobimeƟnib; encorafenib/binimeƟnib) are currently available. 
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Moreover, compared to the administraƟon of BRAFi or MEKi administered alone, their associaƟon 

showed increased progression-free survival (PFS) and OS (Robert, Karaszewska, et al., 2015; Cucci et 

al., 2023). Their therapeuƟc effecƟveness is linked to tumor-mutaƟon burden and their capacity to 

unlock anƟ-tumor immune response, reason why most of this kind of treatment failures happened 

in paƟents without pre-exisƟng anƟ-tumor immunity (Seidel et al., 2018). In this regard, a mulƟ-

pronged approach involving both polychemotherapy with immunotherapy in the nanotechnology-

based drug delivery scenario has been emerged and is leading to novel therapeuƟc strategy of 

improved efficacy. 

Beside this kind of immunotherapy, we have recently reported the efficacy of targeƟng ICOS/ICOSL 

pathway in melanoma mouse model. ICOS-Fc loaded into both -cyclodextrin-based NS (CDNS) and 

PLGA was found able to counteract tumor growth of established s.c. B16-F10 tumors. The anƟtumor 

effect observed was correlated to three disƟnct mechanisms. Firstly, through its NPs encapsulaƟon, 

ICOS-Fc mediated an immunomodulaƟon effect, resulƟng in the suppression of anƟ-tumor immune 

response. Secondly, it decreased tumor vascularizaƟon performing an anƟ-angiogenic effect. Finally, 

it may act as an anƟtumor agent, by acƟng directly on tumor cells expressing ICOSL, hampering the 

leading steps of tumor progression, such as the adhesion, migraƟon and EMT of tumor cells. Those 

findings supported ICOS-Fc potenƟal applicaƟon in combined cancer therapies and highlighted 

nanotechnology strategy as a precious tool to improve its therapeuƟc efficacy. Indeed, the 

administraƟon of ICOS-Fc in free form repeatedly showed ineffecƟveness on tumor growth in several 

and different transplantable and spontaneous tumor mouse model (Clemente et al., 2020). 

The ICOS-Fc addiƟon was suggested to opƟmize an innovaƟve drugs combinaƟon co-loaded in 

injectable nanoemulsions for total parental nutriƟon (Intralipid© – IL). It is a maƩer of a novel 

polychemotherapy strategy involving an alkylaƟng agent, temozolamide (TMZ), which is usually 

chosen as a therapeuƟc alternaƟve to dacarbazine because of its ability to reach the central nervous 

system (CNS) and affect brain metastasis. According to literature evidence,  in order to enhance TMZ 

effect the associaƟon proposed included an mTOR inhibitor (rapamycin – RAP) (Dronca et al., 2014; 

Dianzani et al., 2020). AddiƟonally, bevacizumab (BVZ) represents the third component of the 

proposed therapeuƟc mix (IL MIX). It is a monoclonal anƟbody characterized by anƟ-angiogenic 

acƟvity, due to its VEGF binding interacƟon. VEGF overexpression is a markable aspect standing out 

in metastaƟc melanoma, whose adverse prognosƟc feature are correlated with high VEGF serum 

levels. Hainsworth et al. (2010) demonstrated how the combinaƟon of BVZ anƟangiogenic agent 
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with a RAP derivaƟve, which mediates a down-regulaƟon of the VEGF receptor, resulted in a well-

tolerated therapy in paƟents with metastaƟc melanoma (Hainsworth et al., 2010). 

Another innovaƟve aspect of this polychemotherapy stands in the nanocarrier choice, the IL 

exploitaƟon in drug delivery formulaƟons was already invesƟgated (Hippalgaonkar et al., 2010), but 

its use for delivering a polychemotherapy is innovaƟve. The drugs loading into IL nanoemulsion takes 

place in the inner oil phase, reason why only lipophilic drug could be delivered. The RAP lipophilic 

drug was loaded with a “lipophilized” TMZ form, obtained through its conversion to an ester prodrug 

(TMZ-C12), and BVZ was loaded through an ion pairing strategy, already tested to load anƟbodies in 

solid lipid nanoparƟcles (SLNs) (BaƩaglia et al., 2015). 

The drugs combinaƟon in the IL MIX was compared to RAP loaded into IL (IL RAP), TMZ loaded into 

IL (IL TMZ), blank IL, free RAP, free TMZ and free MIX. Efficient loading of the drugs in the liquid lipid 

matrix resulted in the anƟ-tumoral effects measured by in vitro cytotoxicity, cell migraƟon and tube 

formaƟon assays. Moreover, the in vivo experiments, performed using female C57BL6/J mice 

injected subcutaneously with B16-F10 cells, showed a significant reducƟon of tumor growth, with 

inhibiƟon of tumor angiogenesis and mitoƟc index (Dianzani et al., 2020a). Despite the promising 

data obtained, a strong dependence on RAP dose was detected. In this regard, an opƟmizaƟon of 

the co-loaded system was suggested and led to focusing on drugs single doses reducƟon, limiƟng 

their correlated side adverse effects.  

According to the previous results, IL MIX treatment induced an increased in IL-10 and INF secreƟon. 

The first one mediates an anƟ-inflammatory and pro-oncogenic effects, such as increasing Treg 

populaƟon and inducing M2 polarizaƟon of tumour associated macrophages. On the other side, INF 

is produced and released by Th1 and NK cells, which are lymphocyte with anƟtumor and anƟ-

proinflammatory funcƟons (Conciatori et al., 2018). Those findings suggested a potenƟal IL MIX 

effect in restoring the anƟ-tumor immune response and supported the further co-delivery 

opƟmizaƟon. In order to enrich the polychemotherapy system with an immunotherapy contribuƟon, 

ICOS-Fc was considered and idenƟfied suitable for being involved. Its ability to act on both immune 

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

 
Background: Cutaneous melanoma is the 17th most common cancer worldwide (Sung et al., 2021). 

Although the very high survival rate at early stages (5 years’ survival > 99%), the paƟents with 

advanced disease show weak treatment responsiveness based on convenƟonal chemotherapy and 

radiotherapy (5 years survival rate only 15%). Half of the melanoma cases show acƟvaƟng mutaƟons 

in BRAF, reason why the use of specific inhibitors towards mutant BRAF variants and MEK, a 

downstream signaling target of BRAF in the MAPK pathway, showed in advanced melanoma paƟents 

a significantly improved PFS and OS. Targeted therapies emerged with monoclonal anƟbodies 

immunotherapies as a valid alternaƟve to the standard dacarbazine and TMZ opƟons. Despite the 

significant therapeuƟc advancements, the induced chemoresistance and the tumour mutaƟon 

burden, sƟll hamper the therapeuƟc efficacy of both targeted therapy and immunotherapy. In this 

regard, the mulƟ-pronged approach of IL co-loading TMZ, BVZ and RAP showed promising effect on 

in vivo melanoma model (Dianzani et al., 2020a). A further opƟmizaƟon of this system was suggested 

in order to involve the anƟ-tumour immune system response in the polychemotherapy synergisƟc 

effect. The ICOS-Fc was included considering its ability to act on both the immune response and on 

TME. Due to the loading capacity of this system, the addiƟon of ICOS-Fc led to replace BVZ and RAP 

with sorafenib (SOR), a mulƟ-kinase inhibitor with anƟ-proliferaƟve acƟvity (iBRAF), a broader anƟ-

angiogenic acƟvity achieved at lower therapeuƟc doses and immune response mediaƟng effect. 

Usefully already tested for melanoma treatment in combinaƟon with TMZ (Amaravadi et al., 2009; 

Y. Q. Xiong et al., 2009; Cao et al., 2011). 

Aim: The aim of this project was to evaluate the therapeuƟc effect of a combined 

immunochemotherapy consisƟng in loading of immunotherapeuƟc (ICOS-Fc), targeted (SOR) and 

chemotherapeuƟc (TMZ) agents with IL, in a s.c. melanoma mouse model. 

Method: The characterizaƟon of the formulaƟons was performed through dynamic light scaƩering 

technique (DLS), in order to evaluate mean droplet size, polydispersity index (PDI) and Zeta potenƟal. 

The preliminary in vitro biological invesƟgaƟon consisted in analyzing this nanoformulaƟons effects 

on cell viability (MTT and Colony forming assays on B16, D4M, M14 and A2058 cell lines) and cell 

invasion (Boyden chamber invasion assay on B16 and D4M cell lines). SOR release from IL and its 

internalizaƟon by melanoma cells were evaluated through HPLC analysis. Finally, the in vivo 

experiments were performed using female C57BL6/J, injected subcutaneously with 1 x 10^5 B16-



98 
 

F10 / animal. The treatments were administered through i.v. injecƟon for three Ɵmes a week, for 

two weeks. The experimental groups were set to test the effect of IL MIX, MIX free, IL ICOS-Fc and IL 

MIX without ICOS-Fc. Tumour masses were monitored and measured during the treatment period; 

the animals were sacrificed three days aŌer last injecƟon. Immunohistochemistry analysis of CD31 

and Ki67 were performed to evaluate tumor micro-vessel density (TMD) and cancer cell proliferaƟon 

rate respecƟvely. Finally, Real Time PCR of tumors were used to invesƟgate expression of INF, IL-, 

IL-6, IL-10 and TNF. 

Results: all the nanoformulaƟons used for in vitro and in vivo experiments showed a mean size in 

the range between 244-350nm, the negaƟve Zeta potenƟal detected are high enough to avoid 

aggregaƟon phenomena and the PDI values depicted a very homogeneous size distribuƟon of the 

nanoformulaƟons. Overall, the drugs combinaƟon was efficiently loaded into the lipid matrix 

without in vitro relevant changes in mean IL droplet size. 

The studies showed that, compared to the free drugs, the IL loading drugs MIX always increased the 

inhibitory effect on cell invasion. However, the effect depicted on cell toxicity was variable, 

depending on drugs, cell line chosen (human and murine origine and with or without BRAFV600E 

mutaƟon) and kind of assay. 

On the other side, the in vivo results supported the efficacy of the co-delivery system proposed: 1) 

IL MIX showed promising therapeuƟc efficacy, significantly reducing tumour growth and mitoƟc 

index (Ki67); 2) only IL MIX treatment altered the cytokine expression paƩern depicted by an 

increased INF, IL-, IL-6 and IL-10 expression; 3) the free drugs and IL MIX without ICOS-Fc failed in 

terms of tumor growth inhibiƟon, angiogenesis inhibiƟon and immunomodulaƟon. Moreover, no 

relevant signs of toxicity on target organs were detected due to the subtherapeuƟc doses employed 

for each compound: in our experiments, TMZ 1,5mg/kg, SOR 1.25mg/kg, and ICOS-Fc 1.25mg/kg 

were co-administered, while in literature the doses used are of 40mg/kg, 9.0mg/kg and 5.0mg/kg 

respecƟvely. Furthermore, the therapeuƟc contribuƟon of ICOS-Fc in the combine therapy was 

confirmed and more evident when its lacking in the MIX resulted in a lesser effect on tumour growth 

(mass, volume), cell proliferaƟon (Ki67) and immune modulaƟon (IL-, IL-6 and IL-10 expression).  

In contrast, the immunomodulaƟon observed could be also influenced by the kind of mouse model 

employed. Indeed, the choice of the immunocompetent B16-F10 model for this work was due to the 

fact that it expresses a large amount of ICOSL. However, a BRAF-mutated mouse model could be a 

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

from. 

Conclusion: This research work showed a novel polychemotherapy, including for the first Ɵme ICOS-

Fc as an immunotherapeuƟc drug working on ICOS/ICOSL system. The promising results collected 

highlighted the important ICOS-Fc contribuƟon, due to its immunosƟmulatory and anƟangiogenic 

acƟvity with an opƟmally synergic effect with the other drugs loaded in the nanodelivery system. 
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4.3.2 ICOS-Fc in combined immuno chemotherapy for pancreaƟc cancer 
 

4.3.2.1 IntroducƟon 
 

PancreaƟc cancer incidence is rising both in Europe (Partyka et al., 2023) and in USA (Siegel et al., 

2023), with the lowest 5-year relaƟve survival rate (12%) among all cancer types. In parƟcular, 

pancreaƟc ductal adenocarcinoma (PDAC), the prevalent type of pancreaƟc cancer, is one of the 

deadliest cancers, as WHO reported that 90% of PDAC paƟents die within a year of diagnosis (C. Li 

et al., 2020). The disease is asymptomaƟc during its early stages, paƟents are oŌen diagnosed with 

metastasized stage IV with no opƟon for surgery (Lev et al., 2017). Moreover, the standard-of-care 

treatments, which mainly consist in gemcitabine (GEM) and FOLFIRINOX (a combinaƟon of folinic 

acid (leucovorin calcium), fluorouracil, irinotecan, and oxaliplaƟn) display oŌen poor efficacy and/or 

tolerability(Conroy et al., 2018). 

GEM hydrochloride was approved by FDA in 1996 for the treatment of unresectable and metastaƟc 

PDAC, despite a modest improvement on survival compared to 5-FU (Frezza et al., 2008). 

Nevertheless, GEM suffers of poor penetraƟon in the sƟff desmoplasƟc pancreaƟc tumor stroma, 

and of several mechanisms of chemoresistance, that range from the downregulaƟon of the 

transporter of GEM to the impairment of enzymaƟc funcƟons involved in the metabolism of the drug 

(Amrutkar & Gladhaug, 2017).  

The major transporter of GEM into cells is the human concentraƟve nucleoside transporter 1, 

(hCNT1), and its overexpression is considered a predicƟve survival marker of PDAC paƟents following 

the treatment with the oligonucleoside (Giovanneƫ et al., 2006). Nevertheless, cancer cells oŌen 

downregulate this transporter in response to oxidaƟve stress (Randazzo et al., 2020), and this 

shortcoming diminish the response to GEM treatment (Khan et al., 2019). 

In the last decades, nanosized drug delivery systems have been proposed as a soluƟon to overcome 

the poor efficacy and resistance issues correlated with GEM, including liposomes (Tamam et al., 

2019), polymeric nanoparƟcles and solid lipid nanoparƟcles (Cai et al., 2021). Furthermore, 

nanomedicines represent a valid technology for combinaƟon therapy, allowing for a more efficient 

treatment, able to counteract different mechanisms of cancer progression and resistance 

(Alshememry et al., 2022). In the clinical pracƟce, GEM is oŌen administered with albumin-bound 

paclitaxel (nab-paclitaxel) (Von Hoff et al., 2013), in order to improve its efficacy, but  several other 

combinaƟons are evaluated in clinical and preclinical studies; addiƟonally novel mechanisms to 
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overcome resistance are constantly invesƟgated (Lei et al., 2019; Z. Zhang et al., 2022). For instance, 

the overexpression of a mutated KRAS oncogene is registered in 90% of pancreaƟc cancer, and it is 

a very appealing target for novel drugs (K. Yang et al., 2018). Nevertheless, many strategies blocking 

the acƟvated KRAS and the RAF/MEK/ERK pathway did not show the expected efficacy. The use of 

an anƟbody, RT11-i, which directly targets the intracellularly acƟvated GTP-bound form of RAS, is 

able to sensiƟze pancreaƟc cancer cells to GEM, reducing cell growth (K. Yang et al., 2018). The KRAS 

mutaƟon is also correlated with the overexpression of the Nuclear factor erythroid 2-related factor 

2 (Nrf2) in pancreaƟc cancer, and therefore Nrf2 is an interesƟng target for the development of 

anƟcancer drugs (Hayes et al., 2015). Indeed, downregulaƟng the Nrf2 and yes-associated protein 1 

(YAP) protein at the post-translaƟonal level, and increasing the oxidaƟve stress level in cancer cells, 

reduced the chemoresistance to tradiƟonal chemotherapeuƟc agent (Barrera et al., 2021; GraƩarola 

et al., 2021). 

Another major player in the GEM chemoresistance mechanisms is represented by the tumor-

related glycoprotein HAb18G/CD147. The overregulaƟon of HAb18G/CD147 is correlated with the 

acƟvaƟon of the EGFR-pSTAT3 signaling, acƟng as pancreaƟc cancer cells self-defense mechanism 

against GEM treatment. Indeed, following treatment with GEM, pancreaƟc cancer cells overexpress 

the HAb18G/CD147 and are more prone to invade and metastasize, in response to the genotoxic 

stress induced by the drug (Xu et al., 2016a). 

So far, the most successful example of targeted-therapy for PDAC is represented by the poly (ADP-

ribose) polymerase (PARP) inhibitors. PARP is criƟcal enzyme for single-stranded DNA repair, which 

is upregulated in cancer with BRCA1 or BRCA2 mutaƟons. The inhibiƟon of this enzyme is correlated 

to extended PFS in PDAC paƟents, and the PARP inhibitor Olaparib has been approved by FDA as 

maintenance therapy of BRCA1 or BRCA2 mutated, plaƟnum-sensiƟve metastaƟc PDAC (Hosein et 

al., 2022). 

Furthermore, a peculiar feature of pancreaƟc cancer is the presence of an immunosuppressive 

microenvironment (Falcomatà et al., 2023). In fact, less than 1% of PDAC paƟents result sensiƟve to 

immune-checkpoint blockade via the PD-1/PD-L1 pathway (Le et al., 2015), due to the low 

mutaƟonal burden reported in the vast majority of the cases (Imamura et al., 2023). The 

mechanisms of immune suppression in PDAC have different origins, such as the desmoplasƟc stroma 

that produce a hypoxic environment that inhibits the CD8+ T-cell, and the infiltraƟon of immune 

suppressor cells (mainly myeloid-derived suppressor cells and tumor-promoƟng M2-polarized 

Tumor-associated Macrophages) (Ullman et al., 2022). To date, several immunotherapeuƟc 
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approaches have been tested in pre-clinical and clinical studies, including immune-checkpoint 

modulators, chimeric anƟgen receptor CAR-T cells and cancer vaccines (Yoon et al., 2021). 

Nevertheless, all the efforts in developing novel immunotherapies, did not lead to a major 

breakthrough for PDAC paƟents, and leave open the need of invesƟgaƟng alternaƟve strategies. 

ICOS/ICOSL involvement in cancer progression has been already reported, several evidence 

documented ICOSL triggering via ICOS-Fc promising anƟ-neoplasƟc effects, when administered 

alone, loaded into nanodelivery system or co-administered with other drugs in a polychemotherapy 

strategy. It inhibited ECs and tumor cells line adhesion in vitro experiments, cancer cells 

metastaƟzaƟon in vivo cancer models and, when loaded into suitable nanocarriers,  it was able also 

to inhibit tumour growth (Dianzani et al., 2014; Clemente et al., 2020; Monge et al., 2022). 

Moreover, its immunosƟmulatory and anƟangiogenic acƟvity stood out when it was included into a 

polychemotherapy associaƟon (Monge et al., 2022). The cytokine immunomodulaƟon detected 

supported its potenƟal role in favoring a resumpƟon of the anƟ-tumour response. 

 

4.3.2.2 MIVO technology  
 

One of the major issues in the development of novel therapies, including nanomedicines for PDAC 

treatment, is the lack of clinically relevant animal models of the disease. PDAC is a type of tumor 

characterized by high inter- and intra-tumoral heterogeneity, high stromal component and 

infiltraƟon of immunosuppressive cells. These features are very difficult to be represented by 

preclinical models consisƟng of human or murine cell lines, paƟent-derived cells or geneƟcally 

engineered mouse models (GEMMs) (Yu et al., 2021).  

SubstanƟal differences between 2D cultures and real tumours cell behavior lie in their different 

interacƟons with the microenviroment. The unequal nutrient concentraƟon to which cells are 

exposed represents an example: if 2D cultures cells are uniformly exposed to nutrients, the in vivo 

concentraƟon of nutrients is characterized by spaƟal gradients, which play a key role in biological 

differenƟaƟon, organ development, determinaƟon of cell fate and signal transducƟon. Furthermore, 

it was well documented how mechanical interacƟons with the surrounding microenvironment 

regulate several cancer development crucial steps, such as metastasis process and Ɵssue 

organizaƟon, cell moƟlity and proliferaƟon (Lo et al., 2000; Cavo et al., 2018). 

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

grown in monolayers, but they are sƟll quite far from recapitulaƟng the whole in vivo scenario, since 
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they do not resemble the fluid-dynamic sƟmuli at the cancer microenvironment level, and, 

consequently, the drug transport mechanisms across the vascular endothelium structure (Marrella 

A, 2021). Therefore, in the last years gained increasingly aƩenƟon the new advanced in vitro models 

represented by a fluidic culture system set in an innovaƟve organ on chip technologies. On one side, 

they keep important advantages belonging to the 2D models, such as the beƩer control of the 

experimental condiƟons, the relaƟvely easy manipulaƟon and analysis, with a species-specificity 

feature. However, their main advantage stands in the possibility to reproduce the physiological blood 

flow element, which can affect cells survival and metastaƟc propension, alongside a reliable drug 

distribuƟon, thus puƫng the model closer to the in vivo physiology (Hoarau-Véchot et al., 2018; 

Trujillo-de SanƟago et al., 2019). According to the complexity of this model, compared to a 2D 

culture, it offers the opportunity to evaluate more in-depth cell behavior and to perform different 

invesƟgaƟon, such as dynamic migraƟon assay, anƟ-proliferaƟve assay, 3D cancer model immune 

cells infiltraƟon, resemble skin or gastrointesƟnal drugs absorpƟon assay (Cavo et al., 2018; Marrella 

et al., 2020; Marrella A, 2021; Pulsoni et al., 2022).  

To beƩer reproduce the in vivo cancer context, the 3D scaffold-based cancer models were oŌen 

displayed in a dynamic in vitro system. They are able to resemble the tumor-associated stromal ECM, 

which is an important component of the TME, playing crucial roles in cancer progression and 

invasion (DuƩa & DuƩa, 2009; Marrella A, 2021). Different polymeric materials are used as arƟficial 

ECM, alginate hydrogels are the mainly chosen because suitable for 3D gel-like structure stable over 

a prolonged Ɵme, which can be easily tuned via calcium ions-mediated crosslinking. This defines 

them suitable for in vitro pharmacological tests. On the other side Matrigel has been taken into 

account to evaluate more aggressive cancer model, due to its capability to enhance cell biological 

events and cells expressing feature of inner malignancy. Unfortunately, its structural weakness limits 

its applicaƟon in short-term analysis, or in monolayer or thin gel conformaƟons. Cavo et al. (2018) 

suggested a promising compromise 3D cells-scaffold made by 50%:50% Alginate: Matrigel gels, 

showing it as a valid matrix to reproduce metastaƟc cancer model. 

Among all the organ on chip technology emerging, we used a MULTI-ORGAN single flow device 

(MIVO®), commercialized by React4life company (S.r.l., Genova, IT). This advanced in vitro model 

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

The aim of this work was proposing a β-cyclodextrin based nanosponges (NS) loaded with GEM and 

funcƟonalized with ICOS-Fc as an innovaƟve combinaƟon therapy, potenƟally suitable to overcome 

drug resistance in pancreaƟc cancer.  

It is well known how NS have been widely engineered for cancer therapy and drug delivery purpose 

(Iravani & Varma, 2022), due to their high specificity, biocompaƟbility, degradability and prologued 

released behavior. AddiƟonally, they were depicted as safe and biodegradable material with 

negligible toxicity on cell cultures and are well-tolerated aŌer injecƟon in mice (TroƩa et al., 2012).  

We firstly evaluated how the encapsulaƟon of GEM into the NS is able to enhance its viability and 

proliferaƟon inhibiƟon on 2D and 3D pancreaƟc cancer model. Moreover, the ICOS-Fc nanocarrier 

funcƟonalizaƟon represents an addiƟonal innovaƟve aspect of the co-delivery system proposed.  

ICOS-Fc NPs encapsulaƟon and its involvement in polychemotherapy strategy were already 

invesƟgated and promising anƟ-neoplasƟc and immunosƟmulatory acƟviƟes were detected. 

However, this is the first Ɵme ICOS-Fc is displayed on the NS surface, as a targeƟng agent for ICOSL 

expressing pancreaƟc cancer cells, with a key anƟ-invasion contribuƟon in the synergisƟc effect of 

the chemoimmunotherapy associaƟon. In this regard, the MIVO technology was exploited to confirm 

the 2D anƟ-invasion effect rising up the complexity of the system and achieving evidence closer to 

the in vivo scenario. 

The project was performed in collaboraƟon with Prof. Roberta Cavalli research group, which provide 

the synthesis of the NS system, and Prof. Guiot research groups, which collaborated through the 

MIVO technology purchase.  

 

4.3.2.4 Material and Method 
 

Materials 

Dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

ultra-low 96-well plates, crystal violet, methanol, aceƟc acid were from Merk Life Science S.r.l. 

(Milan, Italy). Dulbeccos Modified Eagle Medium (DMEM) high glucose, RPMI1640 medium, Fetal 

Bovine Serum (FBS), penicillin, streptomycin, and trypsin were from Euroclone (Pero, Milan, Italy). 

Transwell Boyden Chamber and Matrigel, were from BD Biosciences (Milan, Italy). MIVO® device 

commercialized by React4life (S.r.l., Genova, IT). PE-conjugated anƟ-ICOSL mAb (R&DSystems, 
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Minneapolis, MN). Gemcitabine was purchased from Lilly France S.A. (Fegersheim, France) and ICOS-

Fc was obtained from Novaicos (Novara, Italy). All the other reagents not specified were purchased 

from Sigma-Aldrich (Missouri, USA). 

 
Cell culture 

CFPAC-1 and MIA PaCa-2 human pancreaƟc cancer cells were purchased from the American Type 

Culture CollecƟon (ATCC; Manassas, VA, USA). PANC-02 murine pancreaƟc cancer cells are a kind giŌ 

from Dr. Jose Courty, Université Paris EST France. 

CFPAC-1 and MIA PaCa-2 cells were cultured in DMEM, while PANC-02 in RPMI1640 medium. All 

cultures were supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin. PANC-02 

and MIA PaCa-2 were also supplemented with 1% sodium pyruvate.  Cell lines were cultured in a 5% 

CO2, 37 °C incubator. 

 
MTT Assay 

PancreaƟc cells (1 x 10^3/well) were seeded in 96 well plates for 24h, then they were treated with 

GEM free form, NSGEM or NS (empty) using 0.04-10µM as the concentraƟon range used. MTT assay 

was performed to assess viability of both GEM sensiƟve (CFPAC-1 and PANC-02) and GEM resistant 

(MIA PaCa-2) pancreaƟc cells aŌer 72h of treatment. The cell proliferaƟon reagent MTT was used, 

as described by the manufacturer’s protocol. Cells that had received no drug, as control, were 

normalized to 100%, and the readings from treated cells were expressed as percent of viability 

inhibiƟon. Four replicates were used to determine each data point, the results are expressed as 

mean ± SEM (n=6). 

To evaluate cell viability at the Ɵme used in the invasion test (6h), the Crystal Violet Assay was used. 

Cells (8×10^3/well) were seeded into 96 well plates and treated for 6h with the compounds (with 

GEM free form, NSGEM or NS used at the concentraƟon range of 0.04-10 µM) under study. Cell 

viability was assessed using the Crystal Violet Assay (Merck Life Science S.R.L., Roma, Italy)(Dianzani 

et al., 2020b). 

 
Clonogenic Assay 

The pancreaƟc cells lines (1 x 10^3/well) were seeded into 6 well plates. The treatment (0.04-10 µM 

with GEM free form, NSGEM or NS) was performed aŌer 24h from seeding and the different 

formulaƟon were leŌ on cell monolayer for only 3h. AŌerwards, the medium was replaced with 

drug-free medium and the cells were cultured at 37 °C and 5% CO2 for 7 days more. The Clonogenic 
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Assay was then performed fixing and staining the cells with a soluƟon of 80% crystal violet (Sigma-

Aldrich, St. Louis, MO, USA) and 20% methanol. In order to reach a quanƟtaƟve data, the crystal 

violet colonies were dissolved using a soluƟon of 30% v/v aceƟc acid prepared in milliQ water. 

Absorbance signal was recorded at 595 nm by a 96 well plate ELISA reader. The results are expressed 

as mean ± SEM (n=5). 

 
Spheroid FormaƟon of PANC2 Cells 

PANC-02 cells, cultured in standard 2D condiƟon, were dissociated with trypsin-EDTA into single-cell 

suspensions. The cells were then seeded on ultra-low aƩachment (ULA) 96-well flat-boƩom plates 

(Sigma-Aldrich, St. Louis, MO, USA). OpƟmal seeding densiƟes were established such that PANC-02 

3D spheroids fell within a size range of 200 to 500 µm in diameter on day 8, considering appropriate 

for iniƟaƟng experimental studies.  

 

3D viability assay 

The cytotoxic effect of GEM, NSGEM or NS on PANC-02 3D spheroids was determined by using the 

2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) reagent (Roche, 

Italy). Cells were seeded (0.8 – 1.5 ×10^3 cells/well) in 100 μl of serum-supplemented medium and 

treated with different concentraƟons of GEM, NSGEM or NS. AŌer 72h, the drug was removed and 

the WST-1 assay was performed. The opƟcal density (OD) of treated and untreated cells was 

determined at a wavelength of 450 nm with a microplate reader aŌer 4h of incubaƟon. Controls 

were normalized to 100%, and the readings from treated cells were expressed as % of viability 

inhibiƟon. Eight replicates were used to determine each data point (n=5). 

3D spheroid reconstrucƟons were obtained by using ReViSP, hƩp://sourceforge.net/p/revisp/, while 

the spheroid volumes were obtained by using AnaSP, hƩps://sourceforge.net/projects/anasp/. The 

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

 
Boyden Chamber Assay 

The Boyden chamber is made up of two porƟons, basal and apical series of wells, separated by a 

Matrigel (BD Biosciences, San Jose, CA, USA) coated filtered membrane (8.2 mm diameter and 0.5 

µm pore size), through which is evaluated the cells migraƟon behavior. 

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

size), were placed 1 x 10^3 cells/well in serum-free medium, with or without treatments under 
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tesƟng. In the basal compartment was displayed medium containing FCS 20% acƟng as a chemo-

aƩractant. Then, the Boyden Chamber was incubated at 37 °C under 5% CO2. AŌer 6h, the cells on 

the apical side were wiped off with Q-Ɵps. The lower side of the filtered membrane was stained with 

methanol-crystal-violet and the cells there migrated and aƩached were counted with an inverted 

microscope (magnificaƟon 40x). The results are expressed as the % vs control of migrated cells from 

all the wells of each quadruplicate filter ± SEM (n=5). The control migraƟon was 55 ± 4 and 61 ± 5 

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

 
ICOSL expression in tumour cell lines 

The cell-surface phenotypes were assessed via direct immunofluorescence and flow cytometry using 

the appropriate PE-conjugated anƟ-ICOSL mAb. The mean fluorescence intensity raƟo (MFI-R) was 

calculated considering all of the alive cells according to the following formula: MFI of the ICOSL-

stained sample histogram (arbitrary units)/MFI of the control histogram (arbitrary units) (Dianzani 

et al., 2014). 

 

Dynamic culture 

 
Figure 2: MIVO experimental model scheme 
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In vitro drug efficacy tests were performed using a MULTI-ORGAN single flow device (MIVO®) 

consisƟng of two chambers placed in a closed circuit in which a peristalƟc pump set an internal flow 

rate. The system design is shown schemaƟcally in Figure 2.  

In each chamber it was placed a 3 µm pore size TW insert and we chose to call MIVO1 the chamber 

which stands for the primary tumour site, consisƟng of a confluent MIA PaCa-2 cells monolayer 

placed in complete cell culture medium, and MIVO2 the chamber which stands for new tumour 

metastasis sites, consisƟng of two alginate hydrogels prepared with 30% FBS cell culture medium 

and placed in 30% cell culture medium. This second chamber works as a chemo-aƩractant factor for 

the cell migraƟon.  

The nanoformulaƟons were prepared in complete cell culture medium (10% FBS), in the amount 

necessary to fill in all the circuit and apical MIVO1 chamber (around 6ml).  

In each experiment three different circuits were built in parallel: CTR (untreated), GEM+ICOS-Fc in 

free form and NS[GEM+ICOS-Fc]. 

We set a flow rate of 20rpm using 2mm diameter tubes (this seƫng corresponds of a velocity of 

0.64mm/sec below the TW and a flow rate of 4.28ml/min). This is the lowest flow rate that keeps 

cells into the circuit and prevent cell deposiƟon on the boƩom of the MIVO chambers, the direcƟon 

of the flow rate is set from MIVO1 to MIVO2.  

Once placed both chambers, displayed the chemo-aƩractant in MIVO2 chamber, filled the apical 

MIVO1 and the circuit with the nanoformulaƟon treatment, the micro-fluidic system was connected 

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

 

Analysis of drug anƟmetastaƟc effect in dynamic culture 

In order to evaluate the anƟmetastaƟc effect of the different treatments, aŌer 48h both TW were 

removed from the MIVO chambers and both TW membranes were fixed and stained with a soluƟon 

of methanol-crystal-violet soluƟon. The cells were counted at the microscope and the data collected 

were expressed as number of cells aƩached on the respecƟvely MIVO1 or MIVO2 membranes. The 

results are expressed as mean of cells counƟng ± SEM (n=3). Only on MIVO2 membrane photos were 

taken at the microscope (magnificaƟon 10x).  

To study if the cells, detached from the MIVO1 and MIVO2 membranes, kept their viability and 

proliferaƟon ability in the staƟc system and once they reached the circulaƟon flow, the apical volume 

of MIVO1 chamber and the one displayed in the circuit tubes were moved into petri dishes. They 
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were kept in incubator at 37 °C and 5% CO2 for 24h before replacing cell culture medium with fresh 

one. The cells were kept in complete medium (10% FBS) for 14d more and monitored looking to 

their ability to aƩach to the petri dish and grow (The analysis steps are shortly depicted in Fig 3.). 

The cell clones grew in each petri dish were counted at the microscope and the data collected were 

expressed as number of cells aƩached. The results are expressed as mean ± SEM (n=3). 

RepresentaƟve photos of apical MIVO1 cells clones grew in petri dishes were taken at the 

microscope (magnificaƟon 10x). 

 

 
 
Figure 3. Scheme of analysis of drug anƟmetastaƟc effect in dynamic culture 
 
 
StaƟsƟcs  

The staƟsƟcal significance was evaluated by one-way ANOVA followed by the mulƟple comparison 

post-test Bonferroni (GraphPad InStat soŌware (San Diego, CA, USA). Data are expressed as mean 

and standard error of the mean (SEM) and the staƟsƟcal significance was set up at *p<0.05 and 

**p<0.01. 
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4.3.2.5 Results 
 

Viability: MTT Assay 

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

resistant (MIA PaCa-2) pancreaƟc cell lines. 

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

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

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

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

concentraƟons used for GEM resistant cell lines: 0.04-10M). No viability inhibiƟon was detected on 

cells treated with empty NS. 

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

NSGEM or NS at the indicated concentraƟons 72h aŌer the treatment. Results are expressed as a 

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

GEM. 
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ProliferaƟon: Clonogenic Assay 

The methodology of colony forming assay used in these experiments is able to give informaƟon 

about how fast the nanoformulaƟon is uptaken by cancer cells and consequently how could be 

effecƟve on cell proliferaƟon. Indeed, the cells were incubated only for 3h with the different drug 

nanoformulaƟons (range of concentraƟons used for GEM sensiƟve cell lines were 4-200nM in CFPAC-

1 and 2-200nM in PANC-02; range of concentraƟons used for GEM resistant cell lines: 0.04-10M). 

Then, cells were washed and incubated with free medium for 7d more.  

CFPAC-1 cells Clonogenic Assay shows that the internalizaƟon of NSGEM was more efficient than 

that of GEM administered in free form. Indeed, clonogenic inhibiƟon is approximately 80% for the 

highest concentraƟon of NSGEM, while only 60% for GEM free (Fig. 5). The different speedy of 

internalizaƟon is even more evident in PANC-02 cells. Very interesƟng is the results obtained using 

MIA PaCa-2 cells. Indeed, Clonogenic Assay revealed that cells treated with NSGEM were first 

internalized and more inhibited in the proliferaƟon capacity (Fig. 5).    

 

Figure 5: Clonogenic Assay in CFPAC-1, PANC-02 and MIA-PaCa-2 untreated or exposed to GEM, 

NSGEM or NS at the indicated concentraƟons. Cells were treated for 3h, then exposed with free 

medium for 7 days. Results are expressed as a percentage of clonogenic inhibiƟon vs control. The 

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

Naturally, in 2D cell cultures cells are grown in monolayer on a well, being very different from in vivo 

condiƟon. 3D cell cultures allow predict drugs treatment efficacy more accurately; this model leave 

cells growing and interacƟng with surrounding extracellular framework in three dimensions beƩer 

represenƟng in vivo Ɵssue condiƟon.  

Therefore, it is very important to verify if also in these condiƟons NS formulaƟon could be beƩer 

internalized and efficient than free drug. 

To perform this viability assay PANC-02 cells were chosen, among all the others used, because the 

most suitable for being cultured in 3D models. The results demonstrated that NSGEM induced a 

significant and concentraƟon-response volume reducƟon compared to the GEM free treatment. 

Spheroids representaƟve images are placed in Fig 6. In panel A; spheroids 3D volume images.  In 

panel B; the 3D spheroid reconstrucƟons and quanƟtaƟve data of % spheroids volume in graph C. 

The graph D shows the WST-1 assay data collected aŌer 72h of treatment. The cell viability results 

confirmed that NSGEM can be internalized beƩer and can slowly release GEM, being significantly 

more efficient than in the GEM free form condiƟon tested. 

 

 

 

 

 

 

 

 

 

 

Figure 6:  PANC02 spheroids untreated (C, control) or treated with GEM, NS, or  NSGEM at 200, 400, 

or 800nM for 72h. Panel B: 3D spheroid reconstrucƟons corresponding to C, GEM 800nM, NS 800nM, 

NSGEM 800nM were obtained by using ReViSP, hƩp://sourceforge.net/p/revisp/. Panel C: Spheroid 
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volumes obtained by using AnaSP, hƩps://sourceforge.net/projects/anasp/. The results are 

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

Panel D: cell viability of 3D PANC02 spheroids treated as reported above. The results are expressed 

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

Invasion: Boyden Chamber Assay 

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

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

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

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

interfere with the metastaƟc process. So, we tested them for in vitro inhibiƟon of pancreaƟc cells 

invasion, which are iniƟal step of the metastaƟzaƟon process. 

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

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

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

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

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

because GEM induced cell invasion, while NSGEM inhibited it (Fig.7).  

 

Figure 7: Invasion assay in CFPAC-1 and MIA PaCa-2 untreated or exposed to GEM, NSGEM or NS at 

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

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

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

To induce or increase an anƟmetastaƟc effect on pancreaƟc resistant cells, we decided to use NS 

decorated with ICOS-Fc, known for its ability to inhibit cell invasion, already reported when 

administered in free form, loaded into nanodelivery system and co-delivered with other drugs in a 

polychemotherapy strategy. Moreover, it was well documented how this effect was built on the 

ICOSL triggering (Clemente et al., 2020; Dianzani et al., 2010, 2014; Monge et al., 2022). For this 

reason, we checked the ICOSL expression level of the pancreaƟc cancer cells used in the biological 

test. Fig 8. shows that MIA PaCa-2, GEM resistant cell line, are the highest ICOSL expressing cells. 

They were suitably chosen to evaluate if NSGEM tailored with ICOS-Fc would be able to improve 

invasion inhibiƟon induced by NSGEM. 

 

Figure 8: Flow cytometry data showing ICOSL expression in pancreaƟc cancer cells CFPAC-1, MIA 

PaCa-2 and PANC-02. The numbers in each panel indicate the MFI-R; the cutoff between the ICOSLhigh 

and ICOSL low cells was set at MFI-R = 2. 

 

First of all, it was necessary to fix the ICOS-Fc suitable concentraƟon to funcƟonalize the system, 

since it was the first Ɵme ICOS-Fc was displayed on the nanocarrier surface and not loaded into it. 

We started using the same ICOS-Fc loading concentraƟon used in previous projects, realizing from 

the data collected that was too much high because responsible to counteract a funcƟonal ICOSL 

interacƟon, probably due to a steric obstacle reason. Using lower concentraƟons NSICOS-Fc were 

able not only to inhibit MIA PaCa-2 invasion in a concentraƟon dependent manner, but also were 20 

Ɵmes more acƟve than the free form (Fig. 9a). 

To study the anƟ-invasion effect of the nanodelivery system here proposed, we chose a good 

proporƟon raƟo of both components, such that allows to load GEM (0.4M) and ICOS-Fc (0.2g/ml) 

at concentraƟons which respecƟvely are able to induce and significantly inhibit MIA PaCa-2 cell 

migraƟon. 

CFPAC-1 MIA PaCa-2 PANC-02 
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As it was showed before, GEM free 0.4µM induced cells invasion and ICOS-Fc free, 0.2µg/ml has no 

inhibiƟon effect, while NSGEM 0.4µM and NSICOS-Fc 0.2µg/ml inhibited cancer cell invasion. When 

they are administered together (0.4µM GEM and 0.2g/ml ICOS-Fc), both in free form, no reducƟon 

was observed, because that low dose of free ICOS-Fc was not effecƟve. While, when both 

components are combined together, the cells invasion was counteracted with higher inhibiƟon effect 

than all the other formulaƟon (NSGEM+ICOS-Fc > NSGEM ≥ NSICOS-Fc) (Fig. 9b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The graph a) reports the invasion assay results of in MIA PaCa-2 cell line exposed to ICOS-

Fc in free form or loaded into NS at the indicated concentraƟons. The graph b) shows the invasion 

results collected aŌer exposing MIA PaCa-2 cells with GEM free 0.4 µM, or ICOS-Fc free (0.2µg/ml), 

NSGEM (0.4µM) and NSICOS-Fc (0.2µg/ml), and with NS [GEM+ICOS-Fc] (0.4µM GEM and 0.2g/ml 

ICOS-Fc). Cells were treated for 6h in a Boyden chamber. Results are expressed as a percent of 

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

 

MigraƟon: MIVO micro-fluid systems 

We have recently developed a dynamic in vitro cancer model for tesƟng anƟ-invasion drug effect. 

Among the arising new organ-on-chip technology we used a MULTI-ORGAN single flow device 

(MIVO®), commercialized by React4life, which consists in the realizaƟon of dynamic cell cultures, 

placed in different cellular compartments which can cross-communicate through channels 

interconnecƟon, and/or porous membranes (Maulana et al., 2021). The MIVO® MigraƟon Assay was 

performed using two chambers placed in a closed circuit in which a peristalƟc pump set an internal 

flow rate. The primary tumor site was reproduced by a confluent cancer cells monolayer placed in 

a) b) 



134 
 

MIVO1 chamber, while the chemo-aƩractant factor displayed in MIVO2 chamber works on cells 

migraƟon and stands for new tumor metastasis site. 

This experiment was performed in order to evaluate the anƟ-invasion ability of NS [GEM+ICOS-Fc] 

in dynamic condiƟon. Thus, we chose the concentraƟons that have primary an anƟ-invasion effect 

0.4µM NSGEM with 0.2g/ml NSICOS-Fc, using GEM+ICOS-Fc free form and no treated cells as 

control.  

AŌer 48h of dynamic condiƟon cells aƩached to the TW membranes were counted. Cell counƟng 

values are similar among all three condiƟons tested in MIVO1 chamber, while the MIVO2 

membranes showed very interesƟng trend (Fig. 10a). 

MIVO2 cell counƟng values clearly showed the dominate GEM effect in the GEM+ICOS-Fc free form 

associaƟon treatment, explained by a higher number of MIA PaCa-2 cells migrated compared to the 

untreated condiƟon (Fig. 10a). On the other side, NSGEM funcƟonalized with ICOS-Fc significantly 

counteracted MIA PaCa-2 metastaƟc disseminaƟon, being cells aƩached to MIVO2 membrane lower 

then both control and GEM+ICOS-Fc condiƟons (Fig. 10a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: CounƟng cell values detected on MIVO1 and MIVO2 membrane aŌer 48h of exposure to 

GEM+ICOS-Fc or NS [GEM+ICOS-Fc], used at the concentraƟon indicated, in dynamic condiƟon (10a) 

and representaƟve images of all three condiƟons tested of MIA PaCa-2 cells aƩached on MIVO2 

membrane. Fig 10b depicted the representaƟve images of cells aƩached on MIVO2 membranes of 
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all three condiƟons tested. Results are expressed as mean of counƟng cell values ± SEM (n=3); *p < 

0.05 GEM+ICOS-Fc vs control; ##p < 0.01 NS [GEM+ICOS-Fc] vs GEM+ICOS-Fc; °p<0.05 NS 

[GEM+ICOS-Fc] vs control. 

 

Then we have collected the fluctuant cells in apical chambers MIVO1 and those circulaƟng in the 

microfluid system to see if they were sƟll alive and able to adhere to wells and grow. So, they were 

placed in petri dishes for one day, then culture medium was replaced with fresh one without any 

treatment and monitored for 14d. 

Figure 11 shows the untreated condiƟon counƟng cells values, which reports a very high number of 

cells clones in the apical MIVO1, increased from 7d (>50 clones) to 14d (>200 clones) of culturing at 

37 °C and 5% CO2. RepresentaƟve images of cells collected from apical MIVO1 and cultured in 

complete medium for 14d are reported in panel b.  

A significant increase of cells clones was found also in the dishes harvesƟng the circuit volumes, 

showing alive cells able to migrate and form metastasis. 

The data related to the treated condiƟons (GEM+ICOS-Fc in free form or NS [GEM+ICOS-FC]) are 

reported in the 11c and 11d images, showing the MIVO1 and circuit counƟng cells respecƟvely. In 

the MIVO1 supernatant treated with GEM+ICOS-Fc, the cells detached from the monolayer were sƟll 

alive and able to grow in clones over Ɵme, while in the NS[GEM+ICOS-Fc] condiƟon any clones were 

formed (Fig. 11c). Those evidence showed a beƩer cells internalizaƟon of NS [GEM+ICOS-Fc] 

compared to the drugs administered in the free form, which leads to counteract the cells migraƟon 

from MIVO1 to MIVO2. Indeed, NS [GEM+ICOS-Fc] can also inhibit the viability of the cells detached, 

being GEM slowly released by the NS. 

Same trend was highlighted considering the cells collected in the circuit volume, the NS [GEM+ICOS-

Fc] showed its ability to significantly counteract MIA PaCa-2 migraƟon and proliferaƟon over Ɵme, 

compared to GEM+ICOS-Fc treatment condiƟon (Fig. 11d). Even though in the GEM+ICOS-Fc 

condiƟon the cells collected from the circuit were much lesser than those detected in MIVO1 

chamber, the counƟng cells values highlighted an increasing in number of cells clones depicƟng a 

treatment condiƟon allowing metastasis cancer disseminaƟon. On the other side, the NS 

[GEM+ICOS-Fc] treatment was able to counteract cell clones proliferaƟon in both cells collected from 

MIVO1 chamber and those harvested from the circuit. 
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 Figure 11: CounƟng cell values detected aŌer 7-14d of culturing of cells harvested from MIVO1 or 

circuit compartment (kept in dynamic condiƟon for 48h). The graph 11a reported the untreated 

condiƟon of cells collected from both MIVO1 and circuit, the GEM+ICOS-Fc compared to NS 

[GEM+ICOS-Fc] treatment is displayed in the panels below, 11c reporƟng the MIVO1 data and 11d is 

referred to the circuit one. Panel 11b depicts representaƟve images of MIA PaCa-2 cell line harvested 

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

 

 
 

 

 

 

 

 

 

 



137 
 

4.3.2.6 Discussion 
 

For this cancer, whose paƟents show a very poor outcome, compared to other resected solid 

tumours, very few alternaƟve treatments are available next to gold standard one GEM. Most of the 

alternaƟve clinical failure are due to the MDR, both intrinsic (innate) and acquired (in response to 

drug therapy), characterized by the higher expression of drug efflux pump and a very dense stromal 

environment tackling drug cancer permeaƟon. Moreover, crucial role in promoƟng cancer 

aggressiveness and drug resistance phenomena is exerted by the TME, which includes the ECM and 

different kinds of cells, such as a variety of immune cells contribuƟng for the immunosuppressive 

addiƟonal therapeuƟc challenge (Alshememry et al., 2022).  

This work showed the -cyclodextrin based NS loaded with GEM and funcƟonalized with ICOS-Fc as 

a promising strategy to overcome pancreaƟc cancer drug resistance. The encapsulaƟon of GEM 

showed in both GEM sensiƟve and GEM resistant cells a quicker internalizaƟon and a significantly 

higher efficacy of NSGEM compared to GEM administered in free form. Those high differences 

detected through colony forming assay were only slightly significant in MTT results correlated to 

GEM sensiƟve cells, and no marked at all in MTT data of GEM resistant cells. This suggest the NSGEM 

beƩer internalizaƟon aspect, which is evident in the shorter Ɵme seƫng of the colony forming assay, 

while totally hidden in the 72h of MTT protocol. However, even if the 2D models offer a first step of 

in vitro invesƟgaƟon, since their staƟc condiƟon they are much far from represenƟng what happen 

in reality. 

In order to invesƟgate the permeaƟon capability of NSGEM in a pancreaƟc tumour mass, we 

developed a 3D cell culture system in collaboraƟon with Prof.ssa Stefania PizzimenƟ laboratory. 

Compared to 2D models, in which the forced planar morphology acquired by the cells is potenƟally 

responsible to alter several aspects of their behavior, cells that grow in a 3D environment are more 

likely to develop shapes and phenotypes observed in an in vivo TME. It was well documented how 

in a more complex system, allowing cell-cell contacts in all direcƟons and cell-matrix interacƟons, 3D 

cancer cells models display higher aggressiveness, overexpress pro-angiogenic growth factors and 

acquire drug resistance (Leung et al., 2010; Lhuissier et al., 2017; Affoué Dit Faute et al., 2002). 

The 3D model was performed using PANC-02 cell line, since idenƟfied as the most suitable one to 

be cultured in 3D model and, because of their murine origin, potenƟally exploited in a planned in 

vivo model. The viability assay shows that the spheroids volumes was significantly reduced when 

treated with NSGEM, compared to GEM administered in free form. The higher NSGEM efficacy was 
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confirmed through the WST-1 quanƟtaƟve data, supporƟng much more how NSGEM are beƩer 

uptaken, thus how the GEM encapsulaƟon ameliorates the drug permeaƟon into the 3D pancreaƟc 

cell structure.  

According to literature migraƟon experiments, GEM showed an induced-invasion effect on GEM 

resistant pancreaƟc cancer cell, while no effect on GEM sensiƟve one. Moreover, it was documented 

how this effect may be correlated to an induced overexpression of HAb18G/CD147, which acts as a 

novel upstream acƟvator of STAT3-mediated signaling in pancreaƟc cancer (Xu et al., 2016c).  

The HAb18G/CD147 belongs to the CD147 family, mulƟfuncƟonal surface transmembrane 

glycoproteins, found expressed by several malignant human cancers, including MIA PaCa-2 one 

(Biswas Chitra et al., 1995; Riethdorf et al., 2006; Schnelderhan et al., 2007). It was documented 

responsible to increase tumor invasion and metastasis, by inducing matrix metalloproteinases 

(MMPs) secreƟon, and MDR (Pan et al., 2012; Xu et al., 2016c). Moreover, the lowered response to 

GEM treatment could be related to the reduced GEM cell uptake, which is caused by the 

downregulaƟon of hCNT1 transporter in response to oxidaƟve stress (Giovanneƫ et al., 2006; Khan 

et al., 2019). 

We performed a Boyden chamber assay to further demonstrate that GEM encapsulaƟon in NS can 

promote an anƟ-invasion effect on pancreaƟc cancer cells, avoiding of hCNT1 transporter intake and 

HAb18G/CD147 GEM acƟvaƟon, especially on GEM-resistant one. Indeed, in our experiments we 

didn’t find any changes in the expression of this transporter for all condiƟons tested (data not 

shown). 

The different CFPAC-1 and MIA PaCa-2 cells behaviors confirmed the GEM-mediated invasion 

induced on MIA PaCa-2 cells and any correlated anƟ/induced invasion effects on CFPAC-1. However, 

the more striking results are correlated to the significantly anƟ-invasion effect promoted by NSGEM 

treatment. This evidence gained more weight parƟcularly looking to MIA PaCa-2 GEM resistant cell, 

on which the GEM administered in free form mediates the completely opposite effect. This results 

could be due to the fact that the NS are internalized by endocytosis, avoiding the  hCNT1-mediated 

intake. Furthermore, It is well documented how NS ability to be taken up via acƟve mechanisms and 

circumvent the efflux drug pump depicts their reducing drug resistance properƟes (Daga et al., 

2020.) 

Step forward was proceeding with the evaluaƟon of the anƟ-invasion effect of the co-delivery system 

proposed. In this regard, the ICOS-Fc choice lies on the several and promising evidence supporƟng 

its anƟ-neoplasƟc, immunosƟmulant, anƟangiogenic effects. According to all data published, it was 
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documented how ICOSL triggering via ICOS-Fc significantly inhibit cancer cells migraƟon in both in 

vitro and in vivo mouse models, when administered alone or encapsulated into nanodelivery system 

or nanodelivered with other drugs (Dianzani et al., 2010, 2014; Clemente et al., 2020; Monge et al., 

2022). Since ICOSL triggering was found essenƟal to exert any ICOS-Fc effects, the highest ICOSL level 

detected on MIA PaCa-2 cell line led to suitably use them to evaluate the anƟ-invasion effect of the 

combine therapy proposed. The good proporƟon raƟo of both components was reached starƟng 

with the evaluaƟon of the most suitable ICOS-Fc concentraƟon to use, since instead of loaded it was 

displayed on the nanocarrier surface. Preliminary experiments didn’t show any anƟ-invasion effects 

because the concentraƟon of ICOS-Fc, used to decorate the NS, was the same already exploited to 

deliver ICOS-Fc loaded into PLGA/CDNS (data not shown). The significant anƟ-invasion effect was 

detected only using lower concentraƟon of ICOS-Fc, suggesƟng how a too much high ICOS-Fc NS-

decoraƟon may counteract funcƟonal ICOSL interacƟon, necessary to exert any resulƟng effect. The 

ICOS-Fc decorated NS showed a staƟsƟcally higher invasion inhibiƟon Ɵll a concentraƟon 20 Ɵmes 

lower than ICOS-Fc administered in free form. Considering all this evidence and the loading-stability 

features of the NS carrier, GEM and ICOS-Fc were chosen to be administered at concentraƟons that 

for the first was able to induce cancer cells invasion and for the other was able to significantly inhibit 

it. According to the Boyden chamber in vitro results, the GEM+ICOS-Fc associaƟon administered 

through NS carrier exerted the maximum anƟ-invasion effect, compared to all other treatment 

condiƟon tested (drugs alone or combine and administered in free form; drug nanodelivered alone). 

The next project step would have been proceeding with the in vivo evaluaƟon of NS [GEM+ICOS-Fc] 

efficacy, but some challenges hindered to smoothly achieve a suitable pancreaƟc mouse model. In 

this regard, the best cancer cells choice should express high level of ICOSL and have murine origin, 

so that can be injected in immunocompetent mice. Unfortunately, if on one side MIA PaCa-2 were 

the highest ICOSL expressing cells, because of their human origin they would be injectable only in 

immunodeficient mice, hampering the possibility to evaluate any ICOS-Fc mediated effect. Thanks 

to Prof.ssa Caterina Guiot collaboraƟon in this project we were able to buy and use an advanced 

dynamic organ-on-chip technology for tesƟng NS [GEM+ICOS-Fc] anƟ-invasion effect (MIVO®). 

This novel technology is emerging between the 2D cells cultures and in vivo animal models 

tradiƟonally used by cancer biology researchers. It is well known how much these two categories 

differ, considering the microenvironment surrounding cells and consequently the different 

interacƟons to which cells are subjected if displayed in a 2D or 3D model (Goliwas et al., 2016). Many 

clinical failures are due to the too simplifying pre-clinical in vitro and in vivo tumor models, which 
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are also expensive and associated with ethical issues (Marrella et al., 2019). This explained how in 

the last years novel 3D in vitro culture systems gained more aƩenƟon as an alternaƟve to animal 

tests, a suitable and reliable compromise between tradiƟonal 2D culture and in vivo models (Hoarau-

Véchot et al., 2018; Marrella et al., 2019). In this project we performed a dynamic migraƟon assay 

using a MULTI-ORGAN single flow device (MIVO®), able to resemble primary and metastasis tumour 

sites connected together in a micro-fluidic system. This more complex in vitro seƫng allows to 

invesƟgate NS [GEM+ICOS-Fc] efficacy on cells migraƟon, invesƟgaƟng also how the treatment 

counteracts it on more fronts. In this regard, we evaluated if NS [GEM+ICOS-Fc] was able to affect 

viability of both cells just detached from the primary tumour (MIVO1) and the one already flouƟng 

in the circulaƟon and ready to develop new metastasis spots (circuit). These are important physio-

pathological steps towards the metastaƟc onset (Cavo et al., 2016).   

The counƟng cells values detected on MIVO2 membrane clearly showed the dominate induced-

invasion effect of GEM in the GEM+ICOS-Fc associaƟon treatment, which was reported by the 

substanƟal higher number of MIA PaCa-2 cells migrated. More strictly results were correlated to NS 

[GEM+ICOS-Fc] condiƟon, which significantly counteract GEM resistant cells migraƟon, compared to 

both GEM+ICOS-Fc and control condiƟons.  

Likewise, amazing results showed how 48h of treatment with NS [GEM+ICOS-Fc] was able to 

counteract cell clones proliferaƟon in both cells collected from MIVO1 and circuit. This effect was 

significantly markable compared to GEM+ICOS-Fc one, which allowed cells clones proliferaƟon over 

Ɵme in both compartment sampled.  

Thanks to a mulƟdisciplinary approach, involving pharmacological, technological, pharmaceuƟcal 

and immunological fields, we proposed the innovaƟve -cyclodextrin based NS decorated with ICOS-

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