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Abstract 

Colorectal cancer (CRC) is a multifactorial disease driven by genetic alterations, 

environmental factors and inflammation [1]. Inflammation is a hallmark of cancer with 

opposite roles in CRC [2]–[4]. Hyperactivation of immune cells can lead to chronic colitis 

and colitis-associated CRC [2], equally hyporesponsive immunity can promote disease 

progression [3], while anti-tumorigenic immunity efficiently limits tumor growth [4]. 

Mucosal immunity is involved in the patrolling of intestinal tissues and in the 

maintenance of homeostasis [5]. Disruption of intestinal homeostasis leads to different 

pathologies, among which CRC [6]. Invariant Natural Killer T (iNKT) cells are a lipid-

specific, CD1d-restricted population of unconventional T cells [7] residing also in the 

intestinal mucosa [8]. Although their role in inflammation [9], infection [10] and in tumor 

immune surveillance [11] has been extensively elucidated, iNKT cells involvement in 

CRC progression remains controversial [12]–[15]. 

Here, by analyzing a cohort of 118 CRC patients we showed that human tumor-infiltrating 

iNKT cells acquire a pro-tumorigenic, exhausted phenotype characterized by high 

expression of PD-1, GM-CSF and IL17, while they maintain cytotoxic properties in the 

paired non-tumor tissue site. The phenotype of intra-tumor iNKT cells was induced by 

CRC-associated microbiota and Fusobacterium nucleatum (Fn). Priming with Fn did not 

influence the killing capabilities of iNKT cells in vitro, while it induced their expression 

of GM-CSF, IL17 and neutrophil-chemotactic genes. The existence of an iNKT-

neutrophil crosstalk was confirmed by ex vivo correlative analysis and in vitro functional 

assays. Three different murine models of CRC revealed that iNKT cells promote tumor 

growth inducing a pro-tumorigenic polymorphonuclear-myeloid derived suppressor cell 

(PMN-MDSC) gene signature in tumor associated neutrophils (TANs). Importantly, in 

vivo treatment with αGalCer restored tumor control and iNKT cell cytotoxic functions. 

Survival analyses of human CRC patients showed that co-infiltration by iNKT cells and 

TANs led to unfavorable prognosis. 

Our results identified a functional role for iNKT cells in the pathogenesis of CRC, 

promoting pro-tumorigenic properties on TANs, and suggest a direct implication of the 

CRC-associated microbiota in the process. The targeted manipulation of iNKT cells 

restored their anti-tumorigenic properties, thus highlighting their potential use for novel 

cancer immunotherapies.
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1 Introduction 

1.1 Colorectal Cancer and its etiology 

Colorectal cancer (CRC) is the third most prevalent cancer worldwide and the second 

leading cause of cancer-related death despite advances in its prevention and treatments 

[16]. By the end of 2030, CRC is estimated to be the leading cause of cancer related death 

in the population aged 20-49 [1]. Both genetic and environmental factors play a pivotal 

role in its etiology [1]. The vast majority of CRC cases are nonhereditary, sporadic tumors 

that originate from premalignant polyps within aberrant crypts [17]. The progression of 

CRC is provoked by the accumulation of genetic mutations and epigenetic alterations 

along with the activation of oncogenes and the inactivation of tumor suppressor genes, in 

the so-called adenoma to carcinoma sequence [17], [18] (Figure 1.1).  

 

Figure 1.1: Representation of the Adenoma-Carcinoma sequence. The initial step of adenoma 

formation is associated with loss of APC, followed by mutations in the GTPase KRAS or BRAF and 

by loss of SMAD4 and CDC4. Mutations in the TP53 gene lead to carcinoma. In microsatellite instable 

tumors, mutations affecting microsatellites in TGFb receptor 2 (TGFBR2), insulin-like growth factor 

2 receptor (IGF2R) and BAX cause TP53-independent progression to carcinoma. Adapted from Axel 

Walther, et al., Nature Reviews Cancer, 2009, [18]. 

Early genetic mutations comprise genes such as adenomatous polyposis coli (APC) 

affecting the Wnt/b-catenin signaling pathway that regulates key cellular functions such 

as proliferation, genetic stability and stem cell renewal [17]. First genetic events are 

followed by deregulation of the MAPK (KRAS or BRAF mutations), PI3K and p53 

signaling pathways [18], leading to uncontrolled cell growth. Whole exome sequencing 

on premalignant colorectal adenoma and serrated polyps was used to identify 
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carcinogenic driver mutations, and confirmed the presence of truncated APC [19]. The 

laboratory of William Dove exploited the effect of N-ethyl-N-nitrosourea, a potent 

mutagen, on the APC gene and generated the APCMin/+ mouse model of intestinal cancer 

[20], which is nowadays one of the most widely used preclinical model for this disease 

[21]. The adenoma-carcinoma sequence takes approximately 10-15 years [18], but it can 

be accelerated in certain settings of familial CRC such as Lynch syndrome and Familial 

Adenomatous Polyposis [22]. In addition to defined genetic mutations, CRC is 

characterized also by structural and chromosomal abnormalities [23] and by pervasive 

epigenetic alterations [24]. Although the heterogeneity of genetic alterations has been 

well described it fails to predict patient survival and therapy response [3].  

Indeed, CRC formation, progression and treatment is highly dependent also on the 

activity of all the components of the surrounding tumor microenvironment (TME) and 

not only on the genetic background of neoplastic cells [25]–[27].  

1.2 The tumor microenvironment in CRC 

The TME is an active promoter of cancer progression and it consists of several cellular 

and non-cellular components summarized in Figure 1.2 [27]. 

 

Figure 1.2: Schematic representation of cellular and non-cellular components of the Tumor 

Microenvironment. Cellular components are: epithelial cells, immune cells, stromal cells, fibroblasts 

and the microbiota; while non-cellular components are: elements of the extracellular matrix, the 
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vasculature structure, genotoxic and reactive molecules and metabolites influencing the pH. This 

figure was created in BioRender.com. 

Cancer development is accompanied by continuous changes in the extracellular matrix 

(ECM) composition, in the vasculature structure with the induction of angiogenesis, in 

the production of genotoxic molecules, in pH condition, in cell structure and composition 

(i.e. epithelial cells, stromal cells and fibroblasts) [28]–[30] and in the recruitment and 

differential activation of immune cells [2], [3] as well as in microbiota composition [31], 

[32].  

Dysregulation of ECM remodeling and stiffness can favor tumor formation by direct 

release of angiogenic factors (i.e. Collagen IV-cryptic epitopes) [29], of ECM-anchored 

growth factors (i.e. Vascular endothelial growth factor VEGF or TGFb) [33] and it can 

promote tumor metastasis by inducing epithelial to mesenchymal transition (EMT) of 

tumor cells [29]. EMT is a multifaceted and dynamic progress of epithelial cells 

remodeling. Epithelial cells lose their apical and basal polarity and acquire mesenchymal 

features, associated with loss of adhesion molecules, cytoskeleton remodeling and 

increased cell motility [34]. This phenomenon is at the basis of the multistep process of 

tumor invasion and metastasis and leads to the development of aggressive tumors with 

low survival probabilities [35]. Changes in oxygen and nutrient availability also influence 

tumor development. Hypoxia stimulates ECM stiffness to favor cancer progression and 

metastasis [27], by regulating the expression of collagen modifying enzymes, such as 

matrix metalloproteinase (MMP)-2 and MMP9 [36]. Tumor cells adapt to hypoxic 

conditions by upregulating the glucose-transporter GLUT-1 and shifting their energy 

metabolism toward anaerobic glycolysis [37]. The metabolic shift toward glycolysis is 

not only a consequence of hypoxia but it is a general hallmark of cancer [38]. Tumor cells 

undergo aerobic glycolysis in normoxia, as described by the Warburg effect [38], gaining 

proliferative advantages compared to normal cells. Moreover, the glycolytic shift leads to 

an elevated production of lactate to which tumor cells respond by upregulating the 

production of monocarboxylate transporters (MCT)-1, MCT-2 and MCT-4 [39], that are 

used to direct lactate in and out of the cell. This causes a strong acidification of the TME 

which induces the death of normal cells, the ECM remodeling and it promotes tumor 

invasion [39].  

Along with structural and biochemical alterations, the TME undergoes cellular changes 

that can favor or hamper tumor development [26], [27]. CRC is defined as an 
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heterocellular system [40] meaning it is composed of multiple cell types (Figure 1.3) that 

are likely to affect each other. 

 

Figure 1.3: Different cellular components of CRC. Both Healthy colons (up) and Colorectal cancer 

(bottom) tissues contain EpCAM+ epithelial cells, CD11b+ myeloid cells, CD4+, CD8+ T cells and 

CD19+ B cells and aSMA+ (smooth muscle actin) mesenchymal fibroblasts. Adapted from Christopher 

J. Tape, Trends in Cancer, Opinion 2016. [40] 

 

Immune cells, cancer associated fibroblasts (CAFs) and stromal cells infiltrate malignant 

lesions and have disparate roles [27]. For instance, CAFs are shown to promote CRC 

formation through paracrine activation of tumor-initiating stem cells and angiogenesis, 

and metastasis through stromal activation of the interleukin (IL)6-STAT3 signaling 

pathway [41]. CAFs in CRC are characterized by specific frequencies and patterns of 

somatic copy number alterations and functional transcriptomics as well as by upregulated 

transcription growth factor b (TGFb) signaling [42], which induces CRC initiation and 

metastasis. Stromal cells promote tumor growth by providing structural and physical help 

to tumor cells [43]. For instance, they favored tumor establishment and growth in a 3D 

model of CRC, by promoting an immunosuppressive tumor microenvironment [44]. 

Immune cells of both the innate and the adaptive immunity, and their inflammatory 

functional responses actively shape the TME, dictating different disease developmental 

trajectories. 
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1.3 Immune cells and inflammatory cues of CRC 

Inflammation can influence tumor development at all steps of carcinogenesis, having 

disparate and opposite roles in the pathophysiology of CRC [2]–[4] 

Immune responses can cause tumor formation by direct DNA damage of intestinal 

epithelial cells (IEC) which promote tumor stem cell selection [45], or by causing 

epigenetic changes [46], chromosomal alterations and microsatellite instability [47]. 

Inflammation can influence the TME and promote pro-tumorigenic features such as 

angiogenesis, metabolic changes and the release of growth factors [29], [46]–[48] (Figure 

1.4).  

 
Figure 1.4: Pro-

tumorigenic features of 

inflammation in CRC 

formation. A) Inflammatory 

processes following tissue 

injury or infection leading 

to tumor formation and 

progression through cancer 

stem-cell proliferation and 

epithelial cells de-

differentiation. B) 

Schematic representation of 

TME modulation by 

inflammation. Adapted 

from Florian R. Greten and 

Sergei I. Grivennikov, 

Immunity Review, 2019 [2]. 
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Inflammatory cytokines such as tumor necrosis factor a (TNFa), IL6, IL1b and IL17A 

can induce tumorigenesis by promoting NF-kB signaling pathway and bcatenin/Wnt-

dependent transcription of intestinal stem cell genes [4], fostering de-differentiation and 

acquisition of stem cell properties on IEC. Specialized intestinal secretory cells, namely 

Paneth cells, can also undergo processes of de-differentiation and tumor promotion in 

inflammatory conditions through the Wnt signaling axis [49]. Inflammation, specifically 

high levels of IL6 and IL11, correlate with excessive activation of the STAT3 signaling 

pathway in solid tumors [50]. In murine models of CRC, IL6 and IL11 promote IEC 

survival, proliferation and hasten the onset of the disease by activating the Stat3 cascade 

[50], [51]. The arising of cancerogenic lesions in excessive inflammatory conditions is 

accompanied by differential pattern of DNA methylation in epithelial cells [52]. IL1b, 

IL6, IL22 and TNF activate DNA methyltransferases (DNMT)1 and 3, regulating gene 

expression and proliferative characteristics [53]. Microsatellite and chromosomal 

instability are also affected by inflammation [47]. For instance, mismatch repair proteins 

(MMR), involved in the maintenance of genetic stability, are downregulated by 

inflammatory messengers through several mechanisms. IL6, IL1b and reactive oxygen 

species (ROS) promote nuclear translocation of the MMR protein MSH2 into the cytosol, 

causing genetic alterations in CRC epithelial cell lines [54]. In different murine models 

of colitis-associated CRC the pro-inflammatory cytokine IL17A is associated with 

increased tumor burden, as its pharmacological blockade [55] or genetical ablation [56] 

reduce tumorigenesis through Stat3 activity.  

Inflammatory mediators, cytokines and factors can be produced by immune cells 

belonging to the innate [48] and the adaptive immunity [46] as well as by CAFs [26], [27] 

and transformed epithelial cells [26], [27]. Additionally, each cell population can 

influence the functionalities of the other populations [40], thus indirectly influencing 

tumor development.  
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1.3.1 Innate immune responses in CRC 

Upon tissue injury, infection or abnormal cell proliferation, innate immune cells are 

activated and promote recruitment of other immune cells to the site of interest [48]. The 

major effector cells of the innate immunity are: dendritic cells (DCs), monocytes, 

macrophages, neutrophils, natural killer (NK) cells and innate lymphoid cells (ILCs) [48].  

In CRC, innate immune cells profoundly affect the TME, having the ability to directly 

attack tumor cells but also to initiate adaptive immune responses [57]. For instance, the 

lymphoid populations of NK cells and ILCs have been detected in human CRC biopsies 

and, due to their potent anti-tumorigenic functions are nowadays proposed as novel 

cellular immunotherapies [58]. However, based on transcriptomic and high-dimensional 

flow cytometry analysis, a high degree of functional innate immune cell plasticity is found 

in tumors [59], raising concerns regarding their unconditional use in cancer therapies and 

limiting their success in clinical trials [60].  

Tumor associated macrophages (TAMs) are essential components of the TME and they 

can orchestrate T cell dependent tumor cell killing [4], or they can support tumor growth 

by secreting angiogenic, growth factors and by inducing suppression of antitumor 

immunity [61]. Myeloid derived suppressor cells (MDSC), which are pathologically 

activated neutrophils and monocytes endowed of immunosuppressive properties [62] can 

be rapidly recruited to the tumor site through the TNFa pathway. MDSC release copious 

amount of H2O2, inducing tumorigenesis even in the absence of other carcinogenic insults 

[45] and their abundance is associated with poor clinical outcomes in cancer patients [63]. 

Instead, neutrophils are an heterogenous cell population (reviewed in [64]) that can drive 

tumor progression through induction of DNA damage [65], immunosuppression [66] and 

netosis [67], but they can also oppose carcinogenesis via the establishment of an 

antitumor microenvironment [68]. In human CRC patients, neutrophils are generally 

considered a favorable prognostic factor [69]–[71], although their heterogeneity is 

associated with opposite roles in tumor immunology [72]. 
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1.3.2 Adaptive immune responses in CRC 

The understanding of CRC immunological landscape led to the discovery of anti-

tumorigenic, cytotoxic, T-helper 1 (Th1) immune signatures as well as Th2, regulatory T 

cells and Th17 pro-inflammatory signatures associated with tumor progression [73] 

(Figure 1.5). 

 
Figure 1.5: Cytokines produced in 

anti-tumorigenic or pro-tumorigenic 

inflammatory conditions. On one 

side, GM-CSF recruits macrophages 

and dendritic cells to activate 

cytotoxic CD4+ T cells, sustaining 

anti-tumorigenic responses. IL15 and 

IL21 activate NK and CD8+ T cells 

causing cancer apoptosis. Epithelial-

derived IL17F and TGFb, block 

angiogenesis and metastasis, 

respectively. On the other side, GM-

CSF, IL17A and IL8 recruit protumor 

MDSC, while IL6 and TNF sustain 

tumor growth and metastasis. 

Adapted from Nathan R. West, et al., 

Nature Reviews Immunology, 2015. 

[4] 

Tumor infiltration of Th1 cells and cytotoxic T lymphocytes (CTLs) is associated with 

favorable patient prognosis in CRC [73]. CTLs cause direct tumor cell lysis through the 

release of cytolytic effector molecules such as granzymes, perforin and granulysin and 

through the activation of death receptor signaling pathways [74]. IFNg is the main Th1 

associated cytokine and it is involved in cell cycle regulation, apoptosis and tumor 

suppression (reviewed in [75]). IFNg signaling activates the JAK/STAT (Janus 

kinase/signal transducers and activators of transcription) pathway, leading to transcription 

of numerous genes and transcription factors on target cells [75]. In addition to tumor cell 

targeted effects, IFNg affects the gene expression of immune cells residing in the TME 

[76]. IFNg induces upregulation of the MHC-I and MHC-II molecules, promoting 
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antigenic presentation in DCs, macrophages and epithelial cells and enhance motility and 

the cytotoxic capability of CTLs [77]. IFNg can reprogram macrophages toward an anti-

tumorigenic M1 phenotype [78] and it induces recruitment of iNOS+CD206- M1-

macrophages and limits tumor growth in murine solid tumors [79] 

Regulatory T cells (Treg) are a population of Th cells, which have major roles in 

suppressing autoimmune responses [80]. In cancer they are generally associated with 

adverse prognosis [73] with the notable exception of CRC, where they can exert divergent 

roles. For instance, a great heterogeneity of functional Treg subpopulations is found in 

CRC [81]. Treg-specific gene signatures correlate with patients’ survival [82], whereas a 

population of clonally expanded effector regulatory T cells, highly enriched in primary 

CRC tumors and metastasis, is associated with disease progression [81]. Treg are 

immunosuppressive cells characterized by the expression of IL10 [80], however a 

population of Treg cells expressing inflammatory cytokines, such as granzyme K and 

IFNg in addition to IL10 was detected in inflammatory bowel disease (IBD) patients [83], 

with potential implications also in the pathogenesis of CRC and in inflammation driven 

CRC. 

The major sources of pro-inflammatory and pro-tumorigenic cytokines in the tumor 

microenvironment are Th17 cells, and specialized subsets of unconventional T cells [4]. 

IL22 and IL17, the most characteristics Th17 cytokines are associated with CRC 

progression [4]. IL22 promotes stem cell mediated tumorigenesis through STAT3 binding 

and protects stem cell from genotoxic stress [84], whereas IL17 activates the NF-kB 

pathway and promotes tumorigenesis in the APCMin/+ and in the colitis-associated CRC 

mouse model [56]. 

Many of these cytokines are also involved in the recruitment of innate cells and MDSCs 

at tumor sites [4], promoting their interaction with the adaptive immune system. For 

instance, granulocyte macrophage colony stimulating factor (GM-CSF), IL17A and IL8 

stimulate myelopoiesis, DCs, macrophages, neutrophils and MDSCs maturation and 

migration [85], influencing the TME. 
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1.3.3 Unconventional T cells in CRC 

T lymphocytes are a major component of the TME. Different functional populations of 

conventional T cells (i.e. Th1, Th2, Th17 or regulatory T cells) are discussed in the 

previous Section1.3.2, however unconventional T cells have recently emerged as 

regulator of tissue homeostasis at mucosal sites [86]. Unconventional T cells 

comprehend: MHC class Ib-restricted T cells, CD1 and MR1-restricted T cells and gd T 

cells [87] (Figure 1.6).  

 

Figure 1.6: Unconventional T cells grouped according to their restriction elements. 5-OP-RU: 5-(2- 

oxopropylideneamino)-6-D-ribitylaminouracil; 6-FP: 6-formylpterin; Ag: antigen; a-GalCer, a-

galactosylceramide; DDM: dideoxymycobactin; GEM: germline-encoded mycolyl lipid-reactive; 

GMM: glucose monomycolate; LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; 

mLPA: methyl lysophosphatidic acid; MAIT: mucosalassociated invariant T; NKT: natural killer T; 

PG: phosphatidylglycerol; PM: phosphomycoketide; ? = insufficient or very limited data; 1: H2-M3 

and Qa-2 restricted T cells are mouse only; 2: human T cell receptor (TCR) sequences; 3: only human 

gd T cells are shown. Adapted from Godfrey D. et al., Immunity Review, 2018. [87] 
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Unconventional T cells accumulate in tissue during early life [88], mature before 

egressing the thymus [89] and are activated by monomorphic antigen presenting 

molecules, such as molecule of the CD1 family or MR1 [87]. Differently from 

conventional T cells, which must be recruited to tumor sites by innate immune responses 

and must be further activated in loco by recognizing peptide antigens presented by antigen 

presenting cells (APCs) [2], unconventional T cells are mainly mucosal tissue-resident 

cells with major roles in intestinal homeostasis [86]. Additionally, bacterial lipids and 

their derivatives are among the most common antigens for unconventional T cells [90]. 

Although unconventional T cells are understudied compared to conventional T cells, they 

are shown to interact with epithelial cells and other immune cells, having potential roles 

in tumor immunity and in tumor evolution [91].  

For instance, MHC-Ib restricted unconventional T cells are strongly inhibited by binding 

with the MHC-Ib molecule human leukocyte antigen-G (HLA-G) [92] and CRC samples 

upregulate the expression of the HLA-G molecule [93], suggesting that HLA-G 

overexpression could be used as tumor immune evasion mechanism in CRC. 

MR1-restricted T cells, or mucosal associated invariant T (MAIT), are present in the 

lamina propria of CRC patients. However, their role in tumor surveillance is still debated 

[94]; MAIT cells infiltration correlates with poor clinical outcome in CRC patients and 

tumor-infiltrating MAIT exhibit dysfunctional phenotype with impaired production of 

IFNg [95]. On the contrary, circulating MAIT cells in CRC patients are decreased in 

frequency but retain strong cytotoxic properties [96]. In allogeneic hematopoietic cell 

transplantation, MAIT cells promoted by microbial diversity, are associated with 

favorable patients’ outcome [97].  

Humans gd T cells can be divided into two classes depending on their T cell receptor 

(TCR) δ-chain V region usage: TRDV2+ and TRDV2- cells (Figure 1.6). Both gd T cells 

classes show antitumor properties in vitro [98] and gd T cells infiltration is correlated with 

patient survival in many cancer types, such as melanoma [99], leukemia [100] and bladder 

cancer [101]. In rectal cancer TRDV2+ and TRDV2- (specifically TRDV1+) gd T cells 

have opposite correlations with tumor burden [102], suggesting a differential role for 

these populations. Indeed, a recent work identified distinct profiles of intestinal gd T cells 

dependent on the TCR-Vγδ, in human and murine CRC tissues [103]. Intestinal-resident 

Vg1 and Vg7 gd T cells have antitumor activity, restraining tumor formation in the 
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inflammation-driven AOM/DSS model of CRC, whereas tumor-infiltrating Vg4 and Vg6 

gd T cells have protumor functions linked to the production of IL17 [103]. 

CD1-restricted T cells recognize lipid antigens [87] and are classified into two groups: 

Group 1 cells are restricted to CD1a, CD1b and CD1c while group 2 are CD1d-restricted 

T cells. Group 1 are generally autoreactive cells with main functions in tissue homeostasis 

maintenance at the epidermal site (specifically CD1a-restricted T cells) [87], with no 

described functions in tumor immunity. Group 2, CD1d-restricted T cells, namely 

invariant natural killer T cells (iNKT), have been extensively investigated in human and 

murine contexts, due to their relevant role in homeostasis, inflammation and cancer. 

iNKT cells are discussed in detail in the next section1.4. 

1.4 Invariant natural killer T cells 

iNKT cells are a unique subset of evolutionary conserved unconventional T cells [7]. 

They were first identified in the mid-90s as mature T cells with restricted TCR and NK 

markers [104]. iNKT cells harbor a semi-invariant ab TCR, comprising of an invariant a 

chain (Va14-Ja18 in mouse and Va24-Ja18 in human) and limited b chain 

rearrangements (Vb2, Vb7 or Vb8 in mouse and Vb11 in human) [7], through which they 

recognize glycolipid antigens presented by the MHC class I-like molecule CD1d (Figure 

1.7) [105]. CD1d is a non-polymorphic molecule that presents foreign and self-lipids to 

iNKT cells, mediating innate-adaptive immune responses [106].  

Two broad group of CD1d-restricted T cells exist: type I or iNKT cells with a restricted 

TCR and type II NKT cells, which have a more diverse TCR [7]. Type I iNKT cells 

recognize glycolipids and can be precisely detected with the use of ligand-loaded 

tetramers [107] , while type II NKT cells have a more promiscuous TCR with different 

affinities toward several ligands [7]. Notably, there is not univocal ligand for type II NKT 

cells to be used for their identification [7], only a subset of type II NKT cells reactive to 

sulfatide antigens [108] can be faithfully identified using ligand-loaded tetramers. 
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Figure 1.7: Schematic view of conventional and iNKT cells. CD8+ and CD4+ T cells express diverse 

TCRs through which they recognize peptide antigens on the MHC-I and MHC-II antigen presenting 

molecule, respectively. iNKT cells express a semi-invariant TCR (Va14-Ja18 in human) through 

which they recognize glycolipids presented by the CD1d antigen presenting molecule. iNKT cells 

possess also NK-like marker (NK1.1) and pre-formed granules. Adapted from Luc Van Kaer, Nature 

Reviews Immunology, 2005 [105]. 

The prototype ligand for iNKT cells is the bacteria-derived lipid aGalactosyl-Ceramide 

(aGalCer) [7], originally discovered in a marine sponge. aGalCer binds with high affinity 

the TCR on iNKT cells and thus it is employed to target iNKT cells using aGalCer-loaded 

tetramers [107]. aGalCer binding induces clonal expansion and iNKT cell activation, 

with the massive production of Th1 and Th2 cytokines (i.e. IFNg or IL4) [105]. 

Similar antigens, able to activate iNKT cells, are present in the cell wall of Gram-negative 

bacteria Sphingomonas spp. [109], in members of the Bacteroidetes phylum [110], in the 

Gram-positive Streptococcus pneumoniae and in Lactobacillus casei [111], or they can 

be produced by the bacteria Borrelia burgdorferi, the causative agent of Lyme disease 

[112], or by mycobacteria [113]. Self-antigens as well can activate iNKT cells, although 

they bind the TCR with lower affinity [113]. Peroxisome-derived 

lysophosphatidylethanolamine are important for positive thymic selection [114] and ER 

stress induces the production of neutral endogenous lipids in APCs [115], which have 

important implications in the sterile activation of iNKT cells. iNKT cells can be activated 

also in a CD1d-independent manner [7]. For instance, IL12 and IL18 are able to potently 

activate iNKT cells in vivo, without antigen presentation and in the absence of APCs 

[116]. Moreover, iNKT cells bear on their surface many natural killer markers such as 
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NK1.1 (human CD161), NKG2D and NKp46 and are rich in cytokines storing granules, 

accounting for their immediate and massive activation [116]. 

iNKT cells acquire their characteristics in a multi-step maturation process, that involve 

thymic and post-thymic selection [89]. In the thymus, iNKT cells develop in an 

unconventional mechanism of B7-CD28 co-stimulation [117] and mature into different 

functional subsets; iNKT1, iNKT2, iNKT17 (Figure 1.8) [89]. Functional subsets are 

differentiated by the expression of transcription factors and cytokines. All iNKT cells 

populations express the promyelocytic leukaemia zinc-finger protein (PLZF) 

transcription factor at certain levels [89]. iNKT1 are characterized by the expression of 

the T-bet transcription factor and by the production of cytotoxic cytokines such as IFNg, 

whereas iNKT2 produce Th2-associated cytokines, predominantly IL4, and iNKT17 

express RORγt and produce IL17, IL22, GM-CSF and TNFa [8]. 

 

Figure 1.8: Thymic developmental and effector differentiation of murine iNKT cells. On the left panel 

thymic development: Positive selection of iNKT0 upon CD1d and SLAM family receptor (SFR) binding 

with CD4/CD8 double positive (DP) cortical thymocytes. Maturation of iNKT0 into iNKT precursor 

(iNKTp) expressing high levels of the transcription factor PLZF. Maturation of thymic iNKT17, 

iNKT2, Th1-like iNKT1 and cytotoxic iNKT1 upon differential TCR binding strength and cytokines 
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signals. On the right panel peripheric effector differentiation: a portion of iNKT cells migrate from 

the thymus to different organs and expand or additionally differentiate into follicular-helper iNKT, 

regulatory iNKT10, iNKT2, Th1-like iNKT1 or cytotoxic iNKT1. Adapted from Thomas Baranek etal., 

Trends in Immunology, Opinion, 2022 [89]. 

Upon thymic maturation the majority of iNKT cells egress and reach peripheric lymphoid 

and non-lymphoid organs, although a certain amount of them stays in the thymus and 

influence the establishment of “natural memory” affecting eomesodermin (EOMES)-

expressing CD8+ T cells [118]. Mature iNKT cells reach the periphery following 

chemokine recruitment and homing receptors expression and become mainly tissue-

resident cells [8]. At sites, iNKT cells can undergo a further step of post-thymic induction 

with the surrounding environment determining iNKT cell phenotype [8], suggesting a 

certain degree of plasticity in their activation. 

Therefore, iNKT cells are defined as tissue-resident cells expressing tissue-specific 

functions and frequency. In mice, iNKT cells frequency is 30% of lymphocytes in liver, 

1-3% in spleen, 5-10% in lungs and approximately 1% in the intestine [8]. In human, 

iNKT cell frequency is slightly less abundant, although fewer studies are available [8]. 

However, the functional impact of iNKT cells in mucosal and in tumor immunity has 

great potential, as they can rapidly skew their cytokines production and influence the 

inflammatory state of the surrounding environment. 

1.4.1 iNKT cells and cancer 

The capability of iNKT cells to rapidly respond to different stimuli and to bridge innate 

and adaptive immune responses, make them one of the first players in tumor immunity 

[116]. iNKT cells are found in several tumor types such as breast cancer [119], [120], 

melanoma [121], [122], lymphomas [123]–[125], osteosarcoma [126], neuroblastoma 

[127], [128], glioma [129], lung [130], pancreatic [131], [132], prostate [133], [134], 

intestinal [12], [135]–[140] and gastrointestinal cancers [141]–[149] (Table 1.1). 

However, their roles in disease formation and evolution are not fully elucidated yet. 

In in vivo models of melanoma and breast cancer iNKT cells show an activated 

phenotype, differently from type II NKT and NK cells [150], however tumor 

downregulation of the CD1d molecule inhibit iNKT-dependent antitumor responses 

[119]. iNKT cells reduce the growth of T-cell lymphoma through the release of perforin 
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[124], whereas they favor B-cell lymphoma suppressing cytotoxic antitumor responses 

[125]. The absence of iNKT cells in the transgenic adenocarcinoma of the mouse prostate 

(TRAMP) model of prostate cancer, result in premature and more aggressive tumors 

[134]. iNKT cells impair prostate cancer by reducing pro-tumorigenic M2 macrophages 

and promoting anti-tumorigenic M1 macrophages [133]. 

In gastric and intestinal cancers, iNKT cells show disparate effects [146]; they hamper 

gastric and pancreatic cancers [131], whereas they promote intestinal cancer formation 

[139]. In the APCMin/+ model of CRC, polyps-infiltrating iNKT cells have regulatory 

functions and suppress antitumor Th1 immunity, promoting polyps’ formation [139]. On 

the contrary, human iNKT cell lines efficiently kill CRC cells in vitro, through the 

perforin/granzyme axis [151]. Several preclinical and clinical studies investigated the role 

of iNKT cells in liver cancer [143], [148], [152], however, the direct comparison of 

murine and human hepatic iNKT cells is not so straight forward. The abundance of murine 

hepatic iNKT cells is ~ 30% of lymphocytes, while human hepatic iNKT cells account 

for ~ 0.05 and 1%. Moreover, murine and human hepatic iNKT cells show different 

pattern of activation upon aGalCer stimulation [149]. For instance, human hepatic iNKT 

cells release IFNg but not IL4 upon aGalCer stimulation, while murine hepatic iNKT 

cells release both IFNg and IL4 [153]. In a murine model of liver cancer, iNKT cells are 

recruited by microbiota-derived modified bile acids and exerted anti-tumorigenic 

functions, limiting tumor growth and metastasis formation [152], whereas iNKT 

metabolic activation drive hepatocarcinoma through the canonical NF-κB signaling in a 

murine model of nonalcoholic steatohepatitis and liver cancer [143]. In human colon 

cancer, tumor infiltration of Va24 NKT cells was defined as positive prognostic factor 

[12], however, more recently the abundance of circulating NKT-like cells in CRC patients 

was found to be a negative prognostic factor for patients’ recurrence [154]. Based on in 

vivo studies on murine models of CRC, iNKT cells are thought to inhibit antitumor 

immunity, behaving like regulatory and Th2 cells [139], however their antitumor activity 

can be restored by treatment with the ligand aGalCer [140]. 

CANCER TREATMENT 
METHOD 

FUNCTION REFERENCES 

LEUKEMIA - - Gorini F. et al., 2017 
T – CELL LYMPHOMA aGalCer Antitumor Bassiri H. et al., 2014 
B – CELL LYMPHOMA - Protumor Bjordahl R. et al., 2012 
NEUROBLASTOMA CAR-IL15-iNKT - Heczey A. et al., 2020 

Metelitsa L. et al., 2004 
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GLIOMA aGalCer-DCs Antitumor Dhodapkar K. et al., 2004 
MELANOMA aGalCer Antitumor Kawano T. et al., 1999 

Wingender G. et al., 2010 
OSTEOSARCOMA - Antitumor Fallarini S. et al., 2012 
BREAST CANCER - 

CD1d-binding 
glycolipid 

Antitumor 
Antitumor 

Laura M. et al., 2011 
Seki T. et al., 2019 

LUNG CANCER aGalCer Antitumor Konishi J. et al., 2004 
GASTRIC CANCER aGalCer-DCs 

aGalCer 
- 

- 
Antitumor 
- 

Yanagisawa K. et al., 
2022 
Xu Q. et al., 2018 
Melo A. et al., 2020 

PANCREATIC CANCER CD1d-/- mice 
aGalCer-DCs 

Antitumor 
Antitumor 

Janakiram N. et al., 2017 
Nagaraj S. et al., 2006 

LIVER CANCER - 
aGalCer 
- 
- 
- 
aGalCer 

Protumor 
Antitumor 
Protumor 
Protumor 
Antitumor 
Antitumor 

Kenna T. et al., 2003 
Mayagy T. et al., 2003 
Bricard G. et al., 2009 
Wolf MJ. Et al., 2014 
Ma C. et al., 2018 
Sicheng F. et al., 2020 

PROSTATE CANCER Ja18-/- mice 
- 

Antitumor 
Antitumor 

Bellone M. et al., 2010 
Cortesi F. et al., 2018 

INTESTINAL CANCER - 
aGalCer/antiPD-1 

Protumor 
Antitumor 

Wang Y. et al., 2017 
Wang Y. et al., 2020 

COLORECTAL CANCER CD1d-/- mice 
- 
aGalCer 
aGalCer 
- 

Protumor 
Protumor 
Antitumor 
Antitumor 
Antitumor 

Myun Park J. et al., 2004 
Darcy P. et al., 2020 
Ambrosino E. et al., 2007 
Hattori T. et al., 2007 
Tachibana T. et al., 2005 

Table 1.1: List of studies investigating the role of iNKT cells in different cancers. 

In cancer, iNKT cells have divergent functionalities. Their activation status, cytokines 

production and killing capabilities are organ-cancer specific [8] and can influence and be 

influenced by all the different components of the TME.  
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1.4.2  Interactions between iNKT cells and the TME 

The interaction between iNKT cells and the TME can influence iNKT cells recruitment, 

activation and functional skewing, affecting iNKT-direct and indirect mechanisms of 

tumor control [155] (Figure 1.9). 

For instance, iNKT cells are recruited by tumor-derived CCL2 in neuroblastoma [127]. 

CCL2 is shown to recruit also macrophages and precursor of tumor associated 

macrophages (TAMs) in several malignancies [156], suggesting an interaction between 

these two cell populations in the TME. Indeed, iNKT cells reduce tumor growth in 

neuroblastoma by killing monocytes pulsed with tumor cell lysates and TAMs [157]. In 

pancreatic and prostate cancer, iNKT cells limit tumor progression by inhibiting M2 

macrophages and by polarizing them toward an anti-tumorigenic M1 phenotype [131], 

[133]. On the contrary, in intestinal cancer, iNKT cells induce M2 TAMs along with 

recruitment of regulatory T cells and polyps’ formation [139]. Potentially, iNKT cells can 

interact, by direct binding, with all cells expressing the CD1d molecule. CD1d has a wide 

tissue distribution and it can be found on all APCs and also on IECs [106], [158]. Elevated 

expression of CD1d in lung cancer correlates with favorable patients’ outcome and 

CD1d+ DCs potently induce iNKT cells degranulation and IFNg production [159]. CRC 

epithelial cell lines also express CD1d and its upregulation, induced by Thymosina1 

treatment enhanced iNKT cells cytotoxicity in vitro [160]. CD1d-dependent lipid uptake 

by B cells induces iNKT cells recruitment and establish a crosstalk between the two cell 

populations that provide help for B cells antibodies production [161]. iNKT cells can 

interact also with neutrophils [162]–[164]. On one side, iNKT cells limit the suppressive 

activity of neutrophils, with important implications in the clinical treatment of melanoma 

patients [162]. On the other side, neutrophils influence iNKT cell responses in mice and 

humans and regulate the expression of death receptors on iNKT cells [163], suggesting 

the existence of an iNKT-neutrophils axis, with relevant functionalities in cancer. 

Another important constituent of the TME, with high relevance in gastro-intestinal tumors 

and specifically in CRC is the gut microbiota (Section1.5). iNKT cells can be rapidly 

shaped by different microbial lipids [88] and germ-free mice have less mature iNKT cells 

that can be functionally activated by Sphingomonas bacteria [165]. Microbial exposure 

during early life is indeed an important factor for iNKT cells imprinting and proper 

development [88]. Additionally, we have recently demonstrated that not only the absence 

of microbiota, but also its alteration can influence iNKT cells functional phenotype. 

Mucosa-associated microbiota drove differential cytokine expression in human iNKT cell 
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lines, contributing to the fueling of inflammation in IBD patients [166]. Dysbiosis, 

namely the alteration of gut microbiota, caused by short term oral antibiotics 

administration induce inflammatory activation of iNKT cells [167]. On the contrary, 

iNKT cells priming with metronidazole-treated Lactobacillus-enriched feces drove their 

production of the immunoregulatory molecule IL10 [168]. Microbiota-derived 

metabolites influence iNKT cells recruitment and activation in hepatocellular carcinoma. 

Clostridium scindens causes primary to secondary bile acid metabolism, which induces 

overexpression of iNKT cell chemokine recruiting molecule (CXCL16) by endothelial 

cells, resulting in iNKT cell infiltration and antitumor activation [152]. 

 

Figure 1.9: Interactions between the cellular compartment of the TME and iNKT cells. Epithelial cells 

express CD1d and influence the cytotoxic capacity of iNKT cells. iNKT cells influence several immune 

cells of the TME. Microbiota can directly or indirectly influence iNKT cell functional phenotype. DCs, 

Dendritic cells; TAMs, Tumor associated macrophages; MDSC, myeloid derived suppressor cells. 

This figure was created in BioRender.com. 

Although bacterial metabolites and lipid antigens have the potential to drive iNKT cells, 

the identification of iNKT reactive gut microbial lipids is still largely undefined. Some 

commensal species discussed in Section1.4 harbor glycosylceramides on their cell wall, 

however it is likely that many more species can differentially influence iNKT cells. 

Generally, the gut microbiota can activate or inhibit iNKT cells [9], [166]–[168], thus it 

is plausible it may play a role in the iNKT-dependent immunological shaping of the TME 

in CRC. 
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1.5 The gut microbiota in CRC 

The gut microbiota is an important player of the TME in CRC [31]. The composition of 

the gut microbiota consists of bacteria, eukaryotic fungi, protozoa and viruses which live 

in symbiosis with the host, collaborating in digestive, metabolic and homeostatic 

processes in exchange to a favorable, nutrient-rich environment where to live in [32]. If 

this homeostatic condition is compromised the integrity of the mucosal epithelial barrier 

is lost, inflammation is exacerbated and cancer can arise [169].  

Tumor-associated bacteria have been identified and can impact the TME and influence 

cancer progression at all steps of carcinogenesis, through the mechanisms illustrated in 

Figure 1.10 [32].  

Helicobacter pylori is a known carcinogen in gastric cancer and it induces chronic 

inflammation promoting Th1 and Th17 responses and recruiting innate immune cells such 

as NK cells [170]. Fusobacterium nucleatum (F. nucleatum), a pathobiont associated with 

CRC lesions [31], can activate the b-catenin pathway through direct binding of the 

virulence factor FadA, affecting the EMT process and tumor proliferation [32]. F. 

nucleatum sustains tumor cell extravasation, migration and metastasis formation by 

specifically activating the NF-kB pathway, that results in the overexpression of 

Intercellular Adhesion Molecule 1 (ICAM1) on tumor cells [171]. ICAM1 promotes 

EMT, angiogenesis and malignancy potential in CRC [172]. F. nucleatum sustains tumor 

proliferation and migration in pancreatic cancer [173] and in CRC [174] by inducing 

autocrine and paracrine GM-CSF, CXCL1 and IL8 signaling. These cytokines are also 

relevant for the recruitment of myeloid derived immune cells. Indeed, F. nucleatum 

induces expansion of myeloid derived immune cells in the APCMin/+ model of intestinal 

cancer [175]. F. nucleatum metabolites, specifically short chain fatty acids (SCFA), 

mediate immunomodulatory effects in vivo, promoting IL17 production and enhancing 

tumorigenesis [176]. F. nucleatum derived extracellular vesicles activate innate immune 

responses through the toll-like receptor 2 (TLR2) [177], however F. nucleatum inhibits 

NK cell cytotoxicity by binding the immune inhibitory receptor TIGIT (T cell 

immunoreceptor with Ig and ITIM domains) with the Fap2 virulence factor [178], 

suggesting the existence of bacteria immunomodulatory capabilities. In human metastatic 

CRC patients, infiltration of F. nucleatum is associated with low progression-free survival 

[179], however it correlates with improved response to immunotherapies [180], 

generating concerns regarding its effects on CRC development. 
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Bacteria can also promote mutations and genomic instability in epithelial cells by causing 

DNA damages. The toxin colibactin, produced by Escherichia coli and the cytolethal 

distending toxin produced by several e- and g-proteobacteria, are shown to cause double-

strand DNA damages, while the Bacteroides fragilis toxin (Bft) causes indirect DNA 

damages, by promoting chronic production of ROS and it recruits pro-inflammatory 

IL17-producing immune cells [31], [32]. 

 

Figure 1.10: Mechanisms of tumor induction by microbiota. Helicobacter pylori binds to epithelial 

cells through the adhesin HopQ and inject its virulence factor CagA into the epithelial cell through 

the T4SS, activating the Wnt/b-catenin pathway. Fusobacterium nucleatum trigger tumorigenesis 

through the binding between the adhesion molecule Fap2 and D-galactose-β (1–3)-N-acetyl-D-

galactosamine (Gal-GalNAc) carbohydrate moieties on epithelial cells which contribute to 

inflammation and EMT remodeling, or by cellular internalization, through FadA-E-cadherin binding, 

and activation of the NF-kB cascade. Escherichia coli release the genotoxic molecule colibactin into 

the cell and cause double-strand DNA breaks with protumor effects. Bacteroides fragilis produce the 

toxin BFT that interfere with the production of E-cadherin and its cleavage promoting intestinal 

permeability and inflammation. Adapted from Cullin N., et al, Cancer Cell Review 2021 [32]. 

Not only flourishing of single species, but general alteration of the microbiota and their 

derivatives, sustain tumor formation by hindering antitumor immunity and promoting 

chronic inflammation [169]. Moreover, differential bacterial composition is associated 

with immunotherapy responses in melanoma patients [181], highlighting a role for the 

microbiota in cancer treatments and in the mechanisms of immune evasion. 
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1.6 Standard treatment of CRC 

Although many advances in the understanding of the genetic background of CRC and in 

its immunological landscape, an efficient therapy for the treatment of the disease has not 

been defined yet. The goal of cancer treatment is improving patients’ survival with high 

life quality, reaching maximal shrinkage of the tumor and suppression of further tumor 

growth or metastasis. The standard treatments for CRC comprehend surgical resection of 

the primary tumor and regional lymph nodes in localized disease, followed by adjuvant 

chemotherapy in TNM Stage III and IV patients [182]. 

Targeted therapies aimed at inhibiting cancer cell proliferation, differentiation and 

migration have been developed. Epidermal growth factor receptor (EGFR) inhibitor 

therapy (Cetuximab and Panitumumab) is used to limit the uncontrolled cancer cell 

growth and monoclonal antibodies directed toward VEGF (Bevacizumab and 

Ramucirumab) are used to inhibit angiogenesis [183]. Immunotherapy, or immune 

checkpoint inhibitors (ICI) therapy, are part of the standard treatment for metastatic CRC 

[182] and it consists in the use of monoclonal antibodies toward immune checkpoint 

proteins with the aim to reactivate the antitumor immune system. In 2017 the federal 

agency of Food and Drug administration (FDA) approved Pembrolizumab, a monoclonal 

antibody for PD-1 (programmed cell death protein 1), as second-line treatment of 

metastatic microsatellite instability high (MSI-H) CRC [183]. However, only a small 

portion of CRCs are MSI-H and they rapidly enter the phase of immune remission [184]. 

Thus, novel therapies exploiting combinatorial treatments (i.e. targeted therapy + ICI) or 

the use of engineered immune cells (i.e. chimeric antigen receptor, CAR-T cells) are 

under active investigation. 
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1.6.1 iNKT cells as novel therapy in cancer 

The antitumor functions of iNKT cells are ascribed to their potent release of cytotoxic 

molecules and IFNg [11]. iNKT cell stimulation with aGalCer has proved significant 

efficacy in preclinical studies (reviewed in [185]) and it showed clinical safety in human 

treatments; however, it failed to generate tumor regression in clinical trials (reviewed in 

[155]). Administration of aGalCer loaded DCs or APCs result in stable disease in a small 

fraction of solid tumors, among which lung cancer and head and neck squamous cell 

carcinoma [186]. The limited efficacy of iNKT cell-based immunotherapies can be due 

to the anergic state induced on iNKT cells by aGalCer stimulation [187], suggesting that 

approaches limiting iNKT cells anergy could be employed for efficient iNKT cell-based 

immunotherapies. Indeed, combinatorial treatment of aGalCer and immune checkpoint 

inhibitors (i.e. anti-PD-1) synergize to reduce tumor development in vivo [140]. 

In addition to their rapid production of cytotoxic molecules iNKT cells possess other 

advantages that make them highly suitable for adoptive immunotherapies in cancer. As 

already discussed in Section1.3.3-1.4, iNKT cells are CD1d-restricted unconventional T 

cells. CD1d is a monomorphic molecule, shared among individuals, which avoid the risk 

of alloreactivity in adoptive immunotherapy [155]. Due to the lack of toxicity iNKT cells 

are ideal for adoptive immunotherapy, however they do express MHC molecules and 

could cause treatment rejection by the allogeneic host immune system. To this purpose, 

iNKT cells were expanded in vitro from human hematopoietic stem cells expressing 

undetectable levels of HLA-I and HLA-II [188] and could be further engineered with 

chimeric antigen receptors (CAR) Figure 1.11 [189]. CAR-iNKT cells efficiently kill 

antigen-presenting tumor cell lines or patient-derived plasma cells in vitro and in vivo 

[190]. Moreover, promising results were obtained in an interim analysis of a phase I 

clinical study of CAR-NKT treatment in children with relapsed or resistant 

neuroblastoma (NCT03294954; [128]). Other two phase I clinical trials aimed at 

assessing safety, toxicity and effectiveness of CAR19-iNKT cells treatment in CD19+ 

leukemia are nowadays in the recruiting phase (NCT03774654, NCT04814004, first 

results expected by mid 2023.). iNKT cells can be engineered also to express recombinant 

TCRs [191], allowing the detection of neoantigens and tumor associated antigens. 

Genetically engineered iNKT cells with TCRs specific for Mycobacterium tuberculosis 

have directed antigen recognition in vitro retaining also responsiveness toward aGalCer 

[192]. A recent study shows that TCR-engineered iNKT cells migrate into solid tumors 

in vivo and lead to prolonged antitumor effects and tumor rejection in some mice [193]. 
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Figure 1.11: Schematic representation of T cells and iNKT cells immune therapies. iNKT cells possess 

endogenous antitumor properties (left side). T cells do not possess endogenous antitumor properties, 

only CAR or TCR-engineered T cells possess antitumor properties, but cause graft versus host disease 

(GvHD) syndrome (middle panel). CAR or TCR-engineered iNKT cells enhance their endogenous 

antitumor properties (right panel). Adapted from Wolf et al., Frontiers in Immunology, 2018 [189]. 

In conclusion, iNKT cells are promising candidates for novel “off the shelf treatments” 

in cancer immunotherapies, due to their lack of toxicity and their robust antitumorigenic 

responses. Understanding of their functional role in human tumor samples can help to 

rationalize efficient immune treatments.  
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Aims 

CRC patients display deregulated inflammatory responses and an altered, dysbiotic 

microbiota [4], [31], which are known etiological causes for the onset and progression of 

the disease [3]. Here, we aimed at characterizing the mucosal immunological landscape 

and the tumor-associated microbiota of human and experimental models of CRC. 

We investigated the role of a unique subset of unconventional T lymphocytes, namely 

iNKT cells, and their crosstalk with different players of the tumor microenvironment from 

the gut microbiota to myeloid cells. During this work we focused on: 

• The identification and phenotypical characterization of iNKT cells in surgical 

specimens of human CRC and in different murine models of CRC 

• The characterization of the inflammation-driven properties of the tumor 

microenvironment 

• The taxonomic bacterial identification of CRC-associated microbiota 

• The study of the functional crosstalk among CRC-associated microbiota, iNKT 

cells and tumor-associated neutrophils 

• The clinical relevance of iNKT cells in CRC 
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2 Materials and Methods 

2.1 Mice 

2.1.1 Strains used in the study 

C57BL/6J mice (Charles River, IT, JAX stock: 000664) from 6 weeks of age were housed 

at the European Institute of Oncology (IEO, Italy) or at the Bios+ (Switzerland) animal 

facility in SPF conditions. CD1d-/- (JAX stock: 008881) and Traj18-/- (JAX stock: 

030524) and APCMin/+ (JAX stock: 002020) animals were bred and maintained at the IEO 

animal facility in SPF conditions. CD1d-/- and Traj18-/- animals were kindly gifted from 

Dr. Paolo Dellabona, San Raffaele Scientific Institute, Milan. Both male and female mice, 

aged matched, were used for experiments. Animal experimentations were approved by 

the Italian Ministry of Health (Auth. 10/21, Auth. 1217/20), by the animal welfare 

committee (OPBA) of the IEO, Italy and by the Swiss Animal Welfare office (National 

no. 34368 and Cantonal n. TI54/2021). 

2.2 Murine experimental model of colon cancer  

2.2.1 AOM/DSS model 

Co-housed mice at 7 weeks of age were injected intraperitoneally (i.p) with 10 mg/kg 

body weight Azoxymthane (AOM, Merck), dissolved in isotonic saline solution. After 7 

days, mice were given 1 % (w/v) dextran sodium sulfate (DSS MW 40 kD; TdB 

Consultancy) in their drinking water for 7 days followed by 14 days of recovery. The 

cycle was repeated once or twice and mice sacrificed at day 49 (T1) or day 70 (T2). 

Colons were opened and their length was measured using an electronic caliper 

(2Biological). Tumors were counted and measured as well. Tumor’s volume was 

calculated using the formula: Volume (mm3) = (Length (mm) X Width2 (mm2))/2, while 

the area of tumors was calculated using the formula: Area (mm2) = Length (mm) X Width 

(mm). 
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2.2.2 Subcutaneous MC38 model  

Co-housed mice at 7 weeks of age were subcutaneously injected with 4x105 MC38 cells 

in 200µl of sterile phosphate buffered saline (PBS, Microgem S.R.L.) either alone or with 

1x105 of freshly sorted splenic iNKT cells (CD45+CD3+Tet+). Mice were weight every 

two days, tumors measured using an electronic caliper and tumor volumes were calculated 

as described above. For αGalCer treatment mice were injected i.p. with 2µg of αGalCer 

at day 0, 3 and 6. iNKT reconstitution in Traj18-/- mice was performed co-inoculating 

freshly sorted splenic iNKT with MC38 cells at 1:4 ratio. Animals were sacrificed after 

15 days from the injection or earlier if they showed signs of discomfort.  

2.2.3 Intracecal (I.c.) MC38-Luc model  

Co-housed C57BL/6J mice at 7 weeks of age were intracecally injected with 3x105 MC38 

cells in 30µl of sterile solution of Matrigel matrix (Corning) and PBS (Microgem S.R.L.) 

in a 1:1 ratio. 30 minutes prior to surgery mice were administered subcutaneously a 

combination of the analgesic drugs rimadyl (5mg/Kg of mouse, Zoetis) and 

buprenorphine (0.1 mg/Kg of mouse, ZooPharm). Surgery was performed under 

isoflurane (Sigma Aldrich) anesthesia (1.5-3%, monitoring based on respiratory rate and 

reflex) upon local administration of lidocaine (10mg/Kg of mouse, Streuli) and 

bupivacaine (4mg/Kg of mouse, Sintetica). The abdomen of the mouse was shaved, 

cleaned and disinfected using an iodine-based disinfectant. Firstly, the skin was incised 

and then the abdominal membrane was cut. The cecum was exteriorized and cell injected 

with the help of a stereomicroscope using a 30-gauge needle. The cecum was 

reinternalized and both abdominal cavity and skin were sewed using absorbable filaments 

(Coated Vicryl, Ethicon). Mice were weight once a week, starting from day 15 and tumor 

growth was measured on the IVIS Spectrum (Caliper LifeSciences) upon administration 

of D-luciferin (GoldBio). For αGalCer treatment mice were injected i.p. with 2µg of 

αGalCer at day 7, 10 and 13. For direct comparison of i.p and i.c. MC38 injected mice 

they were all injected with 3x105 MC38-Luc cells in a solution of Matrigel and PBS in 

1:1 ratio. Animals were sacrificed after 30 days from the injection or earlier if they 

showed signs of discomfort.  
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2.3 Murine colonoscopy 

Colonoscopy in AOM/DSS treated animals was performed twice a week for tumor 

monitoring using the Coloview system (TP100 Karl Storz, Germany) [194]. The 

procedure was performed under 3% isoflurane (Sigma Aldrich) anesthesia. 

2.4 Murine cell isolation  

AOM/DSS treated mice were euthanized and bled for further colon resection. Colons 

were opened; feces were collected and immediately frozen in a sterile eppendorf, mucus 

was collected in TES buffer (50 mM Tris HCl, 10 mM NaCl, 10 mM EDTA) using a 

sterile scraper. Tumors were measured and tissue samples of both the tumor and the 

healthy, most-distal part (toward the ileum) were collected directly in RNAprotect Cell 

Reagent (QIAGEN) for further RNA extraction or they were fresh frozen for further 

protein extraction. The rest was kept in cold PBS for single cell processing of lamina 

propria mononuclear cells (LPMC) and cytofluorimetric analysis. To reach single cells 

suspension colons were incubated with 5mM EDTA in RPMI-1640 medium (Microtech 

S.R.L.) with 2% FBS (Microtech S.R.L.) and 100 units of penicillin and streptomycin 

(pen/strep) per ml in agitation at 37 °C for 30 min, followed by mechanical digestion 

using the gentleMACS™ Dissociator (Miltenyi Biotec) pre-installed m_intestine_01 

protocol, for three times. Cell solution was filtered through a 100µm, a 70µm filter, 

washed with PBS, centrifuged at 300g for 5min, resuspended and counted for further 

staining. 

MC38 inoculated mice were euthanized at day 15 (for subcutaneously injected mice) or 

at day 35 (for intracecally injected mice), or earlier if they showed any sign of discomfort. 

Tumors were weight, minced in small pieces < 1mm and incubated in RPMI-1640 2% 

FBS pen/strep with the addition of collagenase D (0.75mg/ml, Merck) and Dnase I 

(0.1mg/ml, Merck) on a rotating wheel at 37 °C for 45 min. Cell solution was filtered 

through a 100µm, a 70µm filter, washed with PBS, centrifuged at 300g for 5min, 

resuspended and counted for further staining. 
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2.5 Murine neutrophil sorting 

AOM/DSS treated C57BL/6 and Traj18-/- mice were sacrificed at day 49 post-treatment 

(T1). Tumors and distal tissue sites were processed to reach single cell suspension as 

described above (Section2.4). Neutrophils were sorted using a FACS Aria (BD) machine 

as CD45+, Lin- (CD19 and CD11c), CD11b+ and Ly6G+ cells directly in RNAprotect Cell 

Reagent (QIAGEN). 

2.6 Human samples  

Surgical resections of intestinal tumors (n=118) were obtained from the IRCCS 

Policlinico Ospedale Maggiore, Milan, Italy. Tumor samples were taken transversally to 

collect both marginal and core tumor zone. Normal adjacent samples were taken 10 cm 

away from the tumor toward the Ileum. Buffy coat of healthy donors were obtained from 

Fondazione IRCCS Policlinico San Matteo, Pavia, Italy. 

2.7 Feces and Mucus collection from human samples 

Feces were freshly collected from the surgical specimen and fresh frozen in aliquots of 

1g each. The mucus lining on tumor lesions and on adjacent non-tumor colon tissue was 

collected by its mechanical scraping. It was then resuspended in 5ml of TES buffer 

(50 mM Tris HCl, 50 mM NaCl, 10 mM EDTA) and centrifuged at 200g for 3min for 

fibers and tissue removal. The supernatant was collected and centrifuged at 3500g for 

10min. Pellet was resuspended in 1ml of 20% glycerol and stored at -80 °C. 

2.8 CRC cell lines 

MC38 and MC38-Luc murine cancer cell lines (from Kerafast) were cultured using 

DMEM (Microgem S.R.L.) medium with 10% FBS, pen/strep and split when they 

reached confluence. MC38-Luc were cultured using blasticidin (Sigma Aldrich) as 

selection antibody. 

Human colorectal cancer cells Colo 205 and RKO (from American Type Culture 

Collection, ATCC) were cultured in RPMI-1640, 10% FBS, pen/strep and MEM, 20% 

FBS, pen/strep, respectively. Cells were maintained for a maximum of 8 passages. 
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2.9 Fusobacterium nucleatum culture condition 

Fusobacterium nucleatum (strain ATCC25586, DSMZ #DSM15643) was cultured in 

Columbia agar with 5% sheep blood or in Columbia broth (Difco, Detroit, MI, USA) 

under anaerobic conditions at 37 °C. Columbia broth was supplemented with menadione 

at 1 μg·mL−1 and hemin at 5 μg·mL−1 and. Bacterial cells were heat-killed (HK) at 95°C 

for 15min and density was adjusted to 1 × 107 CFU·mL−1. HK bacteria were stored at 

−80 °C and used in further experiments. 

2.10  Murine cellular biology and in vitro experimentation 

2.10.1 Murine bone-marrow derived dendritic cells (BMDCs) 

Bone marrow cells were isolated from femur and tibia of the animals. The bone marrow 

was smashed and filtered through a 70µm filter. 2x106 cells were seeded in a sterilin-plate 

(Thermo Fisher) in 10ml of RPMI-1640, 10% FBS, 20µg/ml gentamycin and 20ng/ml of 

mouse recombinant GM-CSF (Miltenyi Biotec). After 3 days 10ml of fresh medium was 

added to the culture. On day 6 and 8 the culture was replenished with 10ml of fresh 

medium. At day 10 non-adherent cells were collected, checked at FACS for DCs markers, 

such as CD11c and used in further experiments. 

2.10.2 Gut microbiota priming of murine iNKT cells  

iNKT cells were sorted from B cell depleted (negative selection with Mouse CD19 

microbeads, Miltenyi) spleen of C57BL/6 animals. Sorting strategy is shown in Figure 

2.1. 1 × 105 BMDCs were primed with 1 × 106 CFU of heat-inactivated fecal microbiota 

of controls or AOM/DSS treated C57BL/6, Traj18-/- and CD1d-/- animals. Primed BMDCs 

were cultured with 2 × 105 splenic sorted iNKT cells in RPMI-1640 with 10%FBS, 

pen/strep for 24h. Upon stimulation iNKT cells activation was measured by FACS 

analysis. As negative control endogenous activation of BMDCs alone was tested. 

Fluorescent minus one (FMO) served as negative controls. 
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Figure 2.1: Gating strategy for iNKT cells sorting from murine splenocytes. 

2.11 Human cellular biology and in vitro experimentation 

2.11.1 Peripheral blood mononuclear cells isolation (PBMCs) 

and irradiation 

Human peripheral blood mononuclear cells were isolated by Ficoll-Hypaque gradient 

(Sigma-Aldrich). Briefly, 20ml of blood were centrifuged at 300g for 10min with no 

brake on the centrifuge and plasma was collected. It was heat-inactivated for 30min at 56 

°C and centrifuged at 1500g for 20min. The supernatant was collected, filtered through a 

0,22µm filter and store at – 20 °C. Cells were resuspended in 20ml of PBS and it was 

layered on top of 15ml of Ficoll-Hypaque and centrifuged at 300g for 20min with no 

brake on the centrifuge. The ring formed between the two solutions, containing PBMCs, 

was collected using a Pasteur pipette (BD). cells were centrifuged, resuspended, counted 

and further used. For feeders’ generation PBMCs were irradiated 2.5Gy/min per 5min. 

2.11.2 Human monocytes-derived dendritic cells generation 

(moDCs) 

CD14+ cells were isolated from PBMCs by magnetic separation using CD14 MicroBeads 

(Miltenyi Biotec) following manufacturer instructions. 9x106 CD14+ cells were seeded in 

a six-well plate (EuroClone) per well. Cells were cultured in RPMI-1640 with 5% of 

autologous plasma, 100µg/ml of gentamycin (Himedia), 1000IU/ml of recombinant 

human rhGM-CSF (Miltenyi Biotec) and 400 IU/ml of rhIL4 (Miltenyi Biotec). On day 
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3 and 5 after seeding the same amount of rhGM-CSF and rhIL4 was added to cells. At 

day 6 after seeding cells were checked at the flow cytometry for extracellular marker 

expression. For being used as moDC cells must be Cd14-, CD11c+ and CD86+. 

2.11.3 Peripheral blood neutrophils isolation 

Human peripheral neutrophils were isolated by dextran (Merck) gradient and subsequent 

Percoll-Plus gradient. Briefly, 15 ml of blood were centrifuged at 400g per 10min. 

Supernatant was discarded and pellet resuspended to a volume of 25ml with cold Hank’s 

balanced salt solution (HBSS, Himedia). 25 ml of sterile filtered 3% dextran in HBSS 

were added to the solution and gently mixed by inversion. The solution was left 30min to 

sediment. Supernatant was collected and centrifuged at 300g for 10min, pellet was lysed 

using 1ml of ACK lysis buffer (life Technologies) for 5min. The reaction was stopped 

adding 20ml of HBSS. The solution was centrifuged at 300g for 10min and pellet was 

resuspended in 2ml of HBSS. A Percoll-Plus gradient of 51% and 42%, in HBSS, was 

layered. Cell solution was layered on top of the Percoll-Plus gradient and centrifuged at 

400g for 10min without brake. Cell pellet, containing neutrophils, was collected, counted 

and used in in vitro assays. 

2.11.4 Human lamina propria mononuclear cells isolation 

Human lamina propria mononuclear cells were isolated by enzymatic digestion and 

Percoll-Plus gradient. Briefly, the dissected intestinal mucosa was freed of mucus and 

epithelial cells in sequential steps with DTT (0.1 mmol/l) and EDTA (1 mmol/l) (both 

from Sigma-Aldrich) in HBSS with pen/strep and gentamycin. If needed epithelial cells 

were recovered from the EDTA washing steps, counted and used for further analysis. 

Samples were then digested with collagenase D (400 U/ml) (Worthington Biochemical 

Corporation) in RPMI-1640 pen/strep and gentamycin for 5 h at 37 °C in agitation. Cell 

solution was filtered through a 70µm and a 100µm filter and centrifuged at 300g for 5min. 

Cells were resuspended in Percoll-Plus 40% and a Percoll-Plus gradient of 100%, 60%, 

40% and 30% was layered and centrifuged 1200g for 20min with no brake. The white 

ring formed at the interface between the 60% and the 40% phase was carefully collected 

using Pasteur pipettes. Cells were washed with RPMI-1640 10%FBS pen/strep and 

gentamycin, counted and used for further analysis.  
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2.11.5 Generation of human iNKT cell lines  

Human iNKT cell lines (CD45+CD3+CD1d:PBS57Tet+) were sorted using a FACSAria 

(BD) machine from either PBMCs or LPMCs. Sorted iNKT cells were expanded in vitro 

for 2 weeks in the presence of irradiated peripheral blood feeders, hIL2 (100 U/ml; 

Proleukin), and PHA (1μg/ml; Sigma-Aldrich). The gating strategy for the identification 

of human iNKT cells is shown in Figure 2.2. Unloaded tetramers are used as controls. 

 
Figure 2.2: Gating strategy to identify human iNKT cells. 

2.11.6 Human iNKT cells in vitro priming 

1 × 105 proficient moDCs were primed with either 4 × 105 CFU of HK Fusobacterium 

nucleatum (strain ATCC25586, DSMZ #DSM15643) or 100ng/ml of αGalCer and then 

cultured with 1 × 105 human iNKT cells in RPMI-1640 10% FBS, pen/strep. After 24h, 

iNKT cells were analyzed at FACS by intracellular staining or used in in vitro functional 

experiments. As negative control endogenous activation of moDC alone was tested (NS). 

When iNKT cells were used for further RNA extraction they were depleted of any 

remaining moDC by staining with CD86-PE and negative selection with anti-PE 

microbeads (Miltenyi Biotec). 
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2.11.7 In vitro cytotoxicity assay 

Cytotoxicity was assessed using the cytotoxicity lactate dehydrogenase (LDH) Assay Kit‐

WST (nonhomogeneous assay, Dojindo, EU) following the manufacturer’s instructions 

and as previously described [151]. All experimental conditions were performed in 

duplicate. 2.5 × 104 Colo 205 and RKO cells were incubated at 37 °C for 4 hours with 

bacterial primed iNKT cell lines at a 8:1 ratio. Supernatants were collected in optically-

cleared 96 well plate and absorbance was measured at 490nm using a GloMax Microplate 

Reader (Promega, Madison, WI, USA) after the colorimetric reaction for LDH. The 

percentage of cytotoxicity was calculated as follows: (test well – spontaneous release 

control)/(maximal release control – spontaneous release control) × 100. 

2.11.8 iNKT-Neutrophil co-culture assay 

Bacteria or αGalCer primed iNKT cells (2 × 105) were co-cultured with freshly isolated 

neutrophils in a 1:1 ratio, in RPMI-1640, 10% FBS and pen/strep. After 24 hours cells 

were stained for cytokine, extracellular molecule expression and respiratory burst 

capacity. 

2.11.9 Neutrophil survival assay 

Freshly isolated neutrophils were cultured with RPMI-1640 + 10% FBS with culture 

supernatants at 10% volumes of NS, αGalCer or Fn-primed iNKT cells for 16h at 37°C. 

After culture cells were then stained for apoptosis and necrosis using the FITC Annexin 

V Apoptosis Detection Kit with 7-AAD (Biolegend) following manufacturer’s instruction 

and acquired at a FACS Celesta flow cytometer (BD Biosciences, Franklin Lakes NJ, 

USA). 

2.11.10 Neutrophil migration assay 

2.5 x 104 of freshly isolated neutrophils were seeded on a 3µm-pore transwell 

(SARSTEDT) in RPMI-1640 + 2% FBS. Culture supernatants of NS or αGalCer or Fn-

primed iNKT cells diluted 10% in RPMI-1640 + 2% FBS was used as chemoattractant 

on the bottom of the transewll. When needed neutrophils were pre-incubated for 20 min 
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at 37°C with Reparixin (20 μM, MedChemExpress), to block the IL8-CXCR1/2 pathway. 

RPMI supplemented with 10% FBS was used as positive control. Migration was left for 

4 hours and then the total number of cells on the bottom of the plate were stained and 

counted using plate-acquisition mode with maximum cell counts and fixed volumes on a 

FACS Celesta flow cytometer (BD Biosciences, Franklin Lakes NJ, USA). 

2.11.11 Naïve CD4+ T in vitro proliferation assay 

Naïve CD4+T cells were isolated from PBMCs of healthy donors using CD4 näive human 

microbeads (Miltenyi Biotech). Naïve CD4+ T (2.5 x 104 cells/well) were labelled with 1 

nM Far Red CellTrace (ThermoFisher) and cultured in medium with hIL2 (Proleukin) 

and anti-CD28 antibody (2 µg/ml, Tonbo) and they were plated in anti-CD3 antibody (2 

µg/ml, Tonbo) pre-coated 96-well plates (NUNC Maxisorp) pre-coated with anti-CD3 

antibody (2 µg/ml, Tonbo). 2.5 x 104 of freshly isolated neutrophils were co-cultured with 

naïve CD4+ T cells in the presence of 10% supernatant from NS, αGalCer or Fn-primed 

iNKT cells. After 5 days cells were labelled with Zombie vital dye (Biolegend) and 

analyzed with FACS Celesta flow cytometer (BD Biosciences, Franklin Lakes NJ, USA). 

Proliferation index is calculated with the FlowJo Proliferation Modeling tool and 

normalized on minimal proliferation. 

2.11.12 Respiratory burst assay 

Respiratory burst capacity and so ROS production was detected using the 

Neutrophil/Monocyte Respiratory Burst assay (Cayman) following manufacturer’s 

instructions. 
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2.12  Molecular Biology 

2.12.1 RNA extraction and reverse transcription quantitative 

real time PCR 

RNA was isolated from 0.5g human colonic tissues by homogenization, using an Ultra-

Turrex T25 homogenizer (Janke & Kunkel IKA-Labortechnik) in 300µl of TriFast 

(Euroclone). RNA was extracted using Direct-zolTM RNA Miniprep Plus 

(ZymoResearch) according to manufacturer’s instructions. cDNAs were generated from 

1µg of total RNA with OneScript® Plus cDNA Synthesis Kit (abm) according to 

manufacturer’s instructions. Gene expressions were measured by qPCR using 

BlasTaqTM 2X qPCR MasterMix (abm), following manufacturer’s instructions, on a 

Viia7 machine (life technology). Human genes were normalized to GAPDH expression. 

Primers used in this study are listed in Table 2.1. 

HUMAN PRIMERS VENDOR 
ACVRIL1 FWD : 5' - CGAGGGATGAACAGTCCTGG - 3' (Romano G et al., 2016) 
ACVRIL1 REV: 5' - GTCATGTCTGAGGCGATGAAG - 
3' 

(Romano G et al., 2016) 

BCL2; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00025011 
BCL2L1 FWD: 5' - GAGCTGGTGGTTGACTTTCTC - 3' (Zhao S et al., 2016) 
BCL2L1 REV: 5' - TCCATCTCCGATTCAGTCCCT - 3' (Zhao S et al., 2016) 
CASP3; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00997997 
CCL2 FWD: 5' - AAGATCTCAGTGCAGAGGCTCG - 3' (Nam J et al., 2006) 
CCL2 REV: 5' - TTGCTTGTCCAGGTGGTCCAT - 3' (Nam J et al., 2006) 
CCL20; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00012971 
CD274 (PDL1); QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00082775 
CRLF2 (TSLPR); QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00210987 
CXCL16A FWD: 5' - GCCATCGGTTCAGTTCA - 3' (Mei J et al., 2019) 
CXCL16A REV: 5' - CAATCCCCGAGTAAGCAT - 3' (Mei J et al., 2019) 
CXCL8; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00000322 
FN1 FWD: 5' - AGGAAGCCGAGGTTTTAACTG ' 3' (D. Britt R et al., 2015) 
FN1 REV: 5' - AGGACGCTCATAAGTGTCACC - 3' (D. Britt R et al., 2015) 
FOXP3 FWD: 5' - CAGCACATTCCCAGAGTTCCTC - 
3' 

(Yuan X et al., 2011) 

FOXP3 REV: 5' - GCGTGTGAACCAGTGGTAGATC - 
3' 

(Yuan X et al., 2011) 

GAPDH FWD: 5' - CTGCTCTACGACATGAACGG - 3' (Thanseem I et al., 2011) 
GAPDH REV: 5' - TGGCATGGACTGTGGTCATG - 3' (Thanseem I et al., 2011) 
GAPDH; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00079247 
GATA3 FWD: 5' - TCTGACAGTTCGCACAGGAC - 3' This work 
GATA3 REV 5' - AAAATGAACGGACAGAACCG  - 3' This work 
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ID1 FWD: 5'- CTGCTCTACGACATGAACGG - 3' (Yang Y et al., 2008) 
ID1 REV: 5'- GAAGGTCCCTGATGTAGTCGAT - 3' (Yang Y et al., 2008) 
IFNG FWD : 5' - GAGTGTGGAGACCATCAAGGA - 3' (Pinto J et al., 2010) 
IFNG REV: 5' - GTATTGCTTTGCGTTGGACA - 3' (Pinto J et al., 2010) 
IL10 FWD: 5' - AACAAGTTGTCCAGCTGATCC - 3' (Burrello C et al., 2022) 
IL10 REV 5' - CAACCTGCCTAACATGCTTC - 3' (Burrello C et al., 2022) 
IL13 FWD: 5' - CTGGTCAACATCACCCAGAAC - 3' (Souza PPC et al., 2013) 
IL13 REV: 5' - CTGTCAGGTTGATGCTCCATAC - 3' (Souza PPC et al., 2013) 
IL17A; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00009233 
IL22; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00034853 
IL23P19 FWD: 5' - TGTTCCCCATATCCAGTGTG - 3' This work 
IL23P19 REV 5' - GCAAGCAGAACTGACTGTTG  - 3' This work 
IL4; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00012565 
IL5; QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT00001435 
PDCD1 (PD1); QUANTITECT PRIMER ASSAY QIAGEN, Cat. #: QT01005746 
RORG FWD: 5' - TTTTCCGAGGATGAGATTGC - 3' (Yu S et al., 2015) 
RORG REV: 5' - CTTTCCACATGCTGGCTACA - 3' (Yu S et al., 2015) 
TBET FWD: 5' - GATGCGCCAGGAAGTTTCAT - 3' (Alvarez-Rodriguez et al., 

2019) 
TBET REV: 5' - GCACAATCATCTGGGTCACATT - 3' (Alvarez-Rodriguez et al., 

2019) 
TGFB1 FWD: 5' - GAGCCTGAGGCCGACTACTA - 3' (Esebanmen G et al., 2017) 
TGFB1 REV: 5' - GGGTTCAGGTACCGCTTCTC - 3' (Esebanmen G et al., 2017) 

Table 2.1:Human primers for qPCR. 

2.12.2  RNA extraction and sequencing of sorted murine 

neutrophils 

Neutrophils were sorted from tumors, adjacent non-tumor tissues and healthy colons as 

described in Paragraph2.5. RNA was isolated from ~ 5 × 105 neutrophils per group, using 

the RNeasy Micro Kit (QIAGEN) following manufacturer’s instruction. Carrier RNA 

was not used. RNA quality was checked on the Agilent 2100 Bioanalyzer (Agilent 

Technologies). Sequencing libraries were prepared with NEBNext® rRNA Depletion Kit 

v2, the NEBNext® Ultra™ II Directional RNA Library Prep kits and the NEBNext® 

Multiplex Oligos for Illumina® (96 Unique Dual Index Primer Pairs), following 

manufacturer’s instructions. Libraries were sequenced on the Illumina NovaSeq platform 

at the genomic unit of IEO. 4 different sample per group were sequenced. 
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2.12.3  RNA sequencing of human iNKT cells 

RNA was extracted from 1 × 106 moDC-depleted primed-iNKT cells using the RNeasy 

kit (Qiagen). RNA quality was checked at the Agilent 2100 Bioanalyzer (Agilent 

Technologies). 1μg of RNA was used for libraries generation using the Illumina TruSeq 

RNA Library Prep Kit v2 following the manufacturer’s instructions. Libraries were 

sequenced as pair-end on the Illumina NovaSeq platform at the genomic unit of IEO. 

Three different priming experiments were sequenced together. 

2.12.4 16S rRNA gene sequencing of human and murine 

mucosal samples 

Mucus was scraped from the human and murine colons (tumor and non-tumor adjacent 

site) in TES buffer and stored at -80°C until DNA extraction. DNA was extracted using 

G NOME DNA isolation kit (Thermo Fisher) following manufacturers’ instructions. 

Libraries were prepared by firstly amplifying the 16S rRNA using interest-specific 

primers for: 
V3 (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′), 

V4 (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) 

regions, together with overhang adapters, using 2x KAPA HiFi HotStart ReadyMix 

(Roche). The Amplicon PCR program used is depicted in Figure 2.3. DNA resulting from 

the Amplicon PCR were subsequently amplified with dual-index primers using Nextera 

Xt Index Kit V2 Set A (Illumina). Libraries were checked for quality on the Agilent 2100 

Bioanalyzer (Agilent Technologies) and sequenced pair-end using the Illumina Miseq 

Reagent Nano Kit V2 500 cycles at the genomic unit of IEO. 

 
Figure 2.3: Schematic representation of the Amplicon PCR program for 16S rRNA. 
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2.12.5 Protein lysates 

Proteins were extracted from 0.5g of human colonic tissues. They were homogenized 

using an Ultra-Turrex T25 homogenizer (Janke & Kunkel IKA-Labortechnik) in 300μl 

of RIPA buffer (Cell Signaling Technology) supplemented with phosphatase inhibitors 

(Sigma) and protease inhibitors (Complete Ultra tablets, Roche). Samples were then 

incubated at 4 °C for 30min under slow rotation and centrifuged at 25000g for 15 min at 

4 °C. The supernatant was quantified at the Spectrophotometer (NanoDrop ND-1000) 

with Bradford Assay (BioRad). 

2.13  ELISA assay 

2.13.1 Cytokines detection in supernatant 

Cytokines in supernatants were detected by coating maxisorp immuno plate 

(thermofisher) with anti-human capturing antibody for GM-CSF, IL17 and IFNg 

(Biolegend) at 2µg/ml in carbonate coating buffer (11.9% NaHCO3, 28% Na2CO3 in H2O 

at pH 9.5) at 4°C overnight. Plates were blocked with PBS/Bovine Serum Albumin 2% 

for 1 hour at room temperature, while sample incubation was performed for 2 hours at 

room temperature. Standards and samples were analyzed in duplicates. Protein detection 

was performed with 2μg/ml of biotin anti-human detection antibody for GM-CSF, IL17 

and IFNg (Biolegend) for 1 hour at room temperature. Streptavidin-HRP conjugate 

(Biolegend) and tetramethylbenzidine (TMB) chromogen solution (ThermoFisher) were 

used to develop the assay, according to manufacturer’s instruction. Reaction was blocked 

using sulfuric acid 1 N (Sigma-Aldrich).). Detection of human IL8 was performed using 

OptEIA Human IL-8 (BD) according to manufacturer’s instruction. Plates were red at a 

wavelength of 450nm using Glomax (Promega). 

2.13.2 Tissue ELISA 

Detection of human IL8 and CXCL16 was performed on 200µg of protein lysate using 

OptEIA Human IL-8 (BD) and CXCL16 DuoSet ELISA kit (R&D), according to 

manufacturer’s instruction. Plates were red at a wavelength of 450nm using Glomax 

(Promega). 
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2.14  Flow Cytometry 

iNKT cells were stained and identified using human or mouse CD1d:PBS57 Tetramer 

(NIH Tetramer core facility) diluted in PBS with 1% FBS for 30 min at 4°C. For 

intracellular cytokine detection cells were previously incubated for 3 hours at 37°C in 

RPMI-1640 10% FBS pen/strep with PMA (50ng/ml, Merck), Ionomycin (1µg/ml, 

Merck) and Brefeldin A (10 µg/ml, Merck). Firstly, blocking of non-specific binding of 

immunoglobulin to Fc receptors (CD16/32, Biolegend) was performed for 20 min in PBS. 

Then extracellular staining and Zombie vital dye (Biolegend) were performed in PBS for 

30 min. Cells were then fixed and permeabilized using Cytofix/Cytoperm (BD). Samples 

were analyzed with a FACS Celesta flow cytometer (BD Biosciences, Franklin Lakes NJ, 

USA). Gating strategy for unconventional T cells and ILCs is depicted in Figure 2.4. For 

the multi-dimensional analysis using t-Distributed Stochastic Neighbor Embedding (t-

SNE) visualization and Phenograph clustering refer to the dedicated paragraph 

(Section2.15.1). The list of dyes and antibodies used in the study are listed in Table 2.2. 

 

Figure 2.4: Gating strategy for human unconventional T cells and ILCs. 

REAGENT SOURCE IDENTIFIER 

Anti-human CD10 BV650  BD Biosciences Cat. #: 563734; Clone: HI10a; 
RRID: AB_2738393  

Anti-human CD103 BV421 c Biolegend Cat. #: 350214; Clone: Ber-ACT8 ; 
RRID: AB_2563514 

Anti-human CD11c BV605  Biolegend Cat. #: 301636; Clone: 3.9; RRID: 
AB_2563796 

Anti-human CD127 Super 
Bright 600  

ThermoFisher 
Scientific 

Cat. #: 63-1278-42; Clone: 
eBioRDR5; RRID: AB_266260 

Anti-human CD137 (4-1BB) 
Super Bright 600  

ThermoFisher 
Scientific 

Cat. #: 63-1379-42; Clone: 4B4; 
RRID: AB_2717053 

Anti-human CD14 APC  Biolegend Cat. #: 301808; Clone: M5E2; 
RRID: AB_314190 

Anti-human CD15 BV785  Biolegend Cat. #: 323044; Clone: W6D3; 
RRID: AB_2632921  

Anti-human CD152 (CTLA-4) 
APC  

BD Biosciences Cat. #: 560938; Clone: BNI3; 
RRID: AB_398615 

Anti-human CD16 APC-H7  BD Biosciences Cat. #: 560715; Clone: 3G8; RRID: 
AB_1727432 
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Anti-human CD161 FITC  TONBO Cat. #: 35-1619-T100; Clone: HP-
3G10 

Anti-human CD178 (FasL) 
APC  

TONBO Cat. #: 20-9919-T100;  
Clone: NOK-1 

Anti-human CD184 (CXCR4) 
APC  

Miltenyi Biotec Cat. #: 130-098-357; Clone: 12G5 

Anti-human CD19 APC  TONBO Cat. #: 20-0198-T100;  
Clone: SJ25C1 

Anti-human CD19 BV650 Biolegend Cat. #: 302238; Clone: HIB19; 
RRID: AB_2562097  

Anti-human CD1d APC  Miltenyi Biotec Cat. #: 130-099-978; Clone: 51.1 
Anti-human CD1d BV421  Biolegend Cat. #: 350316; Clone: 51.1;  

RRID: AB_2687379  
Anti-human CD253 (TRAIL) 
BV786  

Biolegend Cat. #: 743723; Clone: JRIK-2; 
RRID: AB_2741699 

Anti-human CD261 (Trail R1) 
BV605  

BD Biosciences Cat. #: 745103; Clone: S35-934; 
RRID: AB_2742711  

Anti-human CD262 (Trail R2) 
BV510  

BD Biosciences Cat. #: 745057; Clone: B-K29; 
RRID: AB_2742678  

Anti-human CD274 (PDL1) 
PE  

Biolegend Cat. #: 393608; Clone: MIH2; 
RRID: AB_2749925  

Anti-human CD274 (PDL1) 
PE-Cy7  

BD Biosciences Cat. #: 558017; Clone: MIH1; 
RRID: AB_396986  

Anti-human CD279 (PD1) 
BV650  

BD Biosciences Cat. #: 564104; Clone: EH12;  
RRID: AB_2738595 

Anti-human CD3 APC-Cy7  TONBO Cat. #: 25-0038-T100;  
Clone: UCHT1 

Anti-human CD3 PE-Cy7  TONBO Cat. #: 60-0038-T100;  
Clone: UCHT1 

Anti-human CD326 (EpCAM) 
PerCP-eFluor™ 710  

eBiosciences Cat. #: 46-9326-42; Clone: 1B7; 
RRID: AB_1834413 

Anti-human CD33 BV510  Biolegend Cat. #: 366610; Clone: P67.6;  
RRID: AB_2566403  

Anti-human CD366 (Tim-3) 
BV785  

Biolegend Cat. #: 345032; Clone: F38-2E2; 
RRID: AB_2565833 

Anti-human CD4 APC-Cy7  TONBO Cat. #: 25-0049-T100;  
Clone: RPA-T4 

Anti-human CD4 BV605  Biolegend Cat. #: 300556; Clone: RPA-T4; 
RRID: AB_2564391 

Anti-human CD4 PerCP-Cy5.5  Biolegend Cat. #: 317428; Clone: OKT4; 
RRID: AB_1186122 

Anti-human CD4 PerCP-Cy5.5  Biolegend Cat. #: 317428; Clone: OKT4; 
RRID: AB_1186122 

Anti-human CD45 BV510  BD Biosciences Cat. #: 563204; Clone: HI30;  
RRID: AB_2738067 

Anti-human CD45 FITC  BD Biosciences Cat. #: 560976; Clone: HI30;  
RRID: AB_395874 

Anti-human CD56 APC  BD Biosciences Cat. #: 555518; Clone: B159;  
RRID: AB_398601 

Anti-human CD62L PE Miltenyi Biotec Cat. #: 130-113-620; Clone: 145/15 
Anti-human CD66b PerCP-
Cy5.5  

BD Biosciences Cat. #: 562254; Clone: G10F5; 
RRID: AB_11154419  

Anti-human CD68 APC-Cy7  Biolegend Cat. #: 333822; Clone: Y1/82A; 
RRID: AB_2571965  

Anti-human CD69 Alexa 
Fluor-700  

BD Biosciences Cat. #: 560739; Clone: FN50;  
RRID: AB_1727505 

Anti-human CD69 PE-Cy7  BD Biosciences Cat. #: 560712; Clone: FN50;  
RRID: AB_1727509 
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Anti-human CD8a Alexa 
Fluor-700  

Biolegend Cat. #: 344724; Clone: SK1;  
RRID: AB_2562790 

Anti-human CD86 Pacific 
Blue  

BD Biosciences Cat. #: 305418; Clone: IT2.2;  
RRID: AB_493663 

Anti-human CD86 PE  BD Biosciences Cat. #: 557344; Clone: 2331;  
RRID: AB_396652 

Anti-human CD95 (Fas) 
BV650  

Biolegend Cat. #: 305642; Clone: DX2;  
RRID: AB_2632622 

Anti-human GM-CSF PerCP-
Cy5.5  

Biolegend Cat. #: 502312; Clone: BVD2-
21C11; RRID: AB_11147946 

Anti-human GranzymeA 
PeCy7  

ThermoFisher 
Scientific 

Cat. #: 25-9177-41; Clone: CB9; 
RRID: AB_2573537 

Anti-human GranzymeB 
eFluor450  

ThermoFisher 
Scientific 

Cat. #: 48-8896-41; Clone: 
JN4TL33; RRID: AB_2724391 

Anti-human HLA-DR FITC  Miltenyi Biotec Cat. #: 130-095-295;  
Clone: REA805 

Anti-human HLA-DR SB780  eBiosciences Cat. #: 78-9956-42; Clone: LN3; 
RRID: AB_2724457  

Anti-human IFNg FITC  BD Biosciences Cat. #: 554551; Clone: 4S.B3; 
RRID: AB_395473 

Anti-human IL13 PE-Cy7  Biolegend Cat. #: 501914; Clone: JES10-5A2; 
RRID: AB_2616746 

Anti-human IL17A APC  ThermoFisher 
Scientific 

Cat. #: 11-7179-42; Clone: 
eBio64DEC17; RRID: 
AB_1582221 

Anti-human IL17A FITC  ThermoFisher 
Scientific 

Cat. #: 11-7179-42; Clone: 
eBio64DEC17;  
RRID: AB_10805390 

Anti-human IL22 PerCP-
Cy5.5  

Biolegend Cat. #: 366710; Clone: 2G12A41; 
RRID: AB_2566794 

Anti-human IL4 BV510  Biolegend Cat. #: 500836; Clone: MP4-25D2; 
RRID: AB_2650993 

Anti-human Ki67 Alexa Fluor 
647  

BD Biosciences Cat. #: 558615; Clone: B56;  
RRID: AB_647130 

Anti-human Ki67 BV510  BD Biosciences Cat. #: 563462; Clone: B56;  
RRID: AB_2738221 

Anti-human Perforin BV510  Biolegend Cat. #: 308120; Clone: dG9;  
RRID: AB_2563829 

Anti-human TCR gamma/delta 
PE  

ThermoFisher 
Scientific 

Cat. #: MHGD04; Clone: 5A6.E9; 
RRID: AB_10374518 

Anti-human TCR Vα7.2 APC-
Cy7  

Biolegend Cat. #: 351714; Clone: 3C10C; 
RRID: AB_2561996 

Anti-human TIGIT eFluor 450  ThermoFisher 
Scientific 

Cat. #: 48-9500-42; Clone: 
MBSA43; RRID: AB_2637414 

Anti-human TNF-α BV785 Biolegend Cat. #: 502948; Clone: MAb11; 
RRID: AB_2565858 

Human CD1d:BV421  NIH Tet facility - 
Human CD1d:PBS57 Tet-
BV421  

NIH Tet facility - 

Human CD1d:PBS57 Tet-PE  NIH Tet facility - 
Human CD1d:PE  NIH Tet facility - 
   
Anti-mouse CD11b APC-Cy7  TONBO Cat. #: 25-0112-U100; Clone: 

M1/70 
Anti-mouse CD274 (PDL1) 
BV786  

BD Biosciences Cat. #: 741014; Clone: MIH5; 
RRID: AB_2740636 

Anti-mouse CD11c FITC c TONBO Cat. #: 35-0114-U500; Clone: N418 
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Anti-mouse CD19 FITC  TONBO Cat. #: 35-0193-U500; Clone: 1D3 
Anti-mouse CD279 (PD1) 
APC 

Biolegend Cat. #: 562671; Clone: J43; RRID: 
AB_2737712 

Anti-mouse CD3 FITC Biolegend Cat. #:100204; Clone: 17A2; 
RRID: AB_312661 

Anti-mouse CD3 PE-Cy7  Biolegend Cat. #: 100220; Clone: 17A2; 
RRID: AB_1732057 

Anti-mouse CD4 BV650  Biolegend Cat. #: 100545; Clone: RM4-5; 
RRID: AB_11126142 

Anti-mouse CD4 
PE/Dazzle594 

Biolegend Cat. #:100455; Clone: GK1.5; 
RRID: AB_2565844 

Anti-mouse CD45 Alexa Fluor 
700 

Biolegend Cat. #: 103127; Clone: 30-F11; 
RRID: AB_493714 

Anti-mouse CD45.2 APC-Cy7 Biolegend Cat. #: 109824; Clone: 104; RRID: 
AB_830789 

Anti-mouse CD45.2 BV510 Biolegend Cat. #: 109838; Clone: 104; RRID: 
AB_2650900 

Anti-mouse CD8a APC-Cy7 BD Biosciences Cat. #: 557654; Clone: 53-6.7; 
RRID: AB_396769 

Anti-mouse CD8a Super 
Bright 600  

ThermoFisher 
Scientific 

Cat. #: 63-0081-82; Clone: 53-6.7; 
RRID: AB_2637163 

Anti-mouse F4/80 PE  TONBO Cat. #: 50-4801-U025; Clone: 
BM8.1 

Anti-mouse GM-CSF FITC  Biolegend Cat. #: 505404; Clone: MIP1-22E9; 
RRID: AB_315380 

Anti-mouse GranzymeB 
PerCP-Cy5.5  

Biolegend Cat. #: 372212; Clone: QA16A02; 
RRID: AB_2728379 

Anti-mouse IL4 PE-Cy7 Biolegend Cat. #:504118; Clone: 11B11; 
RRID: AB_10898116 

Anti-mouse IL10 PE Biolegend Cat. #:554467; Clone: JES5-16E3; 
RRID: AB_395412 

Anti-mouse IL13 PerCP-
eFluor710 

Thermo Fisher 
Scientific 

Cat. #:46-7133-82; Clone: 
eBio13A; RRID: AB_11218496 

Anti-mouse IL17A Alexa 
Fluor-700  

Biolegend Cat. #: 506914; Clone: TC11-
18H10.1; RRID: AB_536016 

Anti-mouse IL17A BV605 BD Biosciences Cat. #:564169; Clone: TC11-18H10 
Anti-mouse IL22 Alexa Fluor 
647 

Biolegend Cat. #:516406; Clone: Poly5164; 
RRID: AB_2280206 

Anti-mouse Ly6G APC  TONBO Cat. #: 20-1276-U025; Clone: 1A8 
Anti-mouse Ly6G eFluor450  ThermoFisher 

Scientific 
Cat. #: 48-9668-82; Clone: 1A8; 
RRID: AB_2637124 

Anti-mouse Perforin PE  Biolegend Cat. #: 154306; Clone: S16009A; 
RRID: AB_2721639 

Anti-mouse TNFa BV711 Biolegend Cat. #:506349; Clone: MP6-XT22; 
RRID: AB_2629800 

CD16/32 purified TONBO Cat. #: 70-0161-U500; Clone: 
2.4G2 

Mouse CD1d:BV421  NIH Tet facility - 
Mouse CD1d:PBS57 Tet-
BV421  

NIH Tet facility - 

Mouse CD1d:PBS57 Tet-PE  NIH Tet facility - 
Mouse CD1d:PE  NIH Tet facility - 
Zombie Yellow™ Fixable 
Viability Kit 

Biolegend Cat. #: 423104 

Table 2.2: Antibodies and dye used in the study. 



 44 

2.15  Analysis 

2.15.1 Multi-dimensional flow cytometry analysis  

FCS files of TUM and NCT immune infiltrate were upload in FlowJo software (Version 

10.8) and compensated according to the software usage. Irregularities on the flow stream 

were checked by querying a single color-parameter per each laser on the time-parameter. 

If variations in the flow stream were detected, they were excluded from the analysis. Data 

were accurately checked for antibodies aggregates by analyzing each parameter in a 

bimodal plot. Morphological gates on viable lymphocytes, singlets and subsequently 

CD3+ cells were applied. To create uniform size populations CD3+ populations of each 

sample were downsampled to 5000 events with the DownSample plugin (Version 3.3.1) 

of FlowJo. CD3+ downsampled populations were exported as FCS files with applied 

compensation correction, excluding FSC-A, FSC-H, SSC-A, SSC-H parameters. Files 

were uploaded in the RStudio environment (Version 3.6.2) and analyzed with the 

flowCore package (Version 1.38.2). Data were transformed using logicleTransform() 

function present in the flowCore package. To correct for batch effects each marker was 

carefully interrogated for its density distribution using the densityplot() function present 

in the flowViz package (Version 1.36.2). If needed, markers were normalized using the 

Per-channel normalization based on landmark registration, so the gaussNorm() function 

of the flowStats package (Version 3.30.0). Peak.density, peak.distance and number of 

peaks were chosen according to each marker expression. Normalized files were analyzed 

using the cytofkit package through the cytofkit_GUI interface. For data visualization we 

used the t-SNE method (perplexity=50, iterations=1000, seed=42, k=50), while clustering 

was achieved using the Phenograph algorithm [195]. t-SNE plots were visualized on the 

cytofkitShinyAPP. Clusters FCS were generated, re-imported in FlowJo and manually 

analyzed to determine their integrated Mean Fluorescence Intensity (iMFI) [196]. To 

equalize the iMFI of different markers, it was scaled from 0 to 1 [196]. scaled iMFI values 

were used to define Phenograph clusters and were presented as heatmaps using the 

heatmap.2() function of the ggplots package (Version 3.1.1). For meta-clustering 

analysis, the identified cluster of iNKT cells was split into its composing subset and single 

FCS, each one relative to a single sample (NCT o TUM), were created. FCS were then 

used again for a new Phenograph run. 
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2.15.2 16S rRNA data analysis  

Reads were pre-processed using the MICCA pipeline (v.1.5) (http://www.micca.org) 

[197]. Firstly, data were processed for primers trimming and quality filtering with micca 

trim and micca filter, respectively. Secondly, they were de-noised with the UNOISE61 

algorithm implemented in micca out. This generates amplicon sequence variants [ASVs], 

allow the determination of true biological sequences. ASVs sequences were 

taxonomically classified using micca classify with the Ribosomal Database Project 

classifier v2.11 [198]. Nearest Alignment Space Termination [199] was used to perform 

ultiple sequence alignment of 16S rRNA gene sequences.  

Samples were rarefyied at the depth of the less abundant one using micca tablerare. The 

phyloseq R package [200] was used to estimate alpha (intra-sample richness) and beta-

diversity (inter-sample dissimilarity). Permutational multivariate analysis of variance 

(PermANOVA) test was performed with the adonis() function in the R package vegan 

with 999 permutations. Differential abundance was tested with the R package DESeq267 

using non-rarefied data [201] and the Benjamini-Hochberg procedure was used for false-

discovery rate (FDR) corrected pvalues. 

2.15.3 Bulk RNA sequencing  

RNA-seq reads were pre-processed using the FASTX-Toolkit tools and quality checked 

were performed with FastQC. Primary analysis (filtering and alignment to the reference 

genome of the raw reads) and secondary analysis (expression quantification and 

differential gene expression) have been run in the integrated HTS-flow system [202]. 

Bioconductor Deseq2 package was used to detect differentially expressed genes and only 

Benjamini-Hochberg-FDR corrected pvalues are shown [203]. Functional enrichment 

analyses, Gene Ontology determination and KEGG pathways were performed taking 

advantage of the DAVID Bioinformatics Resources (DAVID Knowledgebase v2022q2) 

(https://david.ncifcrf.gov) [204]. 
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2.16 Single cell RNA sequencing 

2.16.1 Dataset of immune cells in human CRC (Pelka K. et 

al., 2021) 

Raw count matrices were downloaded from the Gene Expression Omnibus (GEO): 

accession number GSE178341. Data processing and analysis were performed using the 

Seurat workflow [205]. Counts were normalized and log-transformed using sctransform 

[206], while regressing out unique molecular identifier (UMI) counts and the percentage 

of mitochondrial counts. Highly variable genes were used to perform principal component 

analysis (PCA) and principal components (PCs) covering the highest variance in the 

dataset. The selection of these PCs was based on the elbow plot. Clusters were identified 

using the shared nearest neighbour (SNN) modularity optimization-based clustering 

algorithm, followed by Louvain community detection, and were visualised using the 

UMAP dimensional reduction method. iNKT cells were identified as ZBTB16+ cells, 

based on the annotation from the original authors [207]. 

2.16.2 Dataset of murine polymorphonuclear cells (Veglia F. 

et al., 2021) 

Raw count matrices were downloaded from the GEO: accession number GSE163834. 

Tumor (n=3) and splenic polymorphonuclear cells (PMNs) from control (n=3) and 

tumour-bearing mice (n=3) were sequenced, giving a total of 66,854 single cells. Seurat 

workflow was used for data processing and analysis [205]. Counts were normalized and 

log-transformed with sctransform [206], regressing out UMI counts and percentage of 

mitochondrial counts. Principal component analysis (PCA) and principal components 

(PCs) covering the highest variance in the dataset were performed on highly variable 

genes. PCs were given to Harmony [208] for batch correction. Shared nearest neighbour 

modularity optimization-based clustering algorithm and Louvain community detection 

was used to identify 14 different clusters. Two of them were defined as B cells and 

macrophages (Cd79a, Cd79b for B cells, and Csf1r, Mafb, Adgre1 for macrophages) and 

were excluded for further analysis. The remaining clusters were annotated as PMN1, 

PMN2, and PMN3, according to the expression levels of the markers identified in [209]. 

The module score of signatures of the C57BL/6 and Traj18-/- bulk RNA-sequence of 

interest was calculated using the AddModuleScore function. Signatures of interest were 
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defined using genes upregulated in C57BL/6 mice (FDR p < 0.1 e log2FC < -1) and in 

Traj18-/- mice (FDR p < 0.1 e log2FC > 1). 

2.16.3 Survival and multivariate analysis 

We investigated the relevance of iNKT cells and neutrophils co-infiltration on relapse-

free survival (RFS) in our cohort of CRC patients. Relapse was defined by the oncologists 

during period check visit, upon disease reappearance. The clinical importance of 

neutrophils and iNKT cells transcription factors co-expression, CEACAM8 and ZBTB16 

respectively, was investigated on overall survival (OS) in the adenocarcinoma cohort 

(COAD) of The Cancer Genome Atlas (TCGA). Samples were divided in two groups 

according to the infiltration of neutrophils or to the expression of CEACAM8. Similarly, 

samples were divided in two different groups according to the infiltration of iNKT cells 

or to the expression of ZBTB16. The intersection between neutrophils high infiltration 

(TANsHigh) and iNKT infiltration, as well as the intersection between CEACAM8 high 

expression (CEACAM8High) and ZBTB16 expression was also investigated for RFS and 

OS, respectively. Kaplan-Meier and multivariate analysis were carried out using the R 

packages survival (version 3-2-11) and survminer (version 0.4.9) as described in [210]. 

Multivariate analysis were performed by using the Cox-Log-Rank test and Hazard Ratio 

using relapse as censor and % of iNKT cells tumor infiltration, % tumor neutrophils, age, 

gender, MMR status, size of primary tumor (T), involvement of regional lymph nodes 

(N), tumor grading (G) and tumor location as confounders. 

2.16.4 Statistical analysis 

Statistical analysis was performed using Prism software (Version 8.2.0, GraphPad) or the 

R software (version 3.6.2). Paired Wilcoxon test was used to compute NCT and TUM 

comparisons, both for human and murine experiments, while for unpaired comparisons 

Mann-Whitney U test was used. Correlation analysis were performed with the two-tailed 

Spearman’s correlation coefficient. Statistical analyses were always performed as two-

tailed and pvalues were considered statistically significant when pvalue < 0.05. When 

pvalues approached significance but did not reach it, the value is explicity shown in the 

figure.  ***pvalue < 0.001; **pvalue < 0.01; *pvalue < 0.05. 
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2.17  Data availability 

16S rRNA gene sequencing data generated in this work can be found in the European 

Nucleotide Archive (https://www.ebi.ac.uk/ena) with accession number PRJEB56178. 

RNA-seq data of primed iNKT cell lines and murine neutrophils are deposited at the 

ArrayExpress database (http://www.ebi.ac.uk/arrayexpress), accession numbers E-

MTAB-12278 and E-MTAB-12281, respectively. The scRNA-seq dataset of CRC 

immune infiltration taken from Pelka K. et al. [207], is publicly available at GEO 

(https://www.ncbi.nlm.nih.gov/geo/) with accession number GSE178341 The PMN-

MDSC scRNA-seq dataset taken from Veglia F. et al. [209], is publicly available at GEO 

(https://www.ncbi.nlm.nih.gov/geo/) with accession number GSE163834. 
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3 Results 

3.1 Characterization of tumor-infiltrating immune cells in human 

CRC, with a focus on iNKT cells 

During the last decades tumor immunology is under extensive investigation as its 

understanding could be useful for novel therapeutical approaches. Immunological 

signatures and cytokines networks are relevant factors of CRC pathology, with cells of 

the mucosal immunity having a major role as first responders [4]. iNKT cells are 

unconventional T cells, present at mucosal surfaces, endowed of pro-tumorigenic and 

anti-tumorigenic functions [8], [15]. Since iNKT cells have pleiotropic roles at the 

intestinal site, supporting inflammation but also immune regulation in IBD patients [9], 

we aimed to assess their role in the pathophysiology of CRC. 

3.1.1  Study design and patients’ characteristics 

In order to define the role of iNKT cells in CRC we designed a study (Figure 3.1) and (1) 

collected paired surgical specimens from tumor lesions (TUM) and non-tumor colonic 

tissues (NCT) from CRC patients (n=118). Multiparameter flow-cytometry was used to 

immunophenotype tissue-infiltrating cells and to characterize in detail tumor-infiltrating 

iNKT cells. From the same patients we also collected feces and the mucosal microbiota 

of either TUM or NCT for taxonomy identification. (2) iNKT cells were evaluated for 

their functionalities in vitro and, (3) their cellular interactions were tested in two different 

in vivo models of CRC. Finally, (4) the clinical relevance of tumor infiltrating iNKT cells 

was defined with survival and multivariate analysis using the internal CRC cohort and 

the COAD-TCGA dataset as validation cohort. 
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Figure 3.1: Study design. 1) Immunophenotyping and mucosal transcriptomic of CRC cohort (n=118), 

2) In vitro functional experiments of selected bacteria on human iNKT cell lines, 3) In vivo experiments 

in C57BL/6 wild-type and TRAJ18-/- and CD1d-/- iNKT deficient animals. 4) Clinical outcome of iNKT 

infiltration in CRC. 

Patients recruited in the study underwent surgery for TNM stage 0-III of CRC at the 

IRCCS Policlinico Ospedale Maggiore, Milan, Italy. Clinical and histopathological 

characteristics as well as patients’ therapies are summarized in Table 3. We intentionally 

excluded Stage IV patients because of their metastatic condition associated with lower 

survival probability and altered immune infiltrate [182] thus representing a potential 

confounding factor for the analyses. 
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 All patients 

[n=118] 

Stage 0/I 

[n=4/25] 

Stage II 

[n=38] 

Stage III 

[n=51] 

     
Male/Female, n 64/54 14/15 24/14 25/26 

Age at enrolment, mean ± SD 

 

mean ± SD, years 

70 [±12.5] 71.7 [±12.5] 71.8 [±10.9] 67.7 [±14.1] 

Male 69 [±12.7] 72.6 [±10.4] 71.3 [±11] 68.5 [±14.2] 

Female 69.5 [±13] 71.2 [±13.8] 72.75 [±10.2] 66.8 [±14.3] 

     
Disease Location     

Left-side colon (CSX) 66 20 18 28 

Right-side colon (CDX) 52 9 20 23 

     
MMR status     

Proficient/Deficient 103/15 27/2 32/6 44/7 

     
Therapy 

Neoadjuvant 

    

Chemotherapy-Radiotherapy 9 5 1 3 

Adjuvant CT 21 1 6 14 

CAPOX 13 1 1 11 

Capecitabine 6 - 5 1 

     
Relapse 8 1 - 7 

     

Table 3: Clinical parameters of CRC patients enrolled until August 2022. 
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3.1.2  iNKT cells infiltrate human CRC lesions showing an 

exhausted Th17 phenotype 

To determine the infiltration and phenotype of iNKT cells in CRC tissues we first used 

an unbiased approach, analyzing high dimensional flow cytometry data using the 

Phenograph clustering algorithm [196]. The analysis of tissue-infiltrating CD3+ T cells 

identified 18 clusters (C) differentially distributed in NCT and TUM (Figure 3.2A). NCT 

was mainly infiltrated by CD4+ T cells producing TNFa, IFNg and GM-CSF (C15), as 

well as by a group of proliferating, Ki67+, CD4+ T cells that overexpressed the checkpoint 

inhibitor PD-1 (C10, Figure 3.2A-C). TUM was characterized by CD8+ T cells expressing 

TNFa, IFNg, GM-CSF and PD-1 (C3, C5 and C1, Figure 3.2A-C), but also by double 

positive CD4+, CD8+ T cells expressing IL17, TNFa, and PD-1 (C6, Figure 3.2A-C). 

Cluster C16, representative of iNKT cells, was enriched in tumor tissues (Figure 3.2A-

C). We confirmed the significant infiltration of iNKT cells in colorectal lesions by manual 

gating analysis (Figure 3.2D-E).  Gating strategy of iNKT cells is shown in Figure 2.2.  

 

Figure 3.2: iNKT cells infiltrate CRC tumor lesions. (A) t-SNE map and Phenograph clustering of 

CD3+ T cells infiltrating adjacent non-tumor colonic tissues (NCT) and tumor lesions (TUM). (B) 

Heatmap of scaled integrated MFI data from Phenograph clustering analysis; relative abundance of 
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identified clusters from NCT (blue box) and TUM (red box) is also shown. (C) Clusters with different 

abundance of NCT or TUM infiltrating CD3+ T cells. (D) Representative plots of iNKT cells infiltrating 

NCT and TUM tissues. (E) Frequency of iNKT cells infiltrating NCT and TUM (n = 115). P < 0.01 

(**), Wilcoxon matched-pairs signed rank test, perplexity = 50, iterations = 1000, seed = 42, k = 50. 

To further validate our findings, we evaluated iNKT infiltration in publicly available 

dataset of single-cell sequencing in CRC. We used scRNA-seq data from the work of 

Pelka K. et al 2021. First, we defined the cell distribution between NCT and TUM (Figure 

3.3A) and then we checked for the expression of ZBTB16 (Figure 3.3B). ZBTB16 is the 

gene encoding for PLZF the transcriptional factor regulating mainly NKT cell 

development. We observed that ZBTB16+, NKT-like cells significantly infiltrate CRC 

lesions (Figure 3.3C), validating our previous results of flow cytometry data (Figure 3.2). 

 

Figure 3.3: ZBTB16+ cells infiltrate tumor CRC tissues. (A) UMAP representative of single cells in 

Pelka K. et al., 2021, color coded by tissue of origin (cells n. = 328,265). (B) UMAP of ZBTB16 

expression level in A. (C) Percentage of ZBTB16+ cells in NCT and TUM. Wilcoxon matched-pairs 

signed rank test. 

To fine-tune the characterization of tumor infiltrating iNKT cells, we performed a meta-

clustering analysis of cluster 16 (C16) (Figure 3.2A-B). C16 expressed several markers 

of activation, exhaustion (4-1BB and PD-1) as well as an array of different cytokines, 

including IL10, IL17, GM-CSF, TNFa and IFNg (Figure 3.2B). We identified 7 distinct 

clusters of tissue infiltrating iNKT cells (Figure 3.4A). Clusters distribution was different 

between NCT and TUM, as shown by density plots (Figure 3.4A). TUM infiltrating iNKT 

cells were characterized by the production of GM-CSF, IL17 and the expression of PD-1 

(C1, Figure 3.4A-B). On the other hand, NCT infiltrating iNKT cells were associated to 

a cytotoxic phenotype with the production of IFNg and to a lesser extent of GM-CSF (C3 
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and C4, Figure 3.4A-B). By manual gating analysis we confirmed that tumor infiltrating 

iNKT cells upregulated the production of GM-CSF and IL17 while decreased that of IFNg 

compared to their paired healthy site (Figure 3.4C-D). No difference was detected in other 

Th1-, Th2- or regulatory-associated cytokines (TNFa, IL13, IL22, IL10), although tumor 

infiltrating iNKT cells showed decreased expression of IL4 compared to NCT (p-

value=0.06) (Figure 3.4D). Of note, the production of IL17 alone was upregulated by 

tumor infiltrating iNKT cells, but not that of GM-CSF (Figure 3.4D). 

 

Figure 3.4: Tumor infiltrating iNKT cells have a Th17 like phenotype. (A) t-SNE map of iNKT cells 

based on Phenograph meta-clustering analysis of C16 in NCT and TUM. (B) Balloon plot of the scaled 

integrated MFI of Phenograph clusters generated in A. (C) Frequency of IL17+GM-CSF+ iNKT cells 

in NCT and TUM lesions (n = 25), with representative plots. (D) Frequency of IFNg+ TNFα+, IL4+, 

IL13+, IL17+, GM-CSF+, IL22+ and IL10+ iNKT cells in NCT and TUM (n = 42, n = 25 for GM-CSF+ 

cells). P < 0.05 (*), P < 0.001(***), Wilcoxon matched-pairs signed rank test, perplexity = 50, 

iterations = 1000, seed = 42, k = 50. 
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Tumor iNKT cluster 1 expressed also the inhibitory molecule PD-1 (Figure 3.4B), 

prompting us to further investigate their activation and exhaustion status. Tumor-

infiltrating iNKT cells upregulated the co-inhibitory markers PD-1, CTLA-4, TIGIT and 

TIM3, (Figure 3.5A) while manifested a downregulation of the activation markers CD69, 

CD161 and 4-1BB (Figure 3.5B). 

 

Figure 3.5: Tumor infiltrating iNKT cells have an exhausted phenotype. (A-B) Frequency of PD-1+, 

CTLA-4+, TIGIT+, TIM3+ (A), CD69+, CD161+ and 4-1BB+ (B) iNKT cells in NCT and TUM (n = 37, 

n = 16 for TIGIT+ and TIM3+ cells), with representative plots. P < 0.05 (*), P < 0.01(**), 

P < 0.001(***), Wilcoxon matched-pairs signed rank test. 

 
iNKT cells in mice have transcriptional programs associated with tissue residency and 

express the integrin CD103 [8], suggesting their tissue-residency at mucosal sites. We 

observed that also human iNKT cells expressed CD103, upregulating it in tumor tissues 

(Figure 3.6A-C). In addition, CD103+ iNKT cells had an increased proliferation activity, 

as shown by the upregulated Ki67 expression in comparison to the CD103- counterpart 

(Figure 3.6D). 
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Figure 3.6: iNKT cells express markers of tissue retention in NCT and TUM. (A-B) Representative 

plots of CD103+, CD103+Ki67+ and CD103-Ki67+ iNKT cells in NCT (A) and TUM (B). (C) 

Frequency of CD103+ iNKT cells in NCT and TUM (n = 28). (D) Frequency of CD103+Ki67+ and 

CD103-Ki67+ iNKT cells in NCT (left panel) and TUM (right panel) (n = 28). P < 0.05 (*), 

P < 0.01(**), P < 0.001(***), Wilcoxon matched-pairs signed rank test. 

In conclusion, the phenotypical analyses of intestinal iNKT cells showed that they are 

tissue resident cells able to produce a vast array of cytokines (IFNg, TNFα, IL4, IL13, 

GM-CSF, IL17, IL22 and IL10). However when infiltrating CRC lesions iNKT cells are 

skewed toward an exhausted Th17-like phenotype characterized by the production of both 

GM-CSF and IL17, the expression of inhibitory molecules and a proliferative behavior 

in mucosal resident cells (Figure 3.4, Figure 3.5, Figure 3.6). 
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3.1.3 Tumor-infiltrating iNKT cells reduced their cytotoxic 

potential 

iNKT cells are known to be able of releasing classical T-helper associated cytokines and 

also cytotoxic molecules, such as granzymes and perforin. We have recently shown that 

iNKT cells released granzyme B and perforin in vitro, killing CRC cell lines and patients 

derived tumor cells[151] . Thus, we investigated ex vivo iNKT cells production of 

granzymes and perforin and their expression of death ligands. The analysis of our CRC 

patients’ cohort confirmed that intestinal iNKT cells produce granzyme A (GrzA), 

granzyme B (GrzB) and perforin (Figure 3.7A), albeit their production did not differ 

between NCT and TUM infiltrating iNKT cells (Figure 3.7A). The expression of Fas 

ligand (FasL), but not of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) 

was decreased in tumor infiltrating iNKT cells (Figure 3.7B). These data show that tumor-

infiltrating iNKT cells decrease their expression of death ligands, possibly affecting their 

cytotoxic functions. 

 

Figure 3.7: iNKT cells do not alter their expression of cytotoxic granules and death ligands in CRC. 

(A-B) Frequency of GrzA+, GrzB+, Perforin+ (A), FasL+ and TRAIL+ (B) iNKT cells in NCT and TUM 

(n = 20), with representative plots. P < 0.05 (*), Wilcoxon matched-pairs signed rank test. 

 



 58 

3.1.4 iNKT cells have a unique phenotype among 

tumor - infiltrating conventional and unconventional 

lymphocytes 

We showed that iNKT cells have a Th17-like phenotype in CRC lesions (Figure 3.4). 

Previous works reported that Th17-associated cytokines are produced also by 

conventional, unconventional T cells and innate lymphoid cells (ILCs) in the context of 

CRC [4]. Thus, we investigated if differences existed among these cells in terms of tissue 

infiltration and Th17 cytokines expression. We first assessed the frequency of tumor-

infiltrating conventional (CD3+Tet-) T-helper (CD4+) and cytotoxic (CD8+) T cells, 

mucosal-associated invariant T cells (MAIT), γδ T cells and ILCs (Figure 3.8A-B). 

Gating strategies for conventional and unconventional T cells are shown in Figure 2.4. 

We observed a decreased infiltration of CD4+ Th cells in TUM whereas no difference in 

the abundance of cytotoxic T cells was detected (Figure 3.8A). γδ T cells significantly 

infiltrated TUM while MAIT and ILCs were present at similar abundances in NCT and 

TUM (Figure 3.8B).  

 

Figure 3.8: Conventional and unconventional T cells and ILCs infiltrate NCT and TUM tissues. (A-

B) Frequency of conventional CD4+, CD8+ (A) and unconventional γδ T cells, MAIT and ILCs (B) in 

NCT and TUM. (n = 25). P < 0.05 (*), P < 0.01(**), Wilcoxon matched-pairs signed rank test. 
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We observed an increased production of IL17 by TUM-infiltrating CD4+ Th, γδ T and 

MAIT cells, but not by cytotoxic CD8+ T cells and ILCs (Figure 3.9A). GM-CSF 

secretion was similar in TUM and NCT for both conventional and unconventional 

lymphoid cells, except for TUM-infiltrating γδ T who showed a decreased GM-CSF 

production (Figure 3.9B-C). Most importantly, iNKT cells were the highest producers of 

IL17 and GM-CSF compared to conventional, unconventional T cells and ILCs in CRC 

lesions, suggesting preferential functions for tumor-infiltrating iNKT cells (Figure 3.9D). 

 

Figure 3.9: iNKT cells are unique in the expression of GM-CSF+Il17+ among conventional, 

unconventional T cells and ILCs. (A-B-C) Frequency of IL17+(A), GM-CSF+ (B) and IL17+GM-CSF+ 

(C) conventional CD4+, CD8+ and unconventional γδ T cells, MAIT and ILCs in NCT and TUM. 

(n = 25). (D) Frequency of GM-CSF+IL17+ conventional CD4+, CD8+, unconventional γδ T cells, 

MAIT, ILCs and iNKT cells in TUM. P < 0.05 (*), P < 0.01(**), P < 0.001(***), Wilcoxon matched-

pairs signed rank test. 
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3.1.5 Tumor associated neutrophils significantly infiltrate CRC 

lesions and express a mature, aged phenotype 

It is well known that CRC lesions are characterized by the infiltration of lymphoid cells, 

but also of myeloid and B cells. Thus, we analyzed the tumor infiltration of B cells 

(CD45+CD19+), neutrophils (CD45+CD66b+CD15+), monocytes (CD45+CD68+CD11c+), 

macrophages (CD45+CD69+CD11c-) and DCs (CD45+CD68-CD11c+) in our CRC cohort 

(Figure 3.10A-C). No differences were observed for B cells and monocytes (Figure 

3.10A), while neutrophils and macrophages significantly infiltrated tumor lesions 

compared to the paired-healthy site (Figure 3.10B-C). On the contrary, DCs were more 

abundant in NCT tissues (Figure 3.10C).  

 

Figure 3.10: Neutrophils infiltrate CRC lesions. (A-B-C) Frequency of B cells (A), neutrophils (B), 

dendritic cells, monocytes and macrophages (C), with representative plots (n = 75). P < 0.05 (*), 

P < 0.01(**), P < 0.001(***), Wilcoxon matched-pairs signed rank test. 
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Neutrophils are a heterogenous cell population that can acquire different phenotypical 

and functional roles in CRC [64]. In our CRC cohort, tumor associated neutrophils (TAN) 

downregulated the expression of the antigen presenting molecules MHC-II and CD1d 

(Figure 3.11A-B) while no differences were observed for the immune regulatory 

molecule PD-L1 (Figure 3.11C). TANs showed an aged (CXCR4+CD62Llow), mature 

phenotype (CD33midCD10+CD16+) (Figure 3.11D-F), which can be endowed with both 

anti-tumorigenic and pro-tumorigenic functionalities in vivo [68]. Aged neutrophils 

infiltrating tumors overexpressed the PD-L1 molecule (Figure 3.11E), supporting their 

pro-tumorigenic role. 

 

Figure 3.11: Tumor associated neutrophils downregulate antigen-presenting molecules and acquire 

a mature, aged phenotype. (A-B-C) MFI and frequency of MHC-II (A), CD1d (B) and PD-L1 (C) in 

neutrophils infiltrating NCT and TUM (n = 25). (D) Frequency of aged neutrophils 

(CXCR4+CD62Llow) in NCT and TUM (n = 25). (E) Frequency of mature (CD33midCD10+CD16+) 

and immature (CD33midCD10-CD16+) neutrophils in NCT and TUM (n = 25). P < 0.05 (*), 

P < 0.01(**), Wilcoxon matched-pairs signed rank test. 
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3.1.6 iNKT cells precede neutrophils infiltration in tumors and 

their phenotype correlates with neutrophil’s abundance 

GM-CSF and IL17 are central cytokines in neutrophils biology [85]. Given their 

production by CRC-infiltrating iNKT cells and the predictive value of neutrophils, we 

hypothesized a potential crosstalk between iNKT cells and neutrophils in the context of 

CRC. We stratified patients according to disease staging (TNM stage) and observed that 

CRC lesions were significantly infiltrated by iNKT cells at early stages of the disease 

(Stage 0/I) while neutrophils infiltrated late CRC stages (Stage II/III) (Figure 3.12A-B). 

Although iNKT cells and neutrophils showed no associations, the IL17+GM-CSF+ iNKT 

cell population positively correlated with neutrophils abundance, suggesting a close 

interaction between the tumor-infiltrating population of iNKT cells and neutrophils 

(Figure 3.12C-D).  

 

Figure 3.12: iNKT cells precede neutrophils infiltration in CRC lesions. (A-B) Frequency of iNKT 

cells (A) and neutrophils (B) infiltrating NCT and TUM over TNM CRC stages (n = 115 for iNKT 

cells and n = 75 for neutrophils). (C) Correlation of IL17+GM-CSF+iNKT and neutrophils infiltrating 

NCT and TUM (n = 25). (D) Correlation of iNKT and neutrophils infiltrating NCT and TUM (n = 75). 

P < 0.05 (*), P < 0.01(**), P < 0.001(***), Wilcoxon matched-pairs signed rank test, Two-tailed 

Spearman test for correlation analysis. 
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3.1.7 Professional APCs upregulate CD1d, the iNKT-restricted 

antigen presenting molecule in tumors 

To further characterize the functional interactions of iNKT cells within the tumor 

microenvironment, we evaluated if professional APCs and epithelial cells altered the 

expression of antigen presenting molecules in tumor tissues. DCs, monocytes and 

macrophages upregulated the CD1d antigen presenting molecule, both in terms of MFI 

and percentage in TUM tissues, whereas B cells did not change their expression of CD1d 

(Figure 3.13A-B). TUM-infiltrating DCs and monocytes expressed also higher levels of 

the MHC-II presenting molecule (Figure 3.13C-D), suggesting a general increased in the 

process of antigenic presentation in tumors. Macrophages, on the other hand, upregulated 

only the expression of CD1d (Figure 3.13A-D), supporting the hypothesis that they can 

boost early activation of iNKT cells [158]. Since it has been shown that epithelial cells 

can directly interact with iNKT cells and influence their activation status, we examined 

CD1d expression on epithelial CD45-EpCAM+ cells and found it was not upregulated by 

tumor cells, however the expression of MHC-II was slightly increased (p-value = 0.06) 

(Figure 3.13A-D). 

 

Figure 3.13: APCs upregulate antigen presenting molecules in CRC lesions. (A-B) MFI (A) and 

frequency (B) of CD1d in DCs, monocytes (Mono), macrophages (Macro), B cells and CD45-EpCAM+ 

infiltrating NCT and TUM (n = 25, n = 12 for CD45-EpCAM+). (C-D) MFI (C) and frequency (D) of 
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MHC-II in DCs, Mono, Macro, B cells and CD45-EpCAM+ infiltrating NCT and TUM (n = 25, n = 12 

for CD45-EpCAM+). P < 0.05 (*), P < 0.01(**), Wilcoxon matched-pairs signed rank test. 

Finally, as iNKT cells do express cytotoxic molecules (Figure 3.7) and are able to kill 

tumor epithelial cells in vitro [151], we checked for the expression of death receptors on 

freshly isolated epithelial cells. However, no death receptors (FasR, TRAILR1 and 

TRAILR2) were upregulated. Only a mild upregulation (p-value = 0.06) of TRAILR1 in 

terms of MFI was detected on tumor CD45-EpCAM+ cells (Figure 3.14A-B). 

 
Figure 3.14: Tumor epithelial cells do not change their expression of death receptors. (A-B) MFI (A) 

and frequency (B) of Fas receptors (FasR), TRAIL receptors 1 and 2 in CD45- EpCAM+ cells of NCT 

and TUM (n = 12). Wilcoxon matched-pairs signed rank test. 

3.2 Dissecting the TME beyond its immune infiltrate 

The tumor microenvironment (TME) is composed of cellular components (i.e. stromal 

cells, fibroblasts and immune cells), non-cellular one’s (i.e. extracellular matrix 

components, pH and vasculature structures) and of the tumor-associated microbiota [26], 

[27]. We hypothesized that the TME can support or induce the tumor-associated 

phenotype of iNKT cells. 

To test this hypothesis, we focused on two main parts of the TME: I) The characterization 

of NCT and TUM tissue from a genetic and proteomic point of view. II) The taxonomic 

definition of NCT and TUM associated mucosal bacteria species. 
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3.2.1 Tumor tissues are discriminated by a Th17 gene signature 

and support neutrophils and iNKT cells recruitment 

To analyze the TME composition we assessed the gene expression profiles of NCT and 

TUM by qPCR and their protein composition by tissue-ELISA. Based on gene 

expression, NCT and TUM samples clustered apart (Figure 3.15A). TUM tissues were 

characterized by the upregulation of Th17 associated genes (IL23, IL22, IL17 and 

CCL20), and neutrophils and iNKT cells recruiting chemokines (IL8 and CXCL16) 

(Figure 3.15B), while NCT showed increased expression of genes belonging to the TGFß 

pathway (TGFß, ACVRL1), and to Th1 and Th2 responses (TBX21 and GATA3) (Figure 

3.15B). Correlation analysis of genes expression data identified two positively correlated 

clusters, mainly representative of genes upregulated in TUM or NCT (Figure 3.15C), 

suggesting that the TME is collectively shaped toward a Th17 response. 

 

Figure 3.15: Gene expression discriminate colonic non tumor tissues from CRC lesions. (A) PCoA of 

gene expression profiles in NCT and TUM as measured by PermANOVA (n = 20). (B) Expression of 

IL23, IL17, IL22, IL8, CXCL16, CCL20, TGFb, TBET and GATA3 in NCT and TUM tissues (n = 75 
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for IL23, IL8, CXCL16, CCL20, TGFb, TBX21 and GATA3, n = 40 for IL17 and IL22). (C) Heatmap 

of correlation analysis of genes expressed in TUM tissues (n = 20). Spearman’s rho correlations. P < 

0.05 (*), P < 0.01(**), P < 0.001(***), Wilcoxon matched-pairs signed rank test. 

Given the importance of IL8 and CXCL16 in recruiting neutrophils and iNKT cells, we 

checked for their protein expression and found they were both increased in TUM samples 

(Figure 3.16). 

 
Figure 3.16: iNKT cells and neutrophils recruiting chemokines are more abundant in tumor tissues. 

Protein quantification of CXCL16 and IL8 in NCT and TUM tissues (n = 100 for CXCL16, n = 75 for 

IL8). P < 0.001(***), Wilcoxon matched-pairs signed rank test. 
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3.2.2 CRC-associated microbiota is enriched in oncogenic 

pathobionts 

The gut microbiota is an important player of the TME, especially in CRC [31]. iNKT 

cells rapidly respond to bacterial antigens, showing different cytokines responses [9], 

[166], [168]. We analyzed the bacterial mucosal composition of either NCT or TUM 

tissues. Although no differences were observed in the microbial community structure 

(Figure 3.17A-B), TUM was enriched in oncogenic bacteria such as Fusobacterium, 

whereas NCT is enriched in Porphyromonas and Bacteroides (Figure 3.17C-D). 

 

Figure 3.17: Mucosal composition of tumor tissues is enriched in Fusobacterium. (A)Alpha-diversity 

measured by Shannon entropy index. (B) PCoA for beta-diversity of NCT or TUM mucosal microbiota 

measured by Bray-Curtis distance. (C) Volcano plot representing the significantly enriched bacterial 

taxa (FDR P < 0.05) in the mucosal microbiota of NCT and TUM. Names of the significantly enriched 

amplicon sequence variants [ASVs] reported are classified to the genus level. (D)Abundance of 

Fusobacterium in mucosal microbiota of NCT and TUM tissues. (n = 35), P <  0.001 (***), Wilcoxon 

matched-pairs signed rank test. 
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3.3 Priming of iNKT cells with Fusobacterium nucleatum 

Fusobacterium nucleatum (Fn) is a well-known bacterium widely studied for its direct 

and indirect oncogenic functions [31]. Given the capability of iNKT cells to quickly 

respond to bacterial stimuli and the importance of Fusobacterium nucleatum in CRC 

pathophysiology, we investigated whether Fn could induce specific functional changes in 

iNKT cells. We determined the effects of Fusobacterium nucleatum on iNKT cells with 

the experimental settings described in Figure 3.18. Fn-primed iNKT cells were tested for: 

I) In vitro cytotoxicity to CRC cell lines, II) transcriptomic variations by RNA-

sequencing, III) Proteomic changes by flow cytometry. 

 

Figure 3.18:In vitro experimental design for iNKT cells priming. 

3.3.1 Fusobacterium nucleatum does not influence the killing 

activity of iNKT cells 

To address the effect of Fusobacterium nucleatum on iNKT cells cytotoxic potential 

(Figure 3.19A) we primed iNKT cells with Fn and then assessed their killing activity 

towards CRC cells lines, as performed in [151]. We observed that Fn-primed iNKT cells 

do not change their killing activity compared to the negative control (NS)  (Figure 3.19B), 

suggesting that Fn does not influence iNKT cell cytotoxic potential. In accordance with 

literature, iNKT priming with αGalCer boosted their killing capabilities (Figure 3.19B), 

suggesting that lines used in the experiments maintained their cytotoxic activities. 
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Figure 3.19: Fusobacterium nucleatum do not affect the cytotoxic potential of iNKT cells. (A) 

Experimental design of iNKT cells’ cytotoxicity assay. (B) Percentage of killing of epithelial cells by 

Fn- or αGalCer-primed iNKT cells. Results are representative of three (n = 3) independent 

experiments. P < 0.01(**), Wilcoxon matched-pairs signed rank test. 

3.3.2 Fusobacterium nucleatum promotes the expression of 

neutrophil recruiting genes on iNKT cells 

To evaluate the effects of Fn on iNKT cells, we performed RNA-seq of Fn-, αGalCer-, 

or unstimulated (NS) iNKT cells. By analyzing the genes differentially expressed in Fn-

primed iNKT cells we observed they upregulate chemokine recruiting genes (CXCL8, 

CCL20, CCL22 and CCL4L2), whereas they downregulate genes associated with 

cytotoxicity (PFN1, GLNY and GZMA) and Th1 activation (CD2 and IL7R) (Figure 

3.20A). By comparing the genes differentially expressed between Fn-primed and 

αGalCer-primed iNKT cells, we noticed an upregulation of chemokine recruiting genes 

(CXCL2, CXCL8, CXCL3, CCL3L1, CCL20, CCL22 and CCL4L2) on Fn-primed iNKT 

cells, whereas αGalCer induced the upregulation of genes associated with Th1-like 

(IFNG, TBX21 and LTB) and cytotoxic responses (GRZA, GRZB, GRZH, GNLY and 

NKG7) (Figure 3.20B). Fn-primed iNKT cells, on the other hand, upregulated the 

expression of chemokine recruiting genes and were characterized by a neutrophil 

chemotaxis gene signature (Figure 3.20B-C).  
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Figure 3.20: Fusobacterium nucleatum upregulates genes of neutrophil chemotaxis in iNKT 

cells. (A-B) Volcano plot of differentially expressed genes in Fn-primed iNKT cells vs NS (A) and 

Fn- vs αGalCer-primed iNKT cells (B); for each gene (dots) the differential expression (log2fold-

change [log2FC]) and the statistical significance (log10p-value) is shown (FDR-corrected 

P = 0.05 and log2FC > |1.5|). (C) Gene Ontology of differentially expressed genes in Fn-primed 

iNKT cells analyzed in B (Bonferroni-corrected P < 0.05 and log2FC > 1).  

Although we did not detect upregulation of IL17 and GM-CSF by Fn-primed iNKT cells 

on a transcriptomic level (Figure 3.20), we observed an increased abundance of IL17+ 

and GM-CSF+ iNKT cells by flow cytometry, upon Fn stimulation compared to the 

negative control (Figure 3.21A-B). As expected αGalCer-primed iNKT cells upregulated 

the expression of IFNg (Figure 3.21C).  
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Figure 3.21: Fusobacterium nucleatum induces overexpression of GM-CSF and IL17 on iNKT cells. 

(A-B-C) Representative histograms (left panels), MFI (middle panels) and frequency (right panels) of 

IL17+ (A), GM-CSF+ (B) and IFNg+ (C) iNKT cells unstimulated (NS), αGalCer- or Fn-primed; 

Results are representative of three (n = 3) independent experiments. P < 0.05 (*), P < 0.01 (**), 

P < 0.001(***); Kruskal-Wallis test followed by uncorrected Dunn’s test. 

To validate the production of the key chemokines and cytokines investigated (i.e. IL17, 

GM-CSF and IL8) by Fn-primed iNKT cells, we performed ELISA assays of iNKT cells 

culture supernatants. We observed a significant higher release of IL8 (encoded by 

CXCL8), GM-CSF and IL17 in the supernatant of Fn-primed iNKT cells compared to the 

negative control ( 

Figure 3.22A-C). In agreement with RNAseq, FACS data and with previous literature we 

observed higher levels of IFNg in the supernatant of αGalCer-primed iNKT cells ( 

Figure 3.22D). Altogether these findings suggest that Fn stimulates the production of 

Th17 associated cytokines (IL17, GM-CSF and IL8) on iNKT cells. 
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Figure 3.22: Fusobacterium nucleatum stimulates production of IL8, GM-CSF and IL17 in iNKT 

cells. (A-B-C-D) Quantification of IL8 (A), GM-CSF (B), IL17 (C) and IFNg (D) produced by Fn-, 

αGalCer-or NS primed iNKT cells. Results are representative of three (n = 3) independent 

experiments. P < 0.05 (*), P < 0.01 (**), Kruskal-Wallis test followed by uncorrected Dunn’s test. 

3.4 Functional cross-talk between Fn-primed iNKT cells and 

neutrophils 

Since IL17+GM-CSF+ iNKT cells and neutrophils abundances correlated in human CRC 

(Figure 3.12) and Fn-primed iNKT cells were characterized by a neutrophil chemotactic 

gene signature (Figure 3.20), we aimed at dissecting the interplay between these two 

cellular populations in vitro. We evaluated I) vitality, II) migration and III) 

immunosuppressive capacities of neutrophils upon stimulation with the culture 

supernatants or directly with Fn- and aGalCer-primed iNKT cells (Figure 3.23). 

 

Figure 3.23: Experimental design for in vitro assessment of iNKT cells effect on neutrophils. 

 

3.4.1 Activation of iNKT cells sustain neutrophil survival and Fn 

promotes iNKT-mediated neutrophil chemotaxis 

Activation of iNKT cells with Fn led to the production of Th17 cytokines (Figure 3.21), 

which can be involved in the immune regulation of neutrophils. We observed that 

supernatants of activated iNKT cells (i.e. Fn and αGalCer activation) were sufficient to 

sustain neutrophil survival over 60% after 16 h of culture (Figure 3.24A-B).  
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Figure 3.24: Supernatants of activated iNKT cells support neutrophils survival. (A) Representative 

plots of the Annexin V and 7-AAD staining of neutrophils cultured with supernatants from NS, 

αGalCer- or Fn-primed iNKT cells. (B) Percentages of live (Annexin V- 7-AAD-), necrotic (Annexin 

V+ 7-AAD+) and apoptotic (Annexin V+ 7-AAD-) neutrophils upon culture from primed iNKT cells. 

Results are representative of three (n = 3) independent experiments. P < 0.05 (*), P < 0.01 (**); 

Kruskal-Wallis test followed by uncorrected Dunn’s test. 

However, the supernatant of Fn-primed iNKT cells induced also neutrophil migration in 

vitro (Figure 3.25A-B). The recruitment of neutrophils was hampered by the addition of 

Reparixin, an allosteric inhibitor for IL8 receptors (p-value = 0.06) (Figure 3.25B), 

suggesting that IL8 is the main chemokine involved in the iNKT-mediated recruitment of 

neutrophils. 

 

Figure 3.25: Supernatant of Fn-primed iNKT cells recruit neutrophils. (A) Experimental design of 

neutrophils migration in vitro. (B) Fold-change of neutrophils migration index on basal migration, 

upon exposure to unstimulated (gray bar), αGalCer (blue bars) or Fn-primed (red bars) iNKT cell 

supernatants in the absence (full bars) or presence (pattern fill bars) of reparixin (20 μM). Results are 

representative of three (n = 3) independent experiments. P < 0.05 (*), P < 0.01 (**); Kruskal-Wallis 

test followed by uncorrected Dunn’s test. 
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3.4.2  Fn-primed iNKT cells promote neutrophils-T cells 

suppression and reduce their ROS production 

We have demonstrated that activated iNKT cells support neutrophils vitality (Figure 3.24) 

and Fusobacterium nucleatum promotes iNKT cells recruitment of neutrophils through 

IL8 (Figure 3.25). Nonetheless, activated iNKT cells can also affect neutrophils immune 

responses. Neutrophils cultured with Fn-primed iNKT supernatant significantly increased 

their T cell suppression activity in vitro, by hampering the proliferation of activated naïve 

CD4+ T cells (Figure 3.26A-B). 

 
Figure 3.26: Neutrophils cultured with supernatant of Fn-primed iNKT cells suppress näive CD4+ T 

cells proliferation. (A-B) Fold-change of näive CD4+T cells proliferation index, on basal 

proliferation, co-cultured with neutrophils and cell free supernatants from unstimulated (NS), 

αGalCer- or Fn-primed iNKT cells (B) with representative plots (A). Results are representative of 

three (n = 3) independent experiments. P < 0.05 (*); Kruskal-Wallis test followed by uncorrected 

Dunn’s test. 

Suppression of activated T cells by neutrophils is already described in literature and can 

be driven by various mechanisms, among which the release of immunosuppressive 

molecules, of arginase enzyme and nitric oxides. Neutrophils cultured with the 

supernatant from either Fn- or αGalCer-primed iNKT cells upregulated the 

immunosuppressive marker PD-L1 (Figure 3.27A). However, only neutrophils cultured 

with the supernatant of Fn-primed iNKT cells decreased their respiratory burst activity 

(Figure 3.27B), which has been demonstrated to support basal T cell proliferation. 
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Figure 3.27: Primed-iNKT cells upregulate PD-L1 on neutrophils and their respiratory burst 

capacity. (A) Frequency of PD-L1+ neutrophils exposed to the culture supernatants of NS, αGalCer- 

or Fn-primed iNKT cells. (B) Respiratory burst quantification of neutrophils exposed to the 

supernatants of NS, αGalCer- or Fn-primed iNKT cells. P < 0.05 (*), P < 0.01 (**); Kruskal-Wallis 

test followed by uncorrected Dunn’s test. Data are representative of three independent experiments. 
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3.5 iNKT cells functions in murine models of CRC 

To functionally elucidate the interplay between tumor-infiltrating iNKT cells and 

neutrophils in CRC development, we used the spontaneous APCMin/+ model of intestinal 

cancer, three different inducible murine models of CRC (i.e. inflammation driven CRC 

and MC38 subcutaneous and intracecal implantation) and iNKT deficient animals (CD1d-

/-, Traj18-/-). 

3.5.1  The spontaneous APCMin/+ murine model of CRC is not 

suitable as disease organism for our study 

Analyzing the immune infiltrate of tumor lesions in the APCMin/+ model of spontaneous 

intestinal cancer, we observed that iNKT cells were present at similar abundances in NCT 

and TUM (Figure 3.28A). TUM-infiltrating iNKT cells increased their expression of PD-

1 and decreased the one of GM-CSF and IL17 (Figure 3.28B-C). In accordance with our 

hypothesis, neutrophils infiltration was decreased in tumor lesions (Figure 3.28D). 

Tumor-infiltrating neutrophils also expressed lower percentages of the 

immunosuppressive molecule PD-L1 (Figure 3.29E). These data suggest that, although 

the connection between GM-CSF+IL17+ iNKT cells and neutrophils is present as absence 

of both populations was observed, the APCMin/+ model is not a suitable tool for our study. 

 

Figure 3.28: APCMin/+ lesions are not infiltrated by GM-CSF+IL17+ iNKT cells and neutrophils. (A) 

Frequency and absolute numbers of iNKT cells infiltrating NCT and TUM in APCMin/+ mice, with 

representative plots. (B-C) Frequency of PD-1+ (B) and GM-CSF+IL17+ (C) iNKT cells infiltrating 
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NCT and TUM in APCMin/+ mice. (D) Frequency and absolute numbers of neutrophils infiltrating NCT 

and TUM in APCMin/+ mice, with representative plots. (E) Frequency and absolute numbers of PD-

L1+ neutrophils infiltrating NCT and TUM in APCMin/+ mice. P < 0.05 (*); Mann-Whitney test; 

Wilcoxon matched-pairs signed rank test for NCT versus TUM. Data are representative of at least 

three independent experiments. 

3.5.2 The inflammation-driven CRC model at early-stage 

reproduces human findings 

We evaluated the dynamic of the inflammation-driven AOM/DSS model of CRC in terms 

of tumor formation, development and cells infiltration. In wild-type, C57BL/6, mice we 

observed that tumor infiltrating iNKT cells reach their peak abundance at day 21-28 

(Figure 3.29A), while neutrophils kinetic started 7 days later, reaching maximum tumor 

infiltration at day 42 (T1; Figure 3.29A). Tumor infiltration of both cell populations 

tended to decrease at day 70 (T2, Figure 3.29A). Clinical endoscopic scores of tumors 

[194] at T1 and T2 showed tumors are formed at T1 but have a lower severity degree 

(Figure 3.29B). Indeed, the number of tumors did not change over time but their size 

increased (Figure 3.29C-D).  

 
Figure 3.29: Establishment of early-stage AOM/DSS murine model of CRC. (A) Experimental 

AOM/DSS CRC model (bottom panel) and kinetic of iNKT cells (yellow triangles) and neutrophils 

(blue circles) infiltration in tumors. (B) Tumor endoscopic scores at T1 and T2, with 

representatives’ pictures. (C-D) Number of tumors (C) and tumor sizes (D) at T1 and T2. P < 0.05 

(*), P < 0.001 (***); Unpaired t-test. Data are representative of at least three independent 

experiments. 
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Characterizing the immune infiltrate at early- (T1) and late- (T2) stages, we observed that 

iNKT cells infiltrated tumor lesions both at T1 and T2 (Figure 3.30A-C). However, the 

abundance of PD-1+ and GM-CSF+IL17+ increased in TUM, only at T1 and not at T2 

(Figure 3.30B-D). IFNg+ iNKT cells decreased in TUM at T1, while they increased at T2 

(Figure 3.30B-D). Neutrophils as well infiltrated TUM lesions and had an 

immunosuppressive phenotype, expressing PD-L1, both at T1 and T2 (Figure 3.30E-H). 

These results show that at early-stage the AOM/DSS model reproduced the 

immunological picture that we have observed in human CRC, becoming a valuable tool 

to study the functional interaction between iNKT cells and neutrophils in vivo.  

 

 
Figure 3.30: iNKT cells and neutrophils in the AOM/DSS model at T1 mirror their human CRC-

infiltrating phenotype. (A-C) Frequency and absolute numbers of iNKT cells infiltrating NCT and 

TUM in AOM/DSS-treated mice at T1 (A) and T2 (C), with representative plots. (B-D) Frequency of 

PD-1+, GM-CSF+IL17+ and IFNg+ iNKT cells infiltrating NCT and TUM at T1 (B), and T2 (D). (E-

G) Frequency and absolute numbers of neutrophils infiltrating NCT and TUM at T1 (E) and T2 (G), 

with representative plots. (F-H) Frequency and absolute numbers of PD-L1+ neutrophils infiltrating 

NCT and TUM at T1 (F) and T2 (H). P < 0.05 (*), P < 0.01 (**); Mann-Whitney test; Wilcoxon 

matched-pairs signed rank test for NCT versus TUM. Data are representative of at least three 

independent experiments. 
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3.5.3 iNKT deficiency slows tumor formation and reduces TANs 

recruitment 

To study the involvement of iNKT cells in tumor formation we applied the AOM/DSS 

protocol to two different strains of iNKT deficient animals, the CD1d-/- which lacks type 

I and II NKT cells and CD1d expression on APCs and the Traj18-/- which lacks only type 

I NKT cells. Both showed lower tumor degrees compared to wild-type, C57BL/6 animals, 

as measured by endoscopic score, number and volume of tumors formed (Figure 3.31A-

C). 

 

Figure 3.31: CD1d-/- and Traj18-/- are less susceptible to tumor formation than C57BL/6. (A) Tumor 

endoscopic scores (bottom panel) in AOM/DSS treated C57BL/6 (yellow circle), CD1d-/- (red circle) 

and Traj18-/- (blue circle) with representative endoscopic pictures (top panel). (B-C) Numbers (B) 

and size (C) of tumors in AOM/DSS treated C57BL/6 (yellow circle), CD1d-/- (red circle) and Traj18-

/- (blue circle). P < 0.05 (*), P < 0.01 (**), P < 0.001 (***); Kruskal-Wallis test followed by 

uncorrected Dunn’s test. Data are representative of at least three independent experiments. 

By analyzing the immune infiltrate of C57BL/6, CD1d-/- and Traj18-/- we found that iNKT 

deficient animals had lower abundance of TANs (Figure 3.32A). TANs abundance 

positively correlated with the number of tumors formed in C57BL/6 (r = 0.79, p-

value = 0.001), while a negative correlation was observed for CD1d-/- (r = -0.42 p-

value = 0.28) and Traj18-/- (r = -0.74, p-value = 0.03) (Figure 3.32B). Based on these 

observations we hypothesized iNKT cells may skew neutrophils toward a pro-

tumorigenic phenotype in vivo. 
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Figure 3.32: CD1d-/- and Traj18-/- tumors are less infiltrated by neutrophils than C57BL/6. (A) 

Frequency (left panels) and absolute numbers (right panels) of TANs in C57BL/6 (yellow circle), 

Cd1d-/- (red circle) and Traj18-/- (blue circle) animals. (B) Correlation analysis of TANs frequency 

and number of tumors in C57BL/6, CD1d-/- and Traj18-/- animals. P < 0.05 (*), P < 0.01 (**), P < 

0.001 (***); Kruskal-Wallis test followed by uncorrected Dunn’s test. Data are representative of at 

least three independent experiments. 

3.5.4 iNKT cells promote TANs immunosuppressive phenotype 

in vivo 

To elucidate the phenotype of neutrophils in presence/absence of iNKT cells, we sorted 

NCT and TUM infiltrating neutrophils from untreated and AOM/DSS treated C57BL/6 

and Traj18-/- mice. We observed that TANs in Traj18-/- were enriched in genes involved 

in the mitogen-activated protein kinases (MAPK) signaling pathway (Map3k14, Map14, 

Map12), hypoxia (Hif1a) and neutrophil extracellular traps formation (NETs; Hmgb1, 

Hmgb2, Ceacam1, Mmp15, Mmp21) (Figure 3.33A, C). On the other hand, C57BL/6 

TANs upregulated gene associated with immune suppression (Il10, S100a8), 

inflammation and cell recruitment (Ccl3, Cxcl2, Cxcr5, Nfkbie, Nfkbiz, Socs3, Atf4, Ptsg2, 

Pla2g7) (Figure 3.33A, C). Performing pathway enrichment analysis, C57BL/6 TANs 

were associated with the inflammatory TNF signaling pathway (Figure 3.33B). 

To understand whether the differential transcriptional activity of C57BL/6 and Traj18-/- 

TANs was related to functionally different populations of polymorphonuclear myeloid-

derived suppressor cells (PMN-MDSCs), we analyzed a publicly available scRNA-seq 

dataset of PMN-MDSC form tumor-bearing mice [209]. The t-sne overlay analysis 

revealed that C57BL/6 TANs were enriched for genes expressed in a cluster of ‘activated’ 

PMN-MDSC signature (PMN3) (Figure 3.33D) while Traj18-/- TANs upregulated the 

expression of genes associated  with a population of ‘classical’ PMN-MDSC (PMN2) 
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(Figure 3.33E), reflecting different pathways of neutrophils activation in the presence or 

absence of iNKT cells. 

 

Figure 3.33: Tumor infiltrating neutrophils in C57BL/6 and Traj18-/- differentially express pro-

tumorigenic-like gene signatures. (A) Volcano plot representing the DEGs of TANs in C57BL/6 

and Traj18-/- animals; for each gene (dots) the differential expression (log2fold-change 

[log2FC]) and the statistical significance (log10p-value) is shown (FDR-corrected P = 0.05 and 

log2FC > |1.5|). (B) DEGs enriched in the KEGG TNF signaling pathway (Bonferroni-corrected 

p < 0.05 and log2FC > |1|). (C) Heatmap and hierarchical clustering of MDSC-related DEGs 

(FDR-corrected p-value < 0.05 and log2FC > |1|) in tumor infiltrating neutrophils vs healthy 

colon infiltrating neutrophils from C57BL/6 and Traj18-/- animals. (D) C57BL/6 and (E) Traj18-

/- TANs gene expression signatures (genes with an FDR-corrected p-value < 0.1 and log2FC ≥ 

|1|) and relative expression values of the single cell PMN-MDSC data set from Veglia et al., 2021. 

P < 0.0001 (****); Kruskal-Wallis test followed by uncorrected Dunn’s test. Data are 

representative of three independent experiments. 
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A phenotypical characterization of C57BL/6, CD1d-/- and Traj18-/- TANs showed an 

elevated expression of Ly6G on CD1d-/- and Traj18-/- TANs (Figure 3.34A-B). 

CD11b+Ly6GHigh TANs (Figure 3.34A-B) had higher ROS production and decreased 

expression of the immunosuppressive marker PD-L1 compared to CD11b+Ly6GLow 

(Figure 3.34C-D).  

Taken together these data highlight that TANs have an immunosuppressive phenotype in 

murine tumors, sustained by the presence of iNKT cells. 

 

Figure 3.34:Tumor infiltrating neutrophils in iNKT deficient mice are less immunosuppressive. (A-B) 

Frequency of CD11b+, Ly6GHigh and Ly6GLow TANs in C57BL/6, CD1d-/- and Traj18-/- animals (B), 

with representative plots (A). (C-D) Respiratory burst quantification (C) and frequency of PD-L1+ 

(D) in CD11b+, Ly6GHigh and Ly6GLow TANs in Traj18-/- mice. Data points from two pooled 

independent experiments representative of at least three. P < 0.05 (*), P < 0.01 (**), P < 0.001(***); 

Kruskal-Wallis and Mann-Whitney tests. 
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3.6 Syngeneic MC38 murine models of CRC 

To study whether the role of iNKT cells in modulating TANs recruitment and phenotype 

as well as CRC development is confined to inflammation-driven CRC, we investigated 

two syngeneic MC38 models. We used: I) a canonical protocol implanting MC38 cell 

subcutaneously, with the advantage to have a robust, fast (15 days) CRC model that 

enabled us to study the role of immune system. II) an alternative protocol implanting 

MC38-Luciferase cells orthotopically in the cecum, with the advantage to have a more 

physiologic tumor microenvironment comprising also of intestinal microbiota. 

3.6.1 iNKT cells support tumor growth, but treatment with 

aGalCer enables tumor control 

In the syngeneic, subcutaneous MC38 model, we observed that Traj18-/- had a delayed 

tumor growth compared to C57BL/6 mice (Figure 3.35A-C). In agreement with our 

previous findings, C57BL/6 mice were significantly more infiltrated by TANs compared 

to Traj18-/- mice (Figure 3.35D). 

 
Figure 3.35: Traj18-/- mice have a delayed tumor growth compared to C57BL/6 in the MC38 CRC 

model. (A) MC38 tumor growth in C57BL/6 and Traj18-/- animals, with their relative area under the 

curve (AUC). (B-C) Representative pictures (B) and weight of tumors (C) in C57BL/6 and Traj18-/- 

mice. (D) Frequency of TANs in C57BL/6 and Traj18-/- mice, with representative plots. Data are 

representative of one of three independent experiments. P < 0.05 (*), P < 0.01 (**). Mann-Whitney 

test. 
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Modulating the iNKT cells functionalities with αGalCer, we observed that tumor growth 

was significantly hampered in C57BL/6 animals (Figure 3.36A-C) and tumor-infiltrating 

iNKT cells acquired an anti-tumorigenic phenotype associated with the overexpression 

of IFNg (Figure 3.36D). This finding is in line with the notion that aGalCer polarizes 

iNKT cells towards Th1-like cytokines [140], as we also observed in our in vitro 

experiments (Figure 3.21), rather than towards Th17-like ones (Figure 3.36F). 

 

Figure 3.36: αGalCer treatment control tumor growth in the syngeneic MC38 subcutaneous model. 

(A) Schematic representation of the experimental design. (B) Tumor growth in C57BL/6 treated with 

αGalCer or with vehicle, with their relative AUC. (C-D) Representative pictures (C) and weight of 

tumors (D) in C57BL/6 treated with αGalCer or with vehicle. (E-F) Frequency of tumor infiltrating 

IFNg+ (E) and GM-CSF+IL17+ (F) iNKT cells in αGalCer or vehicle treated C57BL/6 animals, with 

representative plots. Data are representative of one of three independent experiments. P < 0.05 (*), 

P < 0.01 (**). Mann-Whitney test. 

We further validated the previous results by reconstituting Traj18-/- mice with iNKT cells. 

Indeed, Traj18-/- mice reconstituted with iNKT cells showed a higher tumor growth than 

control Traj18-/- mice and promoted TANs recruitment (Figure 3.37A-D). Treatment with 

αGalCer controlled tumor growth confirming that iNKT cells could be re-activated to 

become anti-tumorigenic (Figure 3.37A-D).  
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Figure 3.37: iNKT reconstitution of Traj18-/- support tumor growth. (A) Tumor growth and AUC of 

Traj18-/- (blue circle), Traj18-/- re-constituted with splenic iNKT cells (grey circle) and Traj18-/- re-

constituted with iNKT cells and treated with αGalCer. (B-C) Representative photos (B) and weight of 

tumors (C) in Traj18-/- and Traj18-/- re-constituted with iNKT cells and treated with αGalCer or with 

vehicle. (D) Frequency of TANs in Traj18-/- and Traj18-/- re-constituted with iNKT cells and treated 

with αGalCer or with vehicle. Data are representative of one of three independent experiments. P < 

0.05 (*), P < 0.01 (**), P < 0.001 (***). Mann-Whitney test. 

3.6.2 Orthotopically implanted MC38 tumors are infiltrated 

mainly by iNKT17 cells 

To have a physiologic CRC mouse model that takes into account also the role of the 

intestinal microbiota in shaping the TME, we adopted an orthotopic CRC model of MC38 

intracecal (I.c.) implantation. Due to the intrinsic variability of the technique only 80% 

of mice developed tumors after surgery (Figure 3.38A). Tumor-infiltrating iNKT cells 

showed a Th17and Th1-like phenotype in orthotopically injected mice, expressing 

primarily TNFa, GM-CSF and IL17 compared to other Th1 and Th2 cytokines (Figure 

3.38B), while splenic iNKT cells expressed mainly Th1-associated cytokines (Figure 

3.38B). Comparing the phenotype of iNKT cells infiltrating I.c. or subcutaneous (S.c.) 

tumors we observed that iNKT cells increased the expression of CD69 and decreased the 

one of PD-1 in I.c. tumors (Figure 3.38C). iNKT cells infiltrating I.c. tumors 

overexpressed the cytokine IL17, while they did not change the expression of GM-CSF 

or IFNg compared to iNKT cells infiltrating S.c. tumors (Figure 3.38D). These findings 

sustain the relevance of the gut microbiota in shaping the Th17-like phenotype of iNKT 

cells. In accordance with previous results treatment with αGalCer improved mice survival 

(Figure 3.38E), reduced tumor size (Figure 3.38F) and induced the expression of IFNg on 

iNKT cells (Figure 3.38G).  
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Figure 3.38: Intracecal tumors are infiltrated by activated iNKT cells producing IL17. (A) Percentage 

of tumor formation (purple) in intracecal MC38-Luc implantation, with IVIS representative image. 

(B) Percentage of TNFa, IFNg, GM-CSF, IL17, IL22, IL10, IL4, IL13-producing iNKT cells in tumor 

(left panel) or spleen (right panel) in C57BL/6 mice. (C-D) Percentage of CD69+, PD-1+ (C), IL17+, 

GM-CSF+ and IFNg+ (D) iNKT cells in intracecal (I.c.) or subcutaneous (S.c.) tumors in C57BL/6 

mice. (E) Survival probability of C57BL/6 mice with intracecal tumors treated with vehicle (purple 

dots) or αGalCer (green dots). (F) Tumor size at the day of sacrifice calculated by Photons/s in 

intracecal tumor mice upon treatment with vehicle (purple dots) or αGalCer (green dots). (G) 

Frequency of IFNg+ iNKT cells in intracecal tumor mice treated with vehicle (purple dots) or αGalCer 

(green dots). P < 0.05 (*), P < 0.01 (**). Mann-Whitney test, Log-rank (Mantel-Cox) test for survival 

curve comparison. 

3.7 CRC associated murine microbiota induces upregulation of 

GM-CSF and IL17 in murine iNKT cells 

We have demonstrated the importance of CRC-associated microbiota in shaping iNKT 

phenotype in vitro (Chapter3.3, 3.4) and in vivo (Chapter3.6.2). However, we wondered 

whether the CRC-associated microbiota effect was strain dependent. We found no 

significant differences in the microbial community structure of C57BL/6 and iNKT 
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deficient (CD1d-/-) mice at steady state (Figure 3.39A-B). On the other hand, the induction 

of tumorigenesis by AOM/DSS treatment promoted significant alterations in the 

microbial community structure and the enrichment of different tumor-associated bacteria 

in C57BL/6 and iNKT deficient mice (Figure 3.39C-D). Nevertheless, priming of freshly 

isolated splenic iNKT cells with the tumor-associated microbiota from C57BL/6, CD1d-

/- and Traj18-/- mice always induced upregulation of GM-CSF and IL17, independently of 

the mouse strain (Figure 3.39E) suggesting that a dysbiotic, CRC-associated microbiota 

is sufficient to induce an iNKT pro-tumorigenic phenotype irrespective of defined 

microbial composition. 

 

Figure 3.39: Murine CRC associated microbiota induce expression of GM-CSF and IL17 in iNKT 

cells. (A-B) PCoA of microbiota beta-diversity measured by Bray-Curtis distance (left panels) and 

volcano plots (right panels) of the significantly enriched bacterial taxa (FDR P <0.05) in untreated, 

controls (CTRL) (A) and AOM/DSS treated (B) C57BL/6 and CD1d-/- mice. Significantly enriched 

ASVs classified to the genus level are shown. (C) Frequency of GM-CSF+, IL17+ and IFNg+ iNKT 

cells primed with BMDCs and heat-killed gut microbiota of CTRL or AOM/DSS treated C57BL/6, 

CD1d-/- and Traj18-/- animals. Data shown from three independent experiments are expressed as 

log2fold-change (log2FC) normalized to BMDCs endogenous stimulation. P < 0.01 (**). Mann-

Whitney test. 
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3.8 Survival analyses of human CRC patients reveal iNKT cells 

as negative prognostic factor 

To clinically translate our findings and contextualize their significance in CRC patients, 

we performed Kaplan-Meier and multivariate survival analysis in two different CRC 

cohorts with iNKT cell infiltration as discriminator factor.  

3.8.1  iNKT cells are a negative prognostic factors, reverting the 

beneficial role of neutrophils in the internal CRC cohort 

Stratifying patients as iNKTHigh and iNKTLow, based on the optimal cut-off for iNKT cell 

distribution in tumor lesions, we observed that iNKT infiltration was a negative 

prognostic factor for relapse-free survival at 4 years (Figure 3.40A). On the contrary, 

neutrophils infiltration, was a positive prognostic factor in our internal human CRC 

(Figure 3.40B), as already observed in other studies [69]–[71] TANs clinical relevance 

was affected by iNKT cells infiltration. Indeed, stratifying neutrophilsHigh patients 

according to the infiltration of iNKT cells revealed that patients with neutrophilsHigh 

iNKTHigh infiltration have a reduced survival curve compared to neutrophilsHigh iNKTLow 

patients (Figure 3.40C). 

 

Figure 3.40: Relapse-free survival of the internal CRC cohort reveals iNKT infiltration as negative 

prognostic factor. (A-B-C) Kaplan-Meier relapse free survival (RFS) curves of the internal CRC 
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patient’s cohort stratifying for iNKT infiltration (A) or neutrophils infiltration (B), in the whole 

population (A-B) or inside the population of TANHigh patients (C). 

To assess whether confounders factors affect the prognostic significance of iNKT cells 

we performed multivariate Cox regression analysis on the internal CRC cohort. 

Infiltration of iNKT result as negative prognostic factor with hazard ratio (HR) equal to 

1.87 (Figure 3.41) and it is not affected by age, gender, MMR status, size of primary 

tumor (T), involvement of regional lymph nodes (N), tumor grading (G) and tumor 

location (Figure 3.41). 

 

Figure 3.41: iNKT cells infiltration is an independent negative prognostic factor for the relapse of 

CRC patients. Multivariate analysis of CRC patients’ relapse calculated by Log-Rank test and taking 

in consideration infiltration of iNKT cells, of neutrophils, age, gender, MMR status, size of primary 

tumor (T), involvement of regional lymph nodes (N), tumor grading (G) and tumor location. 
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3.8.2 Overall survival analysis of the COAD-TCGA validate the 

negative prognostic value of iNKT cells 

To confirm the observations made on the internal CRC cohort we used as validating 

cohort the COAD dataset of TCGA. Upon exclusion of metastatic stage IV patients, we 

conducted overall survival analysis (10 years) stratifying patients for the expression of 

CEACAM8. CEACAM8 encodes for CD66b, the marker commonly used to identify 

neutrophils. In agreement with previous observations (Figure 3.42B), high expression of 

CEACAM8 was a favorable prognostic factor (Figure 3.42A), while its combination with 

ZBTB16 reversed the prognosis (Figure 3.42B) ZBTB16 encodes for PLZF, the master 

regulator of iNKT cell development. Altogether these results show that iNKT cells have 

a negative prognostic value in CRC and suggest to reconsider neutrophils infiltration as 

a positive prognostic factor per se. 

 

Figure 3.42: ZBTB16 expression capsize the positive prognostic value of CEACAM8 expression in 

TCGA dataset of CRC. (A) Kaplan-Meier overall survival (OS) curves of the adenocarcinoma dataset 

of TCGA stratifying for CEACAM8 expression. (B) Kaplan-Meier OS curves of the adenocarcinoma 

dataset of TCGA stratifying for ZBTB16 expression inside the population of CEACAM8High expressing 

patients. 
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4 Discussion 

iNKT cells are involved in the maintenance of intestinal homeostasis [7], [8], in the 

clearance of pathogens [10] and in immune surveillance against different tumor 

malignancies [15].  

In mice, iNKT cells were shown to have opposite roles in tumor immunology, promoting 

development of intestinal polyps in the APCMin/+ strain [139], but restraining tumor 

formation in transgenic models of pancreatic cancer [131], [134]. In human, accurate 

identification, lack of large samples availability and low cell abundance are major 

challenges for iNKT cell studies. Before the advent of αGalCer-loaded tetramers, iNKT 

cells were identified using a combination of NK markers such as CD161 or CD56 and the 

T cell specific marker CD3 [104]. With this approach it is likely to detect several 

unconventional T cells such as type II NKT, MAIT or gd T cells, in addition to iNKT 

cells. Here, by using αGalCer-loaded tetramers and supervised [9] and unsupervised 

analytical approaches [196], [212] we showed that iNKT cells infiltrate the intestinal 

lamina propria of human CRC patients, with higher abundance in the tumor lesions 

compared to the adjacent normal tissues (Section3.1.2). We further validated these 

observations by analyzing publicly available dataset of single cell RNA-sequencing of 

CRC immune infiltrate (Section3.1.2). Additionally, we observed that tumor samples 

were enriched with the iNKT cells chemoattractant molecule CXCL16, at a genetic and 

protein level (Section3.2.1), suggesting that iNKT cells are actively recruited into the 

tumor. 

Distinct subsets of iNKT cells can be distinguished based on their functionalities, 

cytokines release and tissue localization [8], [89]. We have previously described that 

intestinal iNKT cells promote tissue homeostasis producing the immunoregulatory 

cytokine IL10 [9], [168]. However, iNKT cells can also produce cytotoxic and pro-

inflammatory cytokines such as IFNg, TNFa and IL17 in physiological and pathological 

contexts [166]. In CRC lesions, we showed that tumor-infiltrating iNKT cells acquire a 

Th17-like phenotype with the co-expression of IL17 and GM-CSF and the upregulation 

of exhaustion markers (Section3.1.2). This phenotype is characteristic of tumor-

infiltrating iNKT cells and it is unique among other unconventional T cells (i.e. gd T cells 

and ILCs) (Section3.1.4). Previous studies proposed a relevant role for gd T cells and 

ILCs in the production of either IL17 or GM-CSF in CRC [4]; however, none of the 
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previous studies analyzed the release of the aforementioned cytokines by iNKT cells in 

the same patients, as we did. IL17 and GM-CSF have emerged as new players in CRC 

progression [4], through direct and indirect mechanisms. GM-CSF sustains tumor 

formation in AOM/DSS treated animals promoting VEGF release, angiogenesis and 

adenoma formation [213]. IL17 supports tumor formation and its deficiency or 

pharmacological blockade reduces tumor load in the APCMin/+ mouse model [56]. 

Accordingly, we observed the upregulation of Th17-associated genes in the tumor lesions 

(i.e. IL23, IL17 and IL22) of our study cohort (Section3.2.1). 

GM-CSF and IL17 are known mediators of myeloid cells recruitment and activation in 

chronic inflammatory disorders and at tumor sites [4], [85]. In CRC, IL17 promotes the 

recruitment of neutrophils [214]. In gastric cancer, tumor derived GM-CSF recruits 

neutrophils and promotes their immunosuppressive behaviors [66]. Consistently, we 

found that CRC lesions were characterized by an increased infiltration of neutrophils 

(Section3.1.5) whose abundance positively correlated with GM-CSF+IL17+ iNKT cells 

(Section3.1.6). TANs are highly heterogenous cells with a wide potential in dictating 

cancer development [64], [72]. In our CRC cohort, we identified distinct functional 

subsets of neutrophils, expressing the immunosuppressive molecule PD-L1, the antigen 

presenting molecules MHC-II and CD1d, as well as marker of aging and maturation (i.e. 

CXCR4, CD62L, CD33, CD10 and CD16) (Section3.1.5). Aged neutrophils 

(CXCR4+CD62LLow) significantly infiltrate tumor lesions, suggesting a shift in their 

inflammatory properties. It has been shown that the CXCL12/CXCR4 axis is important 

for the establishment and maintenance of neutrophils niches in lung tissues, where they 

can exert inflammatory and angiogenic functions [215]. The transcriptional signatures of 

lung and gut neutrophils were highly similar, differing from that of neutrophils of 

hematopoietic origin (bone marrow, spleen and blood) [215]. This observation suggests 

that, similarly to lung neutrophils, also intestinal neutrophils could be retained at tissue 

sites through the CXCL12-CXCR4 axis. Moreover, aged neutrophils have increased 

immunosuppressive properties toward cytotoxic CD8+ T cells in vitro through the release 

of Arginase-1 and the upregulation of PD-L1 [216], observations that we have also 

reported in our cohort. TANs showed also a mature (CD33midCD10+CD16+) phenotype 

(Section3.1.6) which can be associated with T cell immunosuppressive properties. We 

then hypothesized that neutrophils immunosuppressive properties and functionalities 

could be due to the activity of tumor, GM-CSF+IL17+ iNKT cells. Accordingly, we 

showed that upon stimulation with tumor-like iNKT cells neutrophils enhanced their T-
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cell immunosuppressive properties by restricting näive CD4+ T cell proliferation 

(Section3.4).  

iNKT cells are rapidly, effectively and differentially activated by endogenous and 

microbial signals, being phenotypically skewed by changes in the gut microbiota 

composition [10], [113], [116], [158]. Indeed, intestinal dysbiosis imprints iNKT cells 

toward an inflammatory phenotype whereas normobiosis promotes their IL10-mediated 

regulatory functions [9], [166], [168].  

CRC patients have a dysbiotic microbiota which participate to the carcinogenic process 

[31]. CRC-associated microbiota can induce genotoxicity of tumor cells and can affect 

the activation and exhaustion statuses of immune cells [31]. The analysis of the mucosa-

associated microbiota of our CRC patient cohort identified Fusobacterium as 

significantly enriched within tumor lesions (Section3.2.2). Fusobacterium nucleatum (F. 

nucleatum) is a known oncogenic bacterium, associated with mucosal adherence, tumor 

genotoxicity and immune suppression [175]–[178]. F. nucleatum promotes tumor cell 

proliferation activating the Wnt/b-catenin pathway through the binding of the FadA 

virulence factor [173], [176]. Additionally, F. nucleatum promotes carcinogenesis by 

suppressing anti-tumor immune responses and supporting tumor cell immune evasion 

[171], [174]. For instance, the virulence factor Fap2 on F. nucleatum binds the co-

inhibitory molecule TIGIT on NK and T cells, hampering their cytotoxic properties [178]. 

We observed the upregulation of TIGIT on tumor-infiltrating iNKT cells (Section3.1.7), 

thus we hypothesize that Fap2 interaction with TIGIT could induce iNKT cell anergy. 

Moreover, F. nucleatum exacerbates inflammation and promotes inflammation-driven 

CRC by upregulating the expression of IL17 (both IL17A and IL17F) in CD4+ T cells 

[176]. Consistently we demonstrated that F. nucleatum induces the expression of Th17 

cytokines, (i.e. IL17 and GM-CSF) on iNKT cells without affecting their killing 

capability (Section3.3.1). Moreover, stimulation with F. nucleatum, imprinted a 

neutrophil-chemotactic gene signature on iNKT cells, which upregulated the expression 

of CXCL8, the gene encoding for the specific neutrophil-recruiting chemokine IL8 

(Section3.3.2). We have deeply investigated the effect of F. nucleatum on iNKT cells 

phenotype and we observed that it promotes the expression and production of Th17 

associated cytokines, however, we cannot exclude that other bacteria may have the same 

effects on iNKT cells. Indeed, dysbiotic gut microbiota of IBD patients stimulates the 

production of pro-inflammatory cytokines (i.e. IFNg and IL17) on iNKT cells [166], 

suggesting that several bacteria are able to boost their Th17 phenotype. However, in our 
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set we have used only F. nucleatum as representative of CRC-associated pathobionts as 

it allows to avoid the higher degree of complexity which would be introduced by the 

usage of undefined bacterial communities. Additionally, we have recently obtained 

selected mutant of F. nucleatum that will be used in future projects for the mechanistic 

dissection of the F. nucleatum-iNKT crosstalk. For the seek of this project, F. nucleatum-

primed iNKT cells were used as representative of tumor-like iNKT cells and thus as a 

tool to study their effect on other members of the TME. 

In this context we observed that F. nucleatum-primed iNKT cells promoted neutrophils 

migration, activation, and T cell immunosuppression (Section3.4). Neutrophils migration 

was mediated by iNKT cells production of IL8, since the blockade of its signaling 

pathway via the CXCR1/2 allosteric inhibitor Reparixin, reduced neutrophil migration 

index. Finally, iNKT cells conditioned by F. nucleatum promoted the immunosuppressive 

phenotype of neutrophils as measured by PD-L1 expression and of ROS production. 

Neutrophils respiratory burst activity and ROS production has been initially associated 

only with T cell damage, inhibition and apoptosis [217], however it is now emerging that 

respiratory burst byproducts have a role as signaling messengers in proliferative cellular 

pathways [218]. High ROS levels induce oxidative stress that compromises T cell 

proliferation and activation [217], whereas mild ROS levels are needed for proper T cell 

expansion, activation and effector functions [218]. We observed that neutrophils cultured 

with aGalCer-primed iNKT cells released equivalent amount of ROS compared to 

neutrophils cultured with unstimulated iNKT cells. However, neutrophils cultured with 

F. nucleatum-primed iNKT cells released significant lower amount of ROS compared to 

unstimulated and aGalCer-primed iNKT cells and suppressed T cell proliferation 

(Section3.4.2). We hypothesized that unstimulated neutrophils and the one cultured with 

aGalCer-primed iNKT cells released a mild quantity of ROS needed for T cell 

proliferation, whereas neutrophils cultured with F. nucleatum-primed iNKT cells released 

suboptimal, insufficient amount of ROS, thus limiting T cell proliferation.  

Different examples of direct interactions between iNKT cells and neutrophils have been 

described in inflammation and in tumor pathologies [162]–[164]. In inflammation, 

neutrophils regulate iNKT cell extravasation to the pulmonary interstitium [164] and 

license them to regulate self-reactive B cells in the spleen [163]. In melanoma, iNKT cells 

crosstalk with neutrophils skews neutrophil production of cytokines from regulatory 

(IL10) to pro-inflammatory (IL12) [162]. 
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Here, we dissected the crosstalk between iNKT cells and neutrophils in three different 

murine models of CRC. At first, we investigated the genetically-driven APCMin/+ model 

of CRC, but we did not observe upregulation of either tumor GM-CSF+IL17+ iNKT cells 

or neutrophils compared to healthy lamina propria (Section3.5.1). The APCMin/+ murine 

model expresses genetic alterations of sporadic human CRC; however, APCMin/+ mice 

develop multiple polyps residing in the small intestine rather than tumor lesions in the 

colon [21]. Induction of colonic tumors upon AOM-treatment in the APCMin/+ strain 

showed infiltration of neutrophilic granulocytes in the colonic lesions compared to the 

one present in the small intestine [21]. Nonetheless, our findings are in accordance with 

previous studies from the laboratory of Dr. Susanna Cardell, that detected similar 

infiltration of iNKT17 in intestinal polyps and in healthy lamina propria of APCMin/+ 

[139]. Consistently with our hypothesis, Dr. Susanna Cardell observed a decreased 

infiltration of neutrophils in polyps of iNKT deficient APCMin/+ mice compared to iNKT 

proficient APCMin/+ [139]. In the inflammation-driven AOM/DSS murine model of CRC 

we observed that tumor-infiltrating iNKT cells have the same pro-inflammatory 

phenotype observed in patients (Section3.5.2) and that TANs infiltration is dependent on 

iNKT cells. In wild-type animals, iNKT cells infiltration in tumors preceded the one of 

neutrophils and we hypothesized a similar situation happening in patients, since iNKT 

cells and neutrophils infiltration followed the TNM staging in our cohort.  

Lack of iNKT cells in vivo reduced TANs infiltration and limited tumor growth 

(Section3.5.3). TANs abundance positively correlates with tumor burden in wild-type 

mice but not in iNKT deficient ones, suggesting iNKT cells could influence tumor 

properties of neutrophils. Indeed, iNKT cells did not only affect TANs abundance but 

profoundly altered their gene expression profile. Traj18-/- TANs expressed a classical 

PMN-MDSCs gene signature opposed to wild-type TANs that showed an “activated” 

PMN-MDSC signature (Section3.5.4). PMN-MDSC are pathologically activated PMNs 

characterized by immunosuppressive properties and pro-tumorigenic activities [209]. We 

observed that, wild-type TANs expressed inflammation-related, immune regulatory and 

effector genes (i.e. Ccl3, Cxcl2, Socs3, Atf4, Il10, S100a8 and Junb) which are typical of 

functional PMN-MDSC, while Traj18-/- TANs were associated to more classical PMN-

MDSC which are hypothesized to generate in different environments [209]. The diversity 

of TANs in wild-type and iNKT deficient animals was observed also by flow cytometry 

analysis, since we detected different populations of neutrophils according to Ly6G and 

PD-L1 expression (Section3.5.4).  
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We further dissected the iNKT-neutrophil axis in two additional murine model of CRC. 

We assessed the relevance of iNKT cells for tumor progression in an inflammation-

independent model of CRC, using the syngeneic MC38 CRC model (Section3.6). Indeed, 

subcutaneous implantation of MC38 cells in wild-type animals led to higher tumor growth 

and TANs infiltration compared to subcutaneous implantation in iNKT-deficient Traj18-

/- mice (Section3.6.1), supporting the role for iNKT cells in driving tumorigenesis, 

independently of inflammation. 

Since we addressed the role of the CRC-associated pathobiont F.nucleatum in shaping 

the tumor phenotype of iNKT cells in vitro, we aimed to assess the influence of the CRC-

associated microbiota also in vivo. We adopted an orthotopic model of intracecal MC38 

implantation that was previously used to describe gut microbiota manipulation of T cell 

trafficking into CRC [219]. We observed that iNKT cells infiltrating intracecal tumor 

expressed a marked Th17-phenotype compared to splenic iNKT cells and to iNKT cells 

infiltrating subcutaneous tumor (Section3.6.2), suggesting that the gut microbiota play a 

relevant role in shaping the iNKT cell phenotype.  

Contrasting findings are reported in literature concerning the ability of iNKT cells to 

shape and to be shaped by the gut microbiota are reported in literature [220], [221]. We 

observed there was a significant b-diversity in the microbiota composition of AOM/DSS 

treated iNKT proficient and deficient mice. Thus, we tested the effect of the microbiota 

of AOM/DSS treated CD1d-/-, Traj18-/- and wild-type mice on iNKT cells and observed 

that CRC-associated microbiota induced GM-CSF and IL17 and reduced IFNg 

expression, independently of the strain of origin (Section3.7). 

We have shown that the absence of iNKT cells is associated with worsening of the disease 

in several murine models of CRC (Section3.5). In human, a previous study proposed 

beneficial, prognostic roles for iNKT cells in CRC [12]. However, in that report iNKT 

cells were identified by immunohistochemistry with a TCR-Va24 antibody, which is an 

approach with low sensitivity and specificity for the detection of iNKT cells. Conversely, 

more recent works identified iNKT cells as inducer of intestinal polyposis in mice [139] 

and circulating NKT-like cells as negative prognostic factor in human CRC [154]. We 

demonstrated that in our CRC cohort infiltration of iNKT cells is an independent negative 

prognostic factor for patients’ survival, which is not affected by age, gender, MMR status, 

size of primary tumor (T), involvement of regional lymph nodes (N), tumor grading (G) 

and tumor location (Section3.8.1). Neutrophils infiltration is instead considered a positive 

prognostic factor in human CRC [69]–[71]. Nevertheless, our in vitro and in vivo 
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experiments showed that neutrophils have pro-tumorigenic functions but dependent on 

iNKT cell activity. 

Survival analysis of our study cohort showed that TANs infiltration correlates with 

positive prognosis. However, in patients with high TANs infiltration we observed that the 

survival probability was significantly decreased with iNKT cells infiltration 

(Section3.8.1). We validated these observations using an external cohort, the COAD-

TCGA dataset, and proved that high CEACAM8 expression, the gene encoding for the 

neutrophil marker CD66b, is a positive prognostic factor in CRC, whereas its combination 

with the expression of ZBTB16, the gene encoding for the iNKT master regulator PLZF, 

is associated with unfavorable prognosis (Section3.8.2). Although we are aware that gene 

expression is not directly proportional to protein translation and that PLZF is expressed 

also by other unconventional T cells, this is the first evidence validating in two 

independent cohorts that iNKT cells can be associated with negative prognosis in CRC 

through their effect on TANs. To overcome these limitations, we tried to perform 

transcriptome deconvolution of TCGA data and to estimate tumor infiltrating iNKT and 

neutrophil percentages using available tools such as CIBERSORT [222], [223], however 

the accuracy of these analysis depend on predefined cell signatures, cell profiles and of 

technical biases [222]–[225]. To the best of our knowledge there is not yet a defined gene 

signature for iNKT cells identification, thus limiting the possibility to apply 

deconvolution tools to single-cell or bulk-RNA sequencing data. 

Although we have shown that iNKT cells have a pro-tumorigenic role in CRC, their anti-

tumor activities associated with their release of IFNg, their production of lytic granules 

and their expression of death ligands have been described in many experimental and 

preclinical studies [11], [14], [15], [151]. The vast majority of these studies have been 

performed in vivo upon aGalCer activation and functional skewing of iNKT cells [11]. 

Indeed, in vivo administration of aGalCer promotes iNKT cells cytotoxicity in different 

pathological setting. aGalCer-loaded B cells were killed by iNKT cells through Fas/FasL 

interaction [155]. Interestingly, we observed that tumor-infiltrating iNKT cells reduced 

FasL expression in our CRC cohort (Section3.1.3), while tumor cells did not showed a 

concomitant change of Fas expression (Section3.1.7). Nonetheless, the major mechanism 

of iNKT cell-mediated tumor protection is the potent release of anti-tumor cytokines, 

such as IFNg [11]. However, stimulation of iNKT cells with the analog, β-

mannosylceramide (β-ManCer) was shown to protect mice from lung metastasis in an 

IFNg independent manner [226]. The treatment reduced tumor growth by inducing iNKT 
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cell production of TNFa, nitric oxide synthase (NOS) and by preventing their anergy 

[226]. Nevertheless, it is widely accepted that TNFa in the context of CRC is a pro-

tumorigenic cytokine, rather than an anti-tumorigenic one [4], while IFNg has clear anti-

tumorigenic properties [75]–[77]. We observed that both human and murine iNKT cells 

decreased the expression of IFNg in CRC lesions (Section3.1.2), diminishing their anti-

tumorigenic potential. However, we could re-activate iNKT cells in vivo by treating tumor 

bearing mice with aGalCer. Treatment induced potent upregulation of IFNg, in two 

independent model of CRC, by tumor infiltrating iNKT cells and led to control of tumor 

growth (Section3.6).  

iNKT cells are currently under study for their use in cancer immunotherapy [155], [185] 

and treatment with aGalCer or vaccination with aGalCer-loaded DCs showed positive 

results in preclinical models of melanoma, pancreatic and intestinal cancers [185]. 

However, aGalCer treatment gave only suboptimal responses in clinical trials since it 

induces long-lasting anergy on iNKT cells [186]. Thus, novel approaches to exploit iNKT 

cell properties, such as TCR-engineered iNKT cells, CAR-iNKT cells and targeted 

microbiota stimulation to avoid iNKT cells anergy are now emerging [183]. 
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5 Conclusions and Perspectives 

Collectively, our study reveals opposites, pro-tumorigenic and anti-tumorigenic roles for 

iNKT cells in colon cancer. For the first time we examined the phenotype of tumor-

infiltrating iNKT cells in human CRC, validating it in different murine CRC models, and 

identified a functional axis with tumor associated neutrophils, that can influence the 

evolution of the disease. We elucidated cellular and molecular mechanisms by which 

iNKT cells and TANs affect CRC developmental trajectory and suggest the involvement 

of the tumor microenvironment, specifically the gut microbiota, in shaping iNKT cell 

phenotype. 

We observed that tumor-infiltrating iNKT cells have a pro-tumorigenic cytokines profile, 

characterized by the expression of GM-CSF and IL17, while they maintained cytotoxic 

properties in the adjacent non-tumor mucosa. Tumor-like iNKT cells can be generated in 

vitro upon stimulation with the CRC-associated pathobiont Fusobacterium nucleatum 

and induced neutrophils recruitment, survival and immunosuppression. In vivo treatment 

with the iNKT ligand aGalCer restored the cytotoxic capabilities of iNKT cells and 

induced iNKT cell mediated tumor control. 

Based on the results obtained in this work we propose the following working model 

(Figure 5.1) describing the anti-tumorigenic and the pro-tumorigenic functional roles of 

iNKT cells in CRC immunity:  

I) During CRC progression, iNKT cells infiltrate the tumor and lose their 

cytotoxic capabilities. iNKT cells are shaped by the tumor mucosal 

microbiota, specifically by Fusobacterium nucleatum, to express GM-CSF, 

IL17 and IL8. These cytokines induce TANs recruitment and functional 

skewing toward an immunosuppressive phenotype, causing tumor immune 

evasion and leading to enhanced tumor growth. 

II) Upon stimulation with aGalCer, iNKT cells upregulate a cytotoxic gene 

signature and express IFNg showing direct anti-tumorigenic properties. 

Concomitantly, TANs express tumor degrading molecules and inflammatory 

molecules., ultimately limiting tumor development 
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Figure 5.1: Schematic model of iNKT cells mediated pro and antitumor immunity in CRC. aGalCer 

restores the cytotoxic properties of iNKT cells leading to tumor control (left side), while the CRC-

associated pathobiont Fusobacterium nucleatum (Fn) induces expression of GM-CSF, CXCL8 and 

IL17 on iNKT cells, which in turn recruit TANs and induce their T-cell immunosuppressive functions. 

This figure was created with BioRender.com. 

In this study we highlighted how tumor-associated microbiota can skew pro-tumorigenic 

properties of iNKT cells, ultimately affecting tumor growth. Given the pleiotropic 

responses of iNKT cells to different microbiota composition [9], [166], we propose that 

manipulation of the microbiota can be exploited to design novel cellular therapies in CRC. 

Indeed, it is already known that the abundance of some commensal bacterial species 

correlates with good response to immunotherapies in melanoma patients [181]. 

Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium are 

associated to favorable responses to anti-PD-1 therapy [227], [228], whereas the 

antitumor effect of CTLA-4 blockade is dependent on distinct Bacteroides species [229]. 

Although these bacterial strains and more generally patients’ microbiota composition 

influence the outcome of immunotherapies, their direct effect on specialized subsets of T 

cells, such as iNKT cells, has never been tested. Thus, future experiments dissecting the 

inhibition/stimulation of iNKT cells with patients’ derived microbiota could be used to 

understand mechanisms by which the microbiota blunt cytotoxic immune responses. This 
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will lead to the formulation of microbiota-dependent new line of interventions to correct 

patients’ immune abnormalities. 

Additionally, iNKT cells are promising candidates for cellular immunotherapies, mainly 

due to their low toxicity and their low risk of alloreaction [155]. CAR-iNKT and TCR-

engineered iNKT cells showed promising results in the treatment of both, liquid and solid 

tumors in vivo [193]. TCR-engineered iNKT cells migrate well into solid tumors [193], 

which is a major limitation for this type of therapy, suggesting that iNKT cells could be 

harnessed for successful adoptive cell therapy. TCR-engineered iNKT cells are able to 

target directly cancer cells, mainly due to the engineered TCR, but they are also capable 

of targeting suppressive myeloid cells [155], [193]. Accordingly, we have identified a 

functional axis between iNKT cells and tumor associated neutrophils, in colon cancer. 

However, we found that tumor iNKT cells induce immunosuppressive properties on 

tumor associated neutrophils, promoting immune evasion and carcinogenesis. The 

functional behaviors of tumor iNKT cells can be driven by the tumor associated 

microbiota, thus we suggest that microbiota composition should be taken in account in 

the formulation of novel adoptive cell therapies with iNKT cells. Investigating possible 

microbial ligands and bacteria derived antigens will certainly push this research field 

forward, and it will help in designing rationale iNKT cell therapies. 
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