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ABSTRACT 

 

Cancer-associated inflammation mobilizes a variety of leukocyte populations that 

can inhibit or enhance tumour cell growth in situ. These subsets include  T cells, 

which can infiltrate tumours and typically provide large amounts of anti-tumour 

cytokines, such as interferon- (IFN-. By contrast, we report in this thesis that in 

a well-established transplantable (ID8) model of peritoneal/ ovarian cancer,  T 

cells promote tumour cell growth.  T cells accumulated in the ascites in response 

to tumour challenge, and could be visualized within solid tumour foci. Functional 

characterization of tumour-associated  T cells revealed preferential production of 

interleukin-17A (IL-17), rather than IFN-. Consistent with this, both TCR-deficient 

and IL-17-deficient mice displayed reduced ID8 tumour growth when compared to 

wild-type mice. IL-17 production by  T cells in the tumour environment was 

essentially restricted to a highly proliferative CD27- subset that expressed V6 

instead of the more common V1 and V4 TCR chains. These V6+ T cells 

displayed higher levels of the receptor for the IL-17-promoting cytokine, IL-7, that 

accumulated during ID8 tumour growth. The preferential expansion of IL-17-

secreting V6+ T cells associated with the selective mobilization of unconventional 

small peritoneal macrophages (SPM) that, in comparison with large peritoneal 

macrophages (LPM), were enriched for IL-17RA and in pro-tumour and pro-

angiogenic molecular mediators which were upregulated by IL-17. Importantly, 

SPM were uniquely and directly capable of promoting ovarian cancer cell 

proliferation. Collectively, this thesis proposes an IL-17-dependent lymphoid/ 

myeloid cross-talk involving  T cells and SPM that promotes tumour cell growth 

and thus counteracts cancer immunosurveillance. 
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RESUMO 

 

A inflamação associada ao cancro provoca a mobilização de uma grande 

variedade de populações de leucócitos que podem inibir ou aumentar o 

crescimento do tumor in situ. Estas populações incluem as células Tγδ que 

conseguem infiltrar os tumores, onde geralmente produzem grandes quantidades 

de citoquinas anti tumorais, como por exemplo Interferão-γ (IFN-γ). Pelo contrário, 

esta tese demonstra que as células Tγδ promovem o crescimento tumoral num 

modelo transplantável (linha cellular ID8) de cancro peritoneal/de ovário. Foi 

detectada uma acumulação de células Tγδ nos ascites em resposta ao tumor, e 

foram também são visualizadas dentro dos focos tumorais sólidos. A 

caracterização funcional das células Tγδ associadas ao tumor revelou uma 

produção preferencial de Interleucina-17A (IL-17) em detrimento de IFN-γ. Em 

consonância, tanto em ratinhos deficientes em células Tγδ (TCRδ
-/-) como em IL-

17 (IL-17-/-) o crescimento tumoral mostrou-se diminuído quando comparados com 

os ratinhos “wild-type”. A produção de IL-17 pelas células Tγδ no ambiente 

tumoral é essencialmente restrita a uma subpopulação CD27- extremamente 

proliferativa e que expressa Vγ6 em vez das cadeias mais comuns Vγ1 e Vγ4. 

Estas células T Vγ6+ expressam níveis mais elevados do receptor de IL-7, uma 

citoquina que promove a produção de IL-17 e que se acumula ao longo do 

crescimento do modelo ID8. A expansão preferencial das células T Vγ6+ está 

associada com a mobilização selectiva de macrófagos peritoneais pequenos 

(small peritoneal macrophages, SPM) que em comparação com os macrófagos 

peritoneais grandes (large peritoneal macrophages, LPM) expressam mais IL-

17RA e mediadores pro-tumorais e pro-vascularização que são induzidos por IL-

17. Demonstramos ainda que os SPM são única e directamente capazes de 

promover a proliferação das células cancerígenas. Em conjunto, esta tese propõe 

uma interacção entre células de origem linfóide e mielóide dependente de IL-17 

que envolve células Tγδ e SPM, e que contraria a vigilância imunitária ao 

promover o crescimento tumoral in situ.  
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ABBREVIATION LIST 

 

AF Alexafluor 

Ang-2 Angiopoietin-2 

BCG Mycobacterium bovis bacillus Calmette-Guérin 

BrdU Bromodeoxyuridine 

CCL Chemokine ligand 

CCR C-C chemokine receptor 

CD Cluster of differentiation 

CTLA-4 Cytotoxic T-lymphocyte antigen 4 

DCs Dendritic cells 

DETC Dendritic epidermal T cells 

DN Double negative 

EAE Experimental autoimmune encephalomyelitis 

FACS Fluorescence-activated cell sorting 

FCS Foetal calf serum 

FoxP3 Forkhead box P3 

GFP Green fluorescence protein 

GITR Glucocorticoid-induced TNFR related gene 

HGSC High-grade serous ovarian carcinoma 

Hprt Hypoxanthine-guanine phosphoribosyltransferase 

i.p Intraperitoneal 

i.v Intravenous 

ID8-luc ID8 expressing luciferase 

IEL Intraepithelial lymphocytes 

IFN-γ Interferon-γ 

IL Interleukin 

IL-17RA IL-17 receptor A 

LPM Large peritoneal macrophages 

LPS Lipopolysaccharide 

mAb Monoclonal antibody 

MDSC Myeloid derived suppressor cells 

MFI Mean fluorescence intensity 
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MHC Major compatibility complex 

MIF Macrophage migration inhibitory factor 

NK Natural killer 

NKG2D Natural killer group 2 member D 

PBS Phosphate buffered saline 

PD-1 Programmed cell death-1 

PEC Peritoneal exudate cells 

PMA Phorbol 12-myristate 13-acetate 

RAG Recombinant activating gene 

RORγt RAR-related orphan receptor γt 

RT-qPCR Quantitative reverse transcription polymerase chain reaction 

s.c Subcutaneous 

SPM Small peritoneal macrophages 

TAM Tumour associated macrophages 

Tc T cytotoxic 

TCR T cell receptor 

TGF-β Transforming growth factor 

Th T helper 

TNF-α Tumour necrosis factor-α 

TRAIL TNF-related apoptosis-inducing ligand receptors 

Tregs T regulatory cells 

ULBP-1 UL16 binding protein 1 

VEGF Vascular endothelial growth factor 

WT Wild-type 
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The nomenclature for Vγ chain usage used in this thesis was described by Heilig 

and Tonegawa, 1986 (Heilig and Tonegawa, 1986). 
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The immune system 

 

The immune system is a complex composition of biological structures that protects 

the organism against pathogens and transformed cells. It is usually divided in its 

innate and adaptive components which diverge in their developmental origin and 

mode of action. The innate immune system quickly responds to conserved 

patterns on pathogens that are perceived through generic receptors and appears 

to be present in all multicellular organisms. The adaptive immune system evolved 

later on and has been suggested to arise in the common vertebrate ancestor 500 

million years ago. The adaptive immune system has the unique capacity to 

generate an enormous range of antigen receptors by somatic recombination which 

can specifically recognize and initiate immune responses against pathogens and 

transformed cells. Another distinctive property is the selection of long lived 

memory cells that generate faster and more effective immune responses in a 

recurrent encounter with the same pathogen (Cooper and Alder, 2006; Medzhitov 

and Janeway, 2002).  

The adaptive immune system is composed of three functionally distinct lineages of 

lymphocytes – B cells,  T cells and  T cells. B cells develop in the bone 

marrow. Upon appropriate stimulation inside the secondary lymphoid organs they 

can secrete their antigen receptors in form of antibodies which mediate humoral 

responses. T cells develop in the thymus from common lymphoid progenitors that 

arrive from the bone marrow and once in the periphery they perform cytolytic and 

cytokine-secreting (helper) functions.  T cells, the largest subset of T cells, are 

usually activated in the secondary lymphoid organs upon cognate stimulation by 

antigen presenting cells and subsequently migrate to affected areas. By contrast, 

 T cells are enriched in epithelial tissues where they promptly respond to stress 

and pathogen stimuli. This tripartite organization has been observed even in the 

most primitive adaptive immune system of jawless vertebrates which indicates that 

it is required for the optimal function of the adaptive immune system (Hirano et al., 

2013). 
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Overall the cross-talk between the innate and adaptive immune systems is 

important to mount appropriate immune responses against pathogens and 

transformed cells that will efficiently protect the host organism. 

 

 T cells 



 T lymphocytes are exclusively defined by the surface expression of a T cell 

receptor (TCR) consisting of a and chain. The generation of a wide variety of 

TCRs via somatic recombination which potentially mediate antigen specific 

responses and generate memory lymphocytes, allocate  T cells in the adaptive 

arm of the immune system. However, their unconventional development and 

activation requirements, reduced TCR repertoire, early kinetics of response and 

preferential epithelial niche allocation, assign  T cells as innate-like lymphocytes. 

This hybrid profile of  T cells defines them as unique and non-redundant 

effectors of the immune system (Vantourout and Hayday, 2013). 

 

 T cell development 

 

 T cell development starts in the embryonic thymus and extends throughout the 

entire life of the mouse. T cell precursors migrate from the foetal liver and start to 

colonize the thymus at embryonic day 11.5 (Owen and Ritter, 1969). They are 

referred as double negative (DN) cells because they lack expression of CD4 and 

CD8 co-receptors. The most immature DN subset, DN1, has the potential to 

generate both  and  T cell lineages. During DN2 and DN3 stages TCR, 

TCR, and TCR rearrange due to the expression of recombinant activating gene-

1 (RAG-1) and RAG-2. The successful rearrangement of functional TCR and 

TCR chains favours the differentiation towards the  T cell lineage. The first fully 

developed  T cells are observed in the thymus at embryonic day 13 (Taghon and 

Rothenberg, 2008). 
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Figure 1 – TCRVusage and cytokine expression by  thymocytes. 

 

 T cells develop in coordinated waves determined by the genomic location of the 

variable genes (Xiong et al., 2004). Accordingly, Carding and Egan’s model for  

T cell development defines these sequential waves by their V chain usage. 

V5V1 cells develop during the embryonic days 13-17 and exclusively migrate to 

the skin where they originate the dendritic epidermal T cells (DETC). V6V1 cells 

develop from embryonic day 14 to around birth and home to the genital tract, 

tongue and other epithelial tissues (Carding and Egan, 2002). These  T cell 

subsets generated in the foetal thymus are essentially oligoclonal due to the 

absence of terminal deoxyucleotidyl transferase (TdT) enzyme, required for 

generation of junctional diversity (Zhang et al., 1995). V1 and V4 cells are 

generated from embryonic day 16 onwards and have higher TCR variability. These 

are the main  T cell subsets found in secondary lymphoid organs. V7 cells 

which in this model are proposed to develop extra-thymically, populate the gut 

epithelium. However, the functional significance of this V-centric view of  T cell 

development has been questioned. The main argument is the effective DETC 

differentiation in the absence of the V5 chain, when other TCR combinations are 

transgenically expressed during the embryonic life.  

Hence, a model for the development of functional waves of  T cells has been 

recently proposed (Chien et al., 2014; Prinz et al., 2013). Importantly, and in 

contrast to  T cells,  T cell effector functions are at least partially acquired in 

the thymus (Prinz et al., 2013).  
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The functional wave of IL-17-producing  T cells (17) populates the peritoneal 

cavity, dermis and secondary lymphoid organs. The development of DETC and 

17 is restricted to the embryonic life and generates long lived cells in the 

periphery. The subsequent functional waves,  natural killer T (NKT), 

intraepithelial lymphocytes (IEL) precursors and uncommitted  T cells, are 

generated from the embryonic day 16 onwards.  

 

 

Figure 2 – Anatomical distribution of  T cell subsets according to TCRV usage.  

 

Overall, it seems clear that a combination of progenitor-intrinsic features such as 

the TCR structure and epigenetic factors, as well as exposure to environmental 

cues in certain time windows, are necessary to determine the development of  T 

cells. 

 

 T cell effector subsets 

 

The two main functional subsets of  T cells – IL-17+ and IFN-γ+ – are  

distinguished by the expression levels of the CD27 coreceptor (Ribot et al., 2009).  

Robust IFN- production is associated with the CD27+ phenotype, whereas 

secretion of IL-17 is restricted to CD27-  T cells. Immunophenotyping of those 

two subsets can be further achieved with CCR6 expression which is restricted to 

the IL-17-producing  T cells (Haas et al., 2009). This dichotomy of hard-wired 

commitment to specific cytokine production is established during thymic 

development and maintained during the immune response to various infection 

agents (Ribot et al., 2010; Turchinovich and Pennington, 2011). This commitment 
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is determined at epigenetic and transcriptional levels (Schmolka et al., 2013). 

Divergence between these two subsets was suggested to occur as soon as the 

DN2 stage (Shibata et al., 2014). Whereas both DN2 (CD117high) and DN3 

(D117high) thymocytes were able to generate IFN-γ+  T cells, their IL-17+ 

counterparts derive exclusively from DN2 progenitors. This notwithstanding, CD27- 

 T cells are endowed with functional plasticity that allow them to produce IFN-γ 

under certain inflammatory circumstances. Such plasticity was observed at later 

stages of ovarian cancer development and Listeria infection (Schmolka et al., 

2013; Sheridan et al., 2013). 

 

The environmental cues that determine the development, expansion and 

maintenance of type-17  T cells have been subject of focus in many recent 

studies (Hayes and Laird, 2013; Serre and Silva-Santos, 2013). Transforming 

growth factor-β (TGF-β) and IL-6 have been shown to sustain the thymic 

development and maintenance in the periphery of IL-17+  T cells (Do et al., 

2010; Petermann et al., 2010). Recently, IL-7 was also implicated in the expansion 

of human and mouse IL-17+  thymocytes (Michel et al., 2012). Moreover, the 

peripheral induction and expansion of IL-17+  T cells by IL-1β and IL-23 was 

reported in mouse models of experimental autoimmune encephalomyelitis (EAE) 

(Sutton et al., 2009) and bacterial infections (Duan et al., 2010; Riol-blanco et al., 

2010). Human naïve V9V2 T cells were successfully polarized in vitro toward IL-

17 production after TCR triggering and in the presence of the cytokines IL-1β, 

TGF-β, IL-6, and IL-23 (Caccamo et al., 2011). 

IL-17 production is mainly observed in V4 and V6 subsets. Despite their 

common effector function, those cell subsets seem to have different genetic 

requirements for development and maintenance in the periphery. For example, 

CD30/CD30L signalling is important to maintain V6 cell response against Listeria 

in mucosal tissues but dispensable for V4 cells. CD30-/- and CD30L-/- mice 

contain V6 cells unable to produce IL-17 in the peritoneal cavity, lamina propria 

and uterus (Sun et al., 2013). On the other hand, Sox13 is necessary for the 

thymic development of IL-17+ V4 but not for V6 cells. The deficiency observed in 

Sox13-mutant mice is restricted to the CCR6+ subset of V4 as the CCR6- 

counterpart and other IL-17 producing populations of  T cells develop normally 
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(Gray et al., 2013). Furthermore,  T cell effector subsets seem to differ in their 

anatomical location. In the peritoneal cavity (PEC), for instance,  T cells are 

more polarized towards an IL-17-producing phenotype than the ones that reside in 

the spleen, epidermis, intestinal epithelium and lamina propria. PEC-derived IL-17+ 

 T cells express CD25 (IL-2R α-chain) but not CD122 (IL-2R β-chain). Based on 

these observation together with the analysis of IL-2-/- and CD25-/- animals, the 

authors suggested that IL-2 contributes to IL-17+  T cell homeostasis, specifically 

in the peritoneal cavity (Shibata et al., 2008). 

 

 T cell functions  

 

 T cells combine adaptive features with the rapid characteristics of innate 

responses, which endow them with unique and crucial contributions to immune 

responses. Given their ability to produce high levels of several pro-inflammatory 

cytokines, cytotoxic molecules, chemokines as well as growth factors,  T cells 

participate in immune responses during infections, tumour development and tissue 

repair as well as auto-immune diseases. Their preferential tropism to epithelial 

tissues as well as their pre-activated status allow them to participate in the early 

phase of immune responses.  T cells can directly interact with and influence 

several players of immune responses – antigen presenting cells, conventional T 

cells, B cells, innate cells and epithelial cells.  

Immunosurveillance is one of the remarkable functions of  T cells. V5V1 

DETC that reside in the epidermis, adopt a dendritic morphology and actively 

participate in lymphoid stress surveillance (Turchinovich and Hayday, 2011). They 

can recognize damaged keratinocytes through engagement of NKG2D on the 

stress ligands H60 and Rae-1 (Girardi et al., 2001).  T cells that reside in the 

dermal niche of the skin have a rounded shape and are highly motile in vivo which 

endow them with tissue surveillance potential (Gray et al., 2011). Epidermal  T 

cells participate in tissue repair trough secretion of several growth factors such as 

keratinocyte growth factor (KGF) and insulin-like growth factor 1 (IGF-1) which 

contribute to epithelial repair and skin homeostasis (Havran and Jameson, 2010). 

As result, wound healing is impaired in TCR-deficient mice (Jameson et al., 

2002).  
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 T cells mediated immunity against pathogens: intracellular and extracellular 

bacteria, parasites and viruses: in the absence of  T cells, mice become more 

susceptible to E. coli (Shibata et al., 2007), Listeria (Sheridan et al., 2013), 

Eimenia (Ramsburg et al., 2003) and vaccinia virus (Selin et al., 2001) among 

other pathogens.  T cells are a first line of defence for the host as their effector 

functions are displayed few hours after infection. In a peritoneal model of E. coli 

V1+  T cells were shown to control the early innate immune response by 

neutrophils. The peak of IL-17 production by  T cells is observed as early as 6h 

after infection which precedes the influx of neutrophils in the peritoneal cavity 

(Shibata et al., 2007). This notwithstanding,  T cells also participate in memory 

responses – one of the hallmarks of adaptive immunity. Oral administration of 

Listeria induced a rapid expansion of memory V6+  T cells (CD44+) that produce 

IL-17 and confer protection against Listeria infection (Sheridan et al., 2013). 

Moreover, the recall response by  T cells is of greater magnitude as compared to 

the primary response. The adaptive response is dependent on  TCR expression 

and MHC class II presentation which indicates that antigen presentation may 

mediate  T cell activation. Furthemore, in the lymph nodes,  T cells similarly to 

other innate-like lymphocytes, natural killer (NK) cells, NKT cell and innate-like 

CD8+ T cells, are strategically positioned nearby subcapsular sinus 

macrophages where they rapidly receive inflammasome-generated signals such 

as IL-18. This leads to rapid induction of IFN-γ by the lymphocytes which protect 

the host against lymph-born infections (Kastenmüller et al., 2012). 

IL-17 production by  T cells has revealed its detrimental role in autoimmune 

diseases and other conditions.  T cells exacerbate the symptoms of a mouse 

model of collagen-induced arthritis through the production of IL-17 (Roark et al., 

2007). Dermal  T cells are the main source of IL-17 in psoriasis both in mouse 

models and human patients (Cai et al., 2011; Laggner et al., 2011; Pantelyushin et 

al., 2012). Moreover, IL-17+  T cells enhance T helper 17 (Th17) responses by 

CD4+ T cells in mouse models of colitis (Do et al., 2010) and EAE (Sutton et al., 

2009). In a ischemic brain injury,  T cells as the main source of IL-17 mediate 

the amplification of the initial brain damage leading to brain infarction (Shichita et 

al., 2009). IL-17+  T cells mediate the systemic tolerance to hepatitis B virus via 
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mobilization of myeloid derived suppressor cells (MDSC) which imped the 

elimination of the virus from the host (Kong et al., 2014). 

Finally,  T cells play a major role in cancer immunesurveillance and tumour 

promotion, which is main topic of this thesis and will be further addressed below. 
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The tumour microenvironment 

 

The tumour mass is a complex composition of malignant cells, fibroblasts, stroma, 

blood vessels and immune cell infiltrates that has its own biochemical and 

biophysical characteristics. It has been recognized that all these components 

contribute to the tumour outcome. Regarding the immune cell compartment, 

virtually all immune cell population can be found within the tumour, including all 

types of myeloid cells as well as B and T cells. Lymphocytes are found in the naive 

and memory status, with a diverse range of functions including cytotoxic, helper 

and regulatory. Immune cells are distributed in the core of the tumour, in the 

margins or in the tertiary lymphoid structures (ectopic lymphoid organs that 

develop adjacent to the tumour). T cell infiltration in tumours has long been 

recognized to benefit the host, however some immune cell subsets have been, 

recently shown to be deleterious. Furthermore, immune infiltrates are very diverse 

between tumour types, patients and disease stages. Along this lines, the immune 

cell composition and localization inside each tumour type as well as the cytokine 

and chemokine milieu that is involved in the shaping of the tumour immune 

contexture is of great prognostic value – the “immunoscore” (Galon et al., 2014).  

 

Cellular constituents of immune responses to tumours 

 

Cytotoxicity against transformed cells as well as IFN-γ polarized inflammatory 

responses are potent immune mechanisms that mediate tumour elimination. On 

the other hand, immunoregulatory mechanisms that are essential for the resolution 

of immune responses against pathogens and to avoid autoimmune reactions, 

when applied in the malignancy scenario, can favour tumour immune escaping 

and progression. Furthermore, advanced tumours evolved several mechanisms to 

avoid immune recognition and immune-mediated destruction. Here, the main 

cellular immune players in tumour responses are introduced: 

T cytotoxic (Tc) CD8+ αβ T cells are able to recognize altered antigen 

presentation in MHC class I and directly kill transformed cells. As a mechanism of 

immune escape, tumour cells may downregulate major histocompatibility complex 

(MHC) class I, whose loss is recognized by NK cells as a malignant event – the 

“missing self” (Karlhofer et al., 1992). Furthermore, both Tc and NK cells, as well 
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as  T cells are able to recognize and respond against tumour cells via NK-like 

receptors such as NKG2D. The cell tumour killing capacity of those cell subsets is 

mediated by production of several cytotoxic molecules such as perforins, 

granzymes and FasL that directly disrupt the cell membrane or induce apoptotic 

programs in the target cells. High infiltration of CD8+ Tc cells have been clearly 

associated with good prognosis in several human tumour types (Fridman et al., 

2012; Lança and Silva-Santos, 2012). 

CD4+ αβ T cells can be polarized into different T helper (Th) functional programs, 

which are characterized by the cytokines produced and the master regulator 

transcription factor expressed. Th1 cells express T-bet and produce IFN-γ, a 

potent anti-tumour cytokine. IFN-γ upregulates the expression of MHC class I in 

malignant cells, induce lymphocyte infiltration in tumours and inhibits angiogenesis 

(Kaplan et al., 1998; Ogawa et al., 1998; Qin and Blankenstein, 2000). On the 

other hand, Th17 cells express RORγt and produce IL-17. Opposing effects of IL-

17 in carcinogenesis have been described and its effect in the tumour outcome is 

still subject of great debate (this topic will be further discussed below).  

T regulatory cells (Tregs) are CD4+ αβ T cells characterized by the expression of 

CD25 and the transcription factor Foxp3. They have been described to favour a 

suppressive and tolerogenic environment that favours tumour immune escape via 

several mechanisms: production of TGF-β and IL-10 which inhibit effector 

lymphocytes such as αβ T cells and NKT cells; high competitive uptake of IL-2 and 

possibly other homeostatic and antitumour cytokines due to the expression of 

CD25α chain; expression of potent inhibitory molecules such as CTLA-4, PD-1 and 

GITR that prevent the full activation of lymphocytes (Fehérvari and Sakaguchi, 

2004). In fact, targeting of CTLA-4 and PD-1 with blocking antibodies in clinical 

trials has been showing promising results in the reestablishment of antitumour 

immunity, resulting in tumour regression even at late clinical stages (Hamid et al., 

2013; Wolchok et al., 2013). Tregs were also shown to inhibit γδ T cell proliferation 

and cytokine response in vitro, mediated by GITR signalling (Gonçalves-Sousa et 

al., 2010) and in the context of human hepatocellular carcinoma via IL-10 and 

TGF-β production (Yi et al., 2013). 

Myeloid derived suppressor cells are defined by the high expression levels of 

CD11b and Gr1 and capacity to inhibit CD8+ T cell antitumour responses. They 

are a heterogeneous population of myeloid progenitors that include cells from 
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polymorphonuclear (PMN) and monocytic (Mo) origin. Small numbers of MDSC 

are present in the homeostatic physiological conditions but under the cancer 

context they accumulate in excessive numbers and become blocked in their 

differentiation program. Their potent suppressive features are mediated by a wide 

range of mechanisms, including: depletion of essential aminoacids such as 

arginine from the microenvironment which impairs T cell growth and differentiation; 

nitration and nitrosilation of the TCR and co-stimulatory molecules which impairs T 

cell activation; nitrosilation of chemokines which reduce T cell recruitment to 

tumour; production of the suppressive cytokines IL-10 and TGF-β and induction of 

Treg expansion (Gabrilovich et al., 2012). Furthermore, MDSC immunomodulatory 

functions are not locally restricted to the tumour tissue but are also found in the 

spleen which enables them to maintain a systemic tolerance to tumours (Ugel et 

al., 2012). A functional link between γδ T cells and MDSC was recently stablished 

in the context of a mouse model of hepatocellular carcinoma and in human 

colorectal cancer (Ma et al., 2014; Wu et al., 2014). In both studies, γδ T cells were 

suggested to mediate MDSC accumulation in the tumour tissue via production of 

IL-17.  

Macrophages are a highly plastic population of myeloid origin characterized by 

the surface expression of markers CD11b and F4/80 and known to perform a wide 

range of functions along the several steps of cancer development. Th1-polarized 

macrophages (M1) display effective antigen presentation and tumoricidal activity 

through the expression of MHC class II and co-stimulatory molecules and 

production of inflammatory cytokines such as IL-12 and TNF-α, reactive oxygen 

and nitrogen intermediates (Biswas and Mantovani, 2010). On the other hand, 

Th2-polarized macrophages (M2) promote immunoregulation through IL-10 and 

TGF-β production and Treg recruitment via CCL22 expression. They also produce 

potent angiogenic and extravasation drivers such as vascular endothelial growth 

factor (VEGF), epithelial growth factor (EGF), cathepsins and metalloproteases 

(Biswas et al., 2006; Pollard, 2008). Several studies have been proposing that 

tumour associated macrophages (TAM) in stablished tumours and metastasis are 

mainly polarized towards a M2-like phenotype which is driven by the tumour 

microenvironment itself (Biswas and Mantovani, 2010). However in the cancer 

context several distinct types of macrophages (tumour infiltrating macrophages, 

Tie-3 expressing macrophages, and metastasis associated macrophages) have 
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been described which characteristics further vary with the type of model studied 

(Wynn et al., 2013). Moreover, a transcriptome study on human macrophages 

activated with several standardized stimuli including cytokines, infectious and 

metabolic cues revealed that macrophages can be clustered in at least in nine 

different activation programs (Xue et al., 2014). Based on such observations, the 

authors propose the extension of the classical M1/M2 polarization model to a 

“spectrum model” of macrophage activation which may also fit better the 

heterogeneity observed in tumours.  

Neutrophils, similarly to macrophages, have been suggested to display functional 

plasticity between N1 and N2 phenotypes. Whereas the former have 

immunostimulatory and tumour cytotoxic features, the latter display several tumour 

supporting mechanisms (Fridlender and Albelda, 2012). Neutrophils are 

granulocytic leukocytes classically defined by the expression of CD11b and Gr1. 

The immunophenotype and functional overlap between neutrophils and PMN-

MDSC hampers their identification and has been raising questions regarding their 

relationship (Brandau et al., 2013). 

Dendritic cells (DCs), professional antigen presentation cells that are able to 

prime T cells towards anti-tumour responses may also be subverted by the tumour 

microenvironment to potentiate immune escape. Tumour associated DCs express 

low levels of co-stimulatory molecules and are impaired in their antigen processing 

functions and presentation in MHC class I and II, which renders them defective in 

T cell priming. Furthermore they express indoleamine 2,3-deoxygenase (IDO) 

which consumes the tryptophan available, an essential amino acid for T cell 

metabolism (Kerkar and Restifo, 2012).  

 

 T cell response to tumours 

 

 T cells are generally recognized as an important anti-tumour arm of the 

immune system (Lança and Silva-Santos, 2012).  T cell-deficient mice are more 

susceptible to the development of spontaneous (Street et al., 2004), chemically-

induced (Girardi et al., 2001), transgenic (Liu et al., 2008), virus-induced (Mishra et 

al., 2010) and transplantable (Gao et al., 2003; Lança et al., 2013) tumours.  T 

cells are major players in epithelial stress surveillance which allow them to control 
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the initial events of epithelial transformation (Girardi et al., 2001). In transplantable 

tumour models,  T cells infiltrate tumours very early and significantly delay 

tumour growth (Gao et al., 2003). The CCR2/CCL2 chemokine pathway has been 

recently shown to mediate T cell infiltration in the same transplantable model 

(Lança et al., 2013), however, studies on the chemokine cues that direct different 

 T cell populations to tumour beds remain scarce. Recognition of malignancy by 

 T cells can be mediated by NK-like receptors that engage stress ligands. For 

example, keratinocytes upon exposure to carcinogenic stimuli express H60 and 

Rae-1, MHC-like molecules that bind to NKG2D in  T cells (Girardi et al., 2001) 

and human T cells recognize leukemia and lymphoma cells via the ULBP-

1/NKG2D pathway (Lança et al., 2010). The effector functions of  T cells 

against transformed cells include the early and abundant production of the anti-

tumour cytokine IFN-γ; induction of apoptosis of transformed cells through 

engagement of death-inducing receptors as Fas, TNF-related apoptosis-inducing 

ligand receptors (TRAIL); and release of perforins and granzymes that directly lyse 

tumour cells (Bonneville et al., 2010).  

 

 

 

Figure 3 – Mechanisms of tumour elimination by γδ T cells. 
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Human  T cells also possess IFN--secreting potential, which is displayed 

immediately at birth (Gibbons et al., 2009), and cytotoxicity against tumour lines of 

diverse origin, including epithelial (Corvaisier et al., 2005; Wrobel et al., 2007) and 

haematological (Gomes et al., 2010a; Lança et al., 2010) tumours. Human γδ T 

cells recognize malignant cells not only through NK-like receptors (Correia et al., 

2013; Lança et al., 2010) but also via TCR. Metabolits of the mevalonate pathway 

– phosphoantigens (pAg) – which are upregulated in transformed cells, activate 

Vγ9Vδ2 γδ T cells in a TCR dependent manner. pAg directly binds to the 

intracellular B30.2 domain of butyrophilin 3A1 (BTN3A1) which possibly 

contributes to a conformational change in the extracellular BTN3A1 dimer allowing 

Vγ9Vδ2 TCR-mediated activation (Sandstrom et al., 2014). Furthermore, human γδ 

T cells also operate as antigen presenting cells (APC) – they are able to process 

and cross-present antigens on MHC class I to cytotoxic T cells (Willimann et al., 

2009). Concomitantly, they express co-stimulatory molecules such as CD80 and 

CD86 as well as adhesion molecules (Moser and Eberl, 2011). This has prompted 

the development of cancer clinical trials targeting  T cells, which have produced 

encouraging, albeit highly variable, degrees of therapeutic responses (Fournié et 

al., 2013; Gomes et al., 2010b; Hannani et al., 2012).  

 

Despite the longstanding concept of  T cell as anti-tumour lymphocytes, recent 

reports have been disclosing their tumour-promoting functions. In a mouse 

melanoma model, the Vγ1 subset of  T cells was shown to supress Vγ4+ cells 

anti-tumour functions. Vγ1 regulatory effects are mediated by IL-4 that 

downregulates expression of IFN-γ, NKG2D and perforin in Vγ4+ cells. 

Furthermore, neutralization of Vγ1+ cells using specific monoclonal antibody (mAb) 

reduce tumour growth and increases mouse survival (Hao et al., 2011). Recently, 

IL-17-producing response by  T cells in tumour models has been raising 

contradictory conclusions about its consequence to tumour outcome.  IL-17+  T 

cells were suggested to promote angiogenesis in a murine fibrosarcoma model 

(Wakita et al., 2010). The authors showed that  T cells were the main source of 

IL-17 required for optimal tumour growth in vivo. Similarly, in a hepatocellular 

carcinoma model, IL-17+  T cells were shown to promote MDSC mobilization and 

CD8+ T cell immunosuppression which favour tumour development (Ma et al., 



Introduction 

25 
 

2014). On the other hand, early production of IL-17 by  T cells was shown to 

have an important anti-tumour role in Mycobacterium bovis bacillus Calmette-

Guérin (BCG) treatment against bladder cancer. In this model,  T cells mediate 

the influx of neutrophils which has a beneficial effect for the host (Takeuchi et al., 

2011). Moreover, IL-17 produced by  T cells contributes to the therapeutic 

efficacy of doxorubicin in several transplantable tumour models. Rapid infiltration 

of IL-17+  T cells after chemotherapy promotes the accumulation of CD8+ 

cytotoxic T cells that mediate tumour cell death (Ma et al., 2011). 

 

 

 

Figure 4 – Pro-tumour mechanisms mediated by IL-17-producing γδ T cells.  

 

Human  T cells were also recently shown to produce IL-17 in children with 

bacterial meningitis, an extreme inflammatory condition (Caccamo et al., 2011). 

Similarly to the mouse models, IL-17 production is now being detected in human 

 T cells, in the context of some types of cancer. In colorectal and gallbladder 

cancers,  T cells were identified as the major source of IL-17 which correlates 

with pathological features of the tumours ((Wu et al., 2014) and Shubhada 

Chiplunkar, personal communication). Furthermore, a recent clinical study on 

breast cancer tissue revealed a positive correlation between intratumoral  T cells 

and Treg (Ma et al., 2012). The authors observed an inverse correlation between 

infiltrating  T cells and overall patient survival and, in fact,  T cells represented 



Introduction 

26 
 

the most significant independent prognostic factor for assessing severity of breast 

cancer (Ma et al., 2012). These data highlitght the importance of studying potential 

tumour-promoting roles of  T cells in pre-clinical models. 
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Ovarian cancer 

 

Ovarian cancer is the seventh most frequent cancer diagnosed in women 

worldwide (Rescigno et al., 2013). It is a devastating disease as the majority of 

patients are diagnosed after the cancer has metastized and despite the usual 

positive response to the initial platinum-based therapy, they frequently relapse with 

chemotherapy-resistant disease (Bast et al., 2009). Despite all efforts to improve 

patient prognosis, it changed little in the last 30 years. The tissue of origin and 

driver molecular alterations are still subject of great debate, so the complexity of 

the disease is still poorly understood (Vaughan et al., 2012). 

Epithelial ovarian cancers are usually classified in the subtypes high grade serous 

ovarian carcinoma (HGSC), endometrioid, clear cell and mucinous. Those variants 

have different epidemiology, driver mutations, sites of origin, patterns of spread, 

response to chemotherapy and prognosis (Rescigno et al., 2013). Given their 

heterogeneity in terms of epidemiology, tissue origin and driver mutations, ovarian 

cancers were recently proposed as a group of fundamentally distinct diseases that 

simply share the same anatomical location. Indeed, in 2013 an international group 

of leading researchers in the field suggested the replacement of “ovarian cancer” 

by the more general term “peritoneal cancer” to comprise this diversity (Vaughan 

et al., 2012).  

HGSC is the most common subtype accounting for 70% of the total ovarian 

carcinomas. It has the worst prognosis with a 5-year survival rate of only 30%. 

HGSC presents a poorly differentiated and highly proliferative status and very 

early spreads across the peritoneal cavity. P53 loss or mutation is considered the 

hallmark of HGSC. Other frequent aberrations detected in HGSC include breast 

cancer 1/2 (BRCA1/2) silencing or mutation, retinoblastoma (RB) signalling 

alterations and transformed phosphoinositide-3-kinase/rat sarcoma (PI3K/RAS) 

signalling pathway, including phosphatase and tensin homolog (PTEN) mutation or 

loss (Howell, 2014). Traditionally, ovarian epithelium was seen as the tissue of 

origin of HGSC. However, recent studies have detected precursor lesions such as 

serous tubal intraepithelial carcinomas (STIC) in the fallopian tube (Vaughan et al., 

2012). Subsequent studies propose that some HGSC originates from the secretory 

cells of the fallopian epithelium and metastize into the ovaries before spreading to 

the peritoneal cavity (Perets et al., 2013). Furthermore, another recent study 
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identified a cancer-prone stem cell niche at the junction area between the ovarian 

surface epithelium, mesothelium and fallopian tube epithelium in mice that was 

proposed as a potential site of origin of peritoneal malignancies (Flesken-Nikitin et 

al., 2013). 

 

Peritoneal malignant microenvironment 

 

Targeting of tumour microenvironment is recognized as one of the key strategies 

for the improvement of ovarian cancer patients prognosis (Vaughan et al., 2012). 

The tumour microenvironment has ability to subvert stromal, epithelial and immune 

cells in order to facilitate tumour cell growth and supress the immune system.  

Chronic inflammation sustained during the development of ovarian cancer is a 

key factor in the progression of the disease (Vaughan et al., 2012). It is originally 

triggered to resolve infections or tissue damage but it can instead promote 

proliferation and survival of transformed cells, support angiogenesis and 

metastasis and subvert immune responses (Mantovani et al., 2008). The 

inflammatory microenvironment prevents maturation of myeloid cells, promotes 

immunesuppressive polarization of myeloid cells, favours regulatory cells and 

restrains cytotoxic lymphocytes which leads to tumour immune escape (Lavoué et 

al., 2013). Pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6 and chemokines 

like CCL2 and CXCL2, together with the pro-angiogenic factor VEGF constitute 

important components of the tumour-promoting network observed in epithelial 

ovarian cancer cells (Kulbe et al., 2007). This network promote tumour 

colonization of the peritoneum and neovascularization of developing tumour foci 

(Kulbe et al., 2007).  

Angiogenesis – de novo formation of blood vessels – driven by the inflammatory 

tumour microenvironment is crucial to feed growing tumours. Neutralization of pro-

angiogenic factors such as the VEGF appears as a promising therapeutic 

approach (Vaughan et al., 2012). For example, the combination of conventional 

chemotherapy with Bevacizumab, an antibody that targets VEGF, in a clinical trial 

improved the progression-free survival in relapsed ovarian cancer (O’Malley et al., 

2011).  

The immune cell compartment has opposing roles in ovarian cancer 

development. Whereas high T lymphocyte infiltration associates with longer 
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patient survival, the presence of regulatory T cells and immunosuppressive 

macrophages predicts poor ovarian cancer patient survival (Vaughan et al., 2012). 

Blockade of immune suppression mechanisms has been shown to benefit anti-

tumour immune responses and consequently improve patient’s prognosis. For 

instance, antibody-mediated neutralization of CTLA-4 prolonged ovarian cancer 

patients survival (Hodi et al., 2008). Ovarian cancer is also highly infiltrated by 

macrophages which are attracted by pro-inflammatory chemokines such as CCL2 

(Leinster et al., 2012). Within the tumour microenvironment, macrophages acquire 

an immunosuppressive phenotype characterized by the production of IL-10 and 

TNF-α that in turn promotes tumour progression  (Hagemann et al., 2006, 2008).  

The omentum has an important immunological role in the peritoneal cavity. It is a 

double sheet of peritoneum that encloses adipocytes-rich areas and milky spots. 

The latter are highly vascularized structures that contain immune aggregates with 

a unique cell repertoire which is enriched in macrophages, B1 cells and T cells 

(Sorensen et al., 2009). Omentum is responsible for bacteria and debris clearance 

during infections, and tissue repair of injured sites in the peritoneal cavity. It is also 

a common site of human peritoneal cancer metastasis (Collins et al., 2009). In 

transplantable models, it was shown that cancer cells preferentially attach to and 

grow in the omentum due to its unique immune composition, high vascularization 

and adipose enrichment (Sorensen et al., 2009). 

 

Murine models of ovarian cancer 

 

Several xenograft, syngeneic and genetically engineered mouse models of ovarian 

cancer have been developed along the years. However, there is still a lack of 

models that accurately mimics the human ovarian cancer, from the early initiation 

events to the late stages of disease. This limitation is recognized as a major 

barrier to advance the knowledge of ovarian cancer diseases (Vaughan et al., 

2012). 

Xenograft models result from the injection of human tumour cells into the mouse 

peritoneal cavity or into the bursa that encapsulates the ovaries. The tumour 

spreads around the peritoneal cavity, liver and spleen which resemble the late 

metastatic disease in humans. To avoid human cell rejection, severe combined 

immunodeficient (SCID) mice that lack both T and B cell responses are used as 
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recipients. As such, xenografts are not suitable models to study the interactions of 

the immune system with the tumour environment (House et al., 2014).  

Syngeneic models develop in immunocompetent mice using tumorigenic cells 

from the same strain. Tumourigenesis can be achieved by repeated passaging of 

normal cells in vitro or by inserting genetic modifications in normal cells. 

Transformed cells are subsequently injected into the mice to form tumours. These 

models are particularly useful to study all the components of the tumour 

microenvironment, namely the immune infiltrates. The role of the immune system 

can be deeply dissected as tumour cells are easily transplantable into syngeneic 

recipients that lack specific components of the immune system. Furthermore, 

tumour cells can be injected in adult animals that already have a mature immune 

system. However, these models are not appropriate to study the early 

transformation events that lead to tumour initiation. ID8 is one of the most widely 

used syngeneic models, whose histopathological characteristics greatly mimic 

those observed in human HGSC (House et al., 2014). ID8 was the model used in 

the studies that conducted to this thesis and will be further described in the next 

section. 

Genetically engineered models that carry Cre-inducible genetic defects 

restricted to the tumour initiating tissue are the holy grail for the study of full 

tumour microenvironments and along the entire development of the tumour. 

However, genetic models of ovarian cancer are difficult to develop as the sites of 

origin and the range of molecular alterations that lead to the disease are still 

unclear. Another major challenge is the scarcity of tissue-specific promoters in 

ovarian surface epithelium (House et al., 2014; Howell, 2014). 

The surgical intrabursa deliver of transforming particles has been used to 

specifically target the ovarian epithelium. As mouse ovaries are encapsulated by 

the bursa membrane, intrabursa injection of nonreplicating viruses restricts its 

effects to the ovarian surface epithelium (Howell, 2014). Cre recombinase 

expressing adenoviruses can be delivered into transgenic mice that carry loxP-

flanked genes. Subsequent tamoxifen-mediated activation of Cre results in 

inducible depletion of the flanked DNA segments. For example, inducible ablation 

of P53 in a constitutive KRAS activated background, generated peritoneal tumours 

and production of haemorrhagic ascites (Scarlett et al., 2012). This surgical 

method requires high technical skills and has several variables including the 
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leaking to the peritoneal cavity and the number of viral particles delivered (Howell, 

2014). 

Several genetic models that use ovarian-specific promoters have been developed. 

However, either tumours develop early post-natal and in several other organs or 

they do not recapitulate the human disease (Howell, 2014). The recent discovery 

of diverse sites of origin for HGSC inspired the development of a mouse model of 

HGSC that originates from the fallopian tube. In this model, expression of Cre 

recombinase is under the control of paired box 8 (PAX8) promoter. PAX8 is a 

marker for the secretory lineage of the fallopian tube and it is not expressed in the 

ovary surface epithelium. PAX8-Cre driven inactivation of BRCA, P53, and PTEN 

led to the development of HGSCs that resemble the human disease – 

development of STIC lesions, ovary metastasis and widespread peritoneum 

metastasis that carry abroad panel of common HGSC alterations. Development of 

cancers after oophorectomy and hysterectomy and impaired tumourigenesis 

following salpingectomy, confirmed the fallopian tube origin of theses tumours 

(Perets et al., 2013). So far, this is the model that better recapitulates the human 

ovarian cancer disease. 

 

Transplantable ID8 model 

 

ID8 is a murine transplantable model of ovarian cancer, developed by Roby et al 

(Roby et al., 2000) in 2000, by continually in vitro culture of mouse ovarian surface 

epithelial cells (MOSEC). Subcutaneous transplantation into syngeneic C57Bl/6 

females results in tumour formation after 4 months, restricted to the site of 

injection (Roby et al., 2000). Intraperitoneal transplantation results in growth of 

multiple tumour deposits throughout the peritoneal cavity and production of 

haemorrhagic ascites that resembles the late-stage of human HGSC. Attachment 

to the peritoneal surface starts during the initial 48h in both vascular and avascular 

areas. De novo vascularization of the deposits is initially observed between 4 and 

8 weeks after tumour injection and is preceded by pericyte sheathing. 

Haemorrhagic ascites are observed from week 8 onwards. Leukocyte infiltration is 

already detected at week 2 after injection and decrease as the tumour develops. 

Similarly to human HGSC peritoneal metastases, ID8 tumour deposits are mainly 

infiltrated by T cells and macrophages (Leinster et al., 2012). ID8 cells do not 
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recapitulate the P53 mutation and the general genomic instability that are 

characteristics of the human HGSC. However, the formation of multiple peritoneal 

deposits that resembles the late metastatic disease and the nature of its leukocyte 

infiltrates turn the ID8 into a good model to study the dissemination of HGSC 

disease into the peritoneum (Leinster et al., 2012).  

The transfection of a bioluminescent reporter (luciferase) into ID8 cells allows an 

accurate quantitative measurement of tumour growth in living animals. Upon i.p 

Luciferin delivery into anesthesized animals, luciferase enzymatic activity produce 

light that can be measured using an IVIS imaging system. The light produced is 

proportional to the quantity of live tumour cells present. Interval imaging along the 

several weeks of tumour progression reduces the number of mice used, as there 

is no need to sacrifice animals to measure tumour load. This was the experimental 

approach adopted in this thesis. 
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Preliminary data from our laboratories suggested that IL-17 and γδ T cells make 

critical contributions for ID8 ovarian cancer progression. Abrogation of IL-17 using 

neutralizing antibodies significantly reduced ID8 tumour growth (Charles et al., 

2009). γδ T cells are main producers of IL-17 in several models of autoimmunity, 

infection and cancer. We hypothesized that γδ T cells mediated the pro-tumour 

function of IL-17 in the ID8 ovarian cancer model. To test our hypothesis studied 

the ID8 tumour kinetics in the presence or absence of γδ T cells or IL-17, using 

genetically engineered mice. We aimed to fully characterize the response of γδ T 

cells in the ID8 model. Our main specific objectives were: 

- To determine the contribution of IL-17-producing γδ T cells to tumour 

development; 

- To characterize the phenotype and functional properties of the tumour-

associated γδ T cells; 

- To dissect the factors that polarize γδ T cell towards a pro-tumour 

phenotype; 

- To identify the molecular and /or cellular mediators of the pro-tumour 

responses of γδ T cells. 

We expected to make significant advances in our understanding of the cellular and 

molecular mechanisms that underlie  T cell responses to tumours, which would 

have important translational implications in the field of cancer immunotherapy. 

 

 



 

36 
 

 

 



 

37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METHODS 



Methods  

 

38 
 

 

 

 

  



Methods 

39 
 

Mice 

 

C57Bl/6J wild type (WT) mice were purchased from Charles River Laboratories. 

B6.TCR
-/- ice were purchased from The Jackson Laboratory. B6.IL-17-/- mice 

were kindly provided by Dr. Fiona Powrie (Nuffield Department of Clinical 

Medicine, University of Oxford, UK) with permission from Dr. Yoichiro Iwakura 

(Tokyo University of Science, Chiba, Japan). All animals were females with 8-16 

weeks of age, which were aged-matched within 2 weeks. Mice were maintained in 

specific pathogen-free facilities of Queen Mary University of London (London, UK) 

or Instituto de Medicina Molecular (Lisbon, Portugal). All experimental procedures 

observed the guidelines approved by the local ethics committees.  

 

Cell culture 

 

ID8 ovarian cancer cell line was a gift from Kathy Roby (University of Kansas, 

Kansas City, USA). Cells were maintained in Dulbecco’s modified Eagles’ medium 

(DMEM) with glutamine, sodium pyruvate, 4% foetal calf serum (FCS; Life 

Technologies) and insulin-transferrin-sodium selenite media supplement (ITS, 

Sigma), at 37°C and 5% CO2. Before reach 100% confluency, cells were washed 

with phosphate buffer saline (PBS), incubated in Triple Express (Life 

Technologies) for 5 min at 37°C and ressuspended in 3 times the volume of 

complete media. Cells were split in a proportion of 1:20 every 2 days ot 1:40 every 

3 days. For long term storage, cells were ressupended in ice cold FSC 

supplemented with 10% dimethyl sulfoxide (DMSO), wrapped in bubble paper and 

stored at -80°C. ID8 cells transfected with a viral vector containing luciferase or 

GFP reporters were kindly provided by Hagen Kulbe (Barts and The London SMD, 

UK). Lentiviral infection of ID8 cells with luciferase reporter was performed as 

previously described (Kulbe et al., 2007).  

 

In vivo ID8 tumour model 

 

5-10x106 viable ID8 tumour cells expressing luciferase (ID8-luc) were injected 

intraperitoneal (i.p) or subcutaneous (s.c) in a total volume of 100μL. I.p tumour 

growth was evaluated in situ by bioluminescence imaging. Mice were injected i.p 
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with 3mg D-luciferin in PBS and anesthetized 4min after with 75mg/Kg body 

weight (BW) Ketamine and 1mg/KgBW Medetomindine. Images were acquired 

using a charge-coupled device camera (IVIS, Xenogen, Caliper, LifeSciences), 

with a 15cm field of view, factor 8 of resolution, 1/f stop and open filter with an 

imaging time of 15sec. A luciferin kinetic study was performed and a plateau in 

luminescence was observed between min-10 and min-15 after injection (Figure 32 

in supplementary data). From then on, images were taken 12min after D-luciferin 

injection. Anaesthesia was partially reversed by s.c injection of 1mg/KgBW 

Atipamezole. Data were analysed in the Living Image 3.0 software (Xenogen) and 

presented as radiance average (light emission/s/cm2). S.c tumour size was 

measured using a calliper in two perpendicular dimensions. 

For in vivo proliferation assays, mice were fed with 0.8mg/mL bromodeoxyuridine 

(BrdU, Sigma) in drinking water, during the last 2 weeks before analysis. To 

guarantee a good preservation, fresh BrdU solution was provided every day and 

bottles were protected from light. For in vivo IL-7 provision, 5µg of recombinant 

mouse IL-7 (Peprotech) was injected i.p every 2/3 days, from week-4 to week-6 

after tumour transplantation. For survival studies, sizeable abdominal enlargement 

together with hunched posture and impaired mobility was considered as humane 

endpoint. 

 

Adoptive cell transfer 

 

 T cells were isolated from cell suspensions of lymph nodes, spleen or peritoneal 

exudate cells (PEC) by magnetic activated cell sorting (MACS) using the TCR T 

cell Isolation Kit (Miltenyi Biotec), following the manufacturer’s instructions. When 

isolated from PEC of tumour-bearing mice, magnetic separation was repeated 

(using two different columns) in both depletion and positive selection steps. Purity 

was evaluated by flow cytometry analysis and was always above 90%. For in vitro 

activation,  T cells were cultured in 96-well round bottom plates previously 

coated with GL3 10µg/mL in Roswell Park Memorial Institute medium (RPMI) 

containing L-glutamine and sodium pyruvate, enriched with 10% FCS, 50μM β-

mercaptoethanol, 1% non-essential amino acids, 10mM HEPES, 50μg/mL 

gentamicin, 1% penicillin and streptomycin (Life Technologies) and further 
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supplemented with 10ng/mL IL-2 and 1ng/mL IL-7 (Peprotech).  T cells were 

carefully injected i.p in mice previously injected with ID8 cells.  

 

Thymus and fetal liver chimeras 

 

Foetal livers were dissected from timed-pregnant female mice, euthanized at day 

14.5 of pregnancy. Newborn thymi were dissected from day 1-2 newborn mice. 

Livers and thymi were gently crushed and filtered through a 70µm mesh, to obtain 

a cell suspension. Recipient WT females were lethal irradiated with 2 doses of 

600rad with an interval of 2h, on day 0. To reconstitute the  T cell compartment, 

cell suspension obtained from 1 WT or IL-17-/- thymus was injected intravenously 

(i.v) in each female, on day 1. To reconstitute the remaining compartments of the 

hematopoietic system, cell suspension obtained from 1/3 of a TCRδ
-/- foetal liver 

was injected i.v, on day 2. Mice were maintained under antibiotics during 4 weeks. 

After 12 weeks of reconstitution, inguinal lymph nodes were surgically removed to 

confirm the specific deficiency of IL-17 in  T cells. Animals were anesthetized 

with 120mg/KgBW Ketamine and 16mg/KgBW Xylazine. A small incision was 

made on the mouse flank to gain access to the inguinal lymph node, which was 

partially removed with the help of a small scissor. The incision was closed using 

surgical staples and 15g/KgBW Buprenorphine analgesic was administered. 

Lymph nodes were crushed and filtered to obtain a single cell suspension and 

intracellular cytokine stain was performed as described below. After surgery 

recover, ID8 cells were injected i.p and tumour growth and survival were 

measured. 

 

Flow cytometry and cell sorting 

 

Peritoneal exudates cells were obtained from the lavage of the peritoneal cavity 

with 5mL ice-cold DMEM with 4% FCS. Erythrocytes were osmotically lysed using 

RBC Lysis Buffer (Biolegend), 5min at room temperature. Cells were counted 

using a hemocytometer and number of cells per mL was determined. Total cell 

numbers were calculated assuming a total volume of 5mL.  
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For surface staining, cells were Fc-blocked with anti-CD16/32 (clone 93, 

eBioscience) and incubated for 30min with antibodies, at 4°C in the dark, in PBS 

with 2% FCS and 1mM EDTA (FACS buffer). Monoclonal antibodies were 

purchased from eBioscience, BD Bioscience and Biolegend as described in Table 

1. Anti-TCRVγ5Vδ1 (17D1) was kindly provided by Prof. Adrian Hayday (King’s 

College London). TCRVγ6 detection was performed as previously describedby 

Roark CL et a): cells were first incubated with GL3 for 30min at room temperature, 

washed twice and then incubated with 17D1 for 30min at room temperature. After 

two washes, phycoerythrin labelled anti-rat IgM was added for 30min at 4°C. 

 

For intracellular cytokine staining, cells were re-stimulated with 50ng/mL phorbol 

12-myristate 13-acetate (PMA; Sigma) and 1μg/mL ionomycin (Sigma) for 4h at 

37°C; 10μg/mL brefeldin-A (Sigma) and 2μM monensin (eBioscience) were added 

during the last 2h. Cells were stained for surface markers, fixed and permeabilized 

using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience), following 

the manufacturer’s instructions, and then incubated for 30min at room temperature 

with monoclonal antibodies.  

 

For BrdU staining, fluorescein isothiocyanate (FITC) BrdU Flow Kit (BD 

Pharmingen) was used following the manufacturer’s instructions.  

 

Cells were either analysed on FACSFortessa (BD Bioscience) or sorted on 

FACSAria III (BD Bioscience) for posterior manipulation. Compensation was 

performed using cells from the samples analysed, stained with single antibodies. 

Data was analysed using FACSDiva and FlowJo software (Tree Star). Cell gating 

strategy was performed as described in Figure 33 on supplementary data. 
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Table 1 – List of antibody clones and respective manufacturer used in flow cytometry 

analysis. All antibodies are anti-mouse.  

 

Marker  Clone Company 

CD45 30-F11 Biolegend 

CD3 17A2 eBioscience 

TCRγδ GL3 eBioscience 

TCRγδ UC7 eBioscience 

Vγ1 2.11 Biolegend 

Vγ4 UC3-10A6 BD Bioscience 

CD27 LG.7F9 eBioscience 

CD4 RM4-5 eBioscience 

CD8 53-6.7 eBioscience 

NK1.1 PK136 Biolegend 

CD11b M1/70 eBioscience 

F4/80 BM8 eBioscience 

Gr1 RB6-8C5 eBioscience 

MHC II M5/114.15.2 eBioscience 

IL-7Rα A7R34 eBioscience 

FoxP3 FJK-16s eBioscience 

IL-17 17B7 eBioscience 

IFN-γ XMG1.2 eBioscience 

 

 

In vitro co-cultures 

 

5x104 ID8 cells were plated in 24-well plates in DMEM supplemented with 0.5% 

FCS and sodium pyruvate, 24h before co-culture.  T cell (typically 104) or 

macrophage (105-5x105 cells) subsets were FACS sorted from PEC of 6-8 weeks 

ID8-tumour bearing females. Sorted cells were added to a 0.4µm pore Transwell 

insert (Corning) in DMEM with L-glutamine and sodium pyruvate, supplemented 

with 0.5% FCS, 50μM β-mercaptoethanol, 1% non-essential amino acids, 10mM 

HEPES, 50μg/mL gentamicin and 1% penicillin and streptomycin (Life 
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Technologies).  T cell co-cultures were further supplemented with 10ng/mL IL-2, 

50ng/mL IL-1β and 50ng/mL IL-23 (Peprotech). Cell counts were determined by 

using latex beads (Beckman Coulter): 10μL of cell suspension was mixed with 

10μL of a known concentration of latex beads, 5μL propidium iodide (PI) and PBS 

to a total volume of 200μL. The ratio between ID8 cells and beads was obtained 

by FACS and used to determine the cell number. Proliferation was measured by 5-

bromo-2-deoxyuridine (BrdU) incorporation after 30min incubation with 10μM BrdU 

(Sigma).  

 

RNA isolation, cDNA production and real-time PCR  

 

Total RNA was extracted using the RNeasy Mini kit (QIAGEN) according to the 

manufacturer’s instructions. Concentration and purity was determined using the 

NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Total RNA was 

reverse-transcribed into cDNA using Transcriptor High Fidelity cDNA Synthesis Kit 

(Roche). Quantitative real-time PCR (RT-qPCR) was performed on ViiA 7 Real-

Time PCR System (Applied Biosystems). Primers were either design manually or 

using Universal ProbeLibrary Assay Design Center from Roche 

(https://www.roche-applied-science.com). Sequences are available upon request. 

All samples were run in triplicate and repeated at least two times. Analysis of the 

quantitative PCR results was performed using the ViiA 7 software v1.2 (applied 

Biosystems). 

 

Confocal microscopy 

 

The bowel mesentery of ID8 tumour bearing mice was removed, fixed in ice-cold 

acetone for 20min and allowed to air dry for 1h. After rehydration in PBS, the 

intestine was removed and the tumour foci attached to the mesenterium were 

immunostained. The tissue was blocked and permeabilized in PBS with 1% bovine 

serum albumin (BSA), 3% goat serum, 5% mouse serum and 1% Triton-X100 

(blocking buffer). Staining was achieved by incubating FITC-anti-TCRγδ (Gl3) 

and/or biotin-anti-TCRγδ (UC7) over-night at 4°C and subsequent incubation with 

secondary antibodies and AlexaFluor (AF) 546-streptavidin. Nuclei staining was 

performed by 20min incubation with 4',6-diamidino-2-phenylindole (DAPI), at 4°C. 
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Tissue was mounted on a slide and embedded in Prolong Gold (Invitrogen). The 

tumour foci were imaged under a Zeiss LSM 710 confocal microscope. 

 

Statistical analysis 

 

Student t test or non-parametric Mann-Whitney test were performed using 

GraphPad Prism software. Analysis of variance (ANOVA) was perfomed when 

indicated. Results are presented as mean with standard errors. P values: * p≤0.05, 

** p≤0.001, ***p≤0.0001. 
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1. γδ T cells promote ID8 ovarian cancer growth in vivo 

 

To test the role of γδ T cells in the ID8 ovarian cancer model, we compared the 

tumour growth kinetics in WT mice with that in γδ T cell deficient mice. 

Interestingly, we observed significantly decreased tumour growth in the TCRδ
-/- 

mice (Figure 5), indicating a pro-tumour role of γδ T cells in this intraperitoneal 

model. Transplantable tumour models in which γδ T cells were reported to display 

anti-tumour responses, involved anatomical locations different from the peritoneal 

cavity (Gao et al., 2003; Girardi et al., 2001; Lança et al., 2013). As the distribution 

of γδ T cell subsets varies among different organs, their tumour responses may 

vary accordingly, leading to different tumour outcomes. For instance, in the 

squamous cell carcinoma model – PDV – transplanted intradermally, the 

intraepithelial V5+ γδ T cells were reported to mediate an anti-tumour response 

(Girardi et al., 2001). In the B16 melanoma model, injected subcutaneously, this 

response is mediated by γδ T cells recruited from draining lymph nodes, through 

IFN- production (Gao et al., 2003). The peritoneal cavity is specially enriched in 

IL-17-producing γδ T cells (Shibata et al., 2008) as opposite to other organs like 

spleen or lymph nodes which are enriched in their IFN--producing counterparts.  

 

 

 
Figure 5 -  T cells enhance ID8 ovarian cancer growth. Intraperitoneal ID8 tumour 

growth in C57BL/6 WT (n=6) and TCR
-/- (n=8) female mice, quantified by 

bioluminescence at the indicated weeks post-transplantation. *p<0.05, ***p<0.001  

 

* 
* 

*** 

* 

* 
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To assess whether the pro-tumour phenotype of γδ T cells was restricted to the 

peritoneal cavity, ID8 cancer cells were transplanted subcutaneously in WT and 

TCRδ
-/- females and tumour size was measured when the tumours became 

palpable. We observed a statistical significant delay in tumour development in 

TCRδ
-/- animals as compared to WT mice (Figure 6). The consistent impairment of 

tumour growth in both routes of injection in the absence of  T cells, suggests that 

their pro-tumour role is dependent on the tumour type and not on the anatomical 

location of the tumour. 

 

Figure 6 -  T cells enhance subcutaneous ID8 tumour growth. Tumour area in C57BL/6 

WT (n=12) and TCR
-/- (n=11) female mice quantified by caliper measrurements at the 

indicated weeks post-transplantation. The difference between means of both groups was 

measured using ANOVA. *p<0.05, **p<0.01, ***p<0.001 

 

1.1. γδ T cells infiltrate tumour foci and proliferate in response to ID8 

 

To dissect the unexpected pro-tumour role of γδ T cells in vivo, we evaluated their 

infiltration into the tumour tissue, proliferation and effector functions at different 

stages of tumour development. Infiltration was observed by immunostaining of the 

γδ TCR in the tumour foci of WT mice and subsequent imaging by confocal 

microscopy (Figure 7A). The fluorescent signal was restricted to the cell 

membrane around DAPI stained nuclei. Unspecific stain of the secondary 

antibodies was excluded by performing controls that eliminated the primary mAb. 

Those controls did not show fluorescent signal. Specificity of the mAb was 

confirmed by the co-stain with two different clones of anti-pan TCRγδ mAb: GL3 

and UC7 (Figure 7B).  

* * 

** 
*** 
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Figure 7 – γδ T cells infiltrate ID8 tumour foci. (A) Representative confocal imaging of 

TCRγδ immunostain using a specific mAb – UC7. Nuclei were stained with DAPI. (B) Co-

staining of the TCRγδ using two specific clones: UC7 and GL3. (C) Immunostaining using 

UC7 in TCRα
-/- and TCRδ

-/- tumour foci. 
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Cell events that were stained with GL3-AF488 were also positive for UC7-AF546.  

Immunostain of TCRα
-/- and TCRδ

-/- hosts further confirmed the specific stain of γδ 

T cells inside the tumour foci (Figure 7C). No specific stained cellular events were 

observed in TCRδ
-/- foci whereas increased positive events were found in TCRα

-/- 

foci. 

Accumulation of γδ T cells in the tumour ascites was observed by flow cytometry 

analysis of the peritoneal exudate cells. In homeostatic conditions, they account 

for approximately 1% of the total lymphocytes in the peritoneal cavity. After six 

weeks of ID8 tumour challenge, they can reach 2-6% of total lymphocytes (Figure 

8A). The same trend was observed in terms of total cell numbers (Figure 8B). This 

accumulation could be due to recruitment of circulating γδ T cells into the 

peritoneal cavity and/or in situ proliferation of tissue resident γδ T cells.  

 

   

 

Figure 8 – Actively proliferating γδ T cells in the tumour environment. (A) Representative 

FACS plots for γδ T cells in peritoneal exudates of ID8-bearing mice or PBS controls (at 

week 6 post-inoculation). (B) Absolute numbers of γδ T cells at different timepoints after 

tumour transplantation. (C) Absolute numbers of BrdU+ γδ T cells in ID8-bearing mice or 

PBS controls. BrdU was provided during a period of 2 weeks before analysis. Each dot 

represents one animal. Data are representative of 3 independent experiments. *p<0.05, 

**p<0.01 

A 
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BrdU feeding in the drinking water during two weeks before analysis revealed 

active proliferation of γδ T cells (Figure 8C).  This was observed not only in the first 

two weeks but also between the fourth and sixth weeks after tumour injection, 

which indicates a persistent response throughout the course of tumour 

development. 

 

1.2. γδ T cells produce IL-17 that promotes cancer growth 

 

Ovarian cancer growth is orchestrated by a dynamic inflammatory cytokine 

network, including IL-17, which was already associated with increased ID8 tumour 

growth (Charles et al., 2009). γδ T cells are among the major producers of this 

cytokine in various settings (Cai et al., 2011; Shichita et al., 2009). However, in 

several cancer models they are also known to be important producers of IFN-γ – a 

potent anti-tumour cytokine. Hence, we examined the production of those two 

cytokines in the ID8 tumour environment by intracellular cytokine staining, after 

four hours re-stimulation with PMA and ionomycin.  

 

 

Figure 9 – γδ T cells produce IFN-γ and IL-17 in response to ID8. (A) Representative 

FACS plots of intracellular IL-17 and IFN-γ stainings in γδ T cells isolated from the 

peritoneal cavity at weeks 2 and 6 post-ID8 tumour cell inoculation. (B) Absolute numbers 

of IL-17+ or IFN-γ+ γδ T cells at weeks 2 and 6 after inoculation of PBS or ID8 tumour 

cells. Data are representative of 3 independent experiments. *p<0.05 

 

We observed that γδ T cells produce higher amounts of IFN-γ and IL-17 at early 

and late stages of tumour development, respectively. At week two post-tumour 

inoculation, we observed the co-existence of γδ T cells committed to produce 

IL-17
+
 γδ T cells IFN-γ

+
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either IL-17 or IFN-γ in tumour-bearing mice (Figure 9A), although IFNγ-committed 

γδ T cells had increased compared to mock injection with PBS (Figure 9B). By 

contrast, at week six the percentage of IL-17-secreting γδ T cells had significantly 

increased compared to those committed to IFNγ production (Figure 9A), and high 

numbers of IL-17+ γδ T cells could be detected in the peritoneal cavity of tumour-

bearing (but not PBS-injected) mice (Figure 9B).  This dynamic behaviour of IL-17+ 

versus IFN-γ+ γδ T cells appeared to result from proliferation in situ, as 

incorporation of BrdU was significantly increased in the former subset as the 

tumour progressed (Figure 10).   

 

 

 

 

Figure 10 – Preferential proliferation of IL-17-producing γδ T cells in the ID8 tumour. Total 

numbers of BrdU+ cells within IL-17+ or IFN-γ+ γδ T subsets. BrdU was provided for a 

period of 2 weeks before analysis. Each dot represents one animal. Data are 

representative of 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001 

 

The dominance of IL-17+ γδ T cells in advanced tumour stages suggests that a 

major functional potential of peritoneal γδ T cells during ID8 tumour development is 

the production of IL-17. In order to formally test whether IL-17 is playing a pro-

tumour role in this model, we compared tumour growth in WT and IL-17-/- mice. 

Concomitantly to the previous study using IL-17 neutralizing antibodies, we 

observed a clear arrest in tumour growth after 6-weeks in IL-17-/- hosts, which 

contrasted the continuous tumour growth in WT mice (Figure 11). Collectively, 

these data implicate IL-17+ γδ T cells in the promotion of ovarian cancer cell 

growth in vivo. 
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Figure 11 – IL-17 is necessary for normal ID8 tumour development. ID8 tumour growth in 

C57BL/6 WT and IL-17-/- female mice (n=5), measured by luciferase bioluminescence. 

*p<0.05 

 

 

1.3. γδ T cells are major producers of IL-17 in the ID8 model 

 

Activated CD4+ T-helper cells can also be potent producers of IL-17, including in 

the ID8 model (Charles et al., 2009). Hence, we next compared the relative 

contribution of these cells and γδ T cells to the pool of IL-17-secreting cells during 

tumour progression. This demonstrated a similar absolute number of IL-17-

secreting CD4+ and γδ T cells at each of the time-points studied (Figure 12A, B). 

However, γδ T cells expressed significantly higher levels of IL-17 on a per cell 

basis, as indicated by the mean fluorescence intensity (Figure 12A, C). Consistent 

with this, in the absence of γδ T cells, peritoneal IL-17-producing cells displayed 

reduced IL-17 mean fluorescence intensity levels, particularly at 6 weeks of 

tumour development (Figure 12D). These data strongly suggest a non-redundant 

role of γδ T cells in IL-17 provision.  

 

 

 

* 
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Figure 12 – γδ T cells are major providers of IL-17. (A) Representative FACS plots of 

TCRγδ and intracellular IL-17 stainings in total lymphocytes from the peritoneal cavity at 6 

post-ID8 tumour cell inoculation. (B) Absolute numbers and (C) mean fluorescence 

intensity (MFI) for IL-17 in total IL-17+ cells and respective contributions of CD4 and γδ T 

cells in the peritoneal cavity of tumour-bearing mice (n=5) at several timepoints post-

inoculation. (D) MFI for IL-17 in total IL-17+ cells in peritoneal exudates of WT or TCRδ
-/- 

tumour-bearing mice (n=5) at several timepoints post-inoculation. Data are representative 

of 3 independent experiments. ***p<0.001 

 

 

1.4. IL-17 production by  T cells is restricted to the CD27- V6+ subset 

 

Functional  T cell subsets are commonly defined based on TCR variable (V) 

chain usage and/or CD27 expression (Prinz et al., 2013). To further characterize 

the IL-17-producing γδ T cells associated to the tumour environment, we assessed 

these parameters. In contrast to their IFN-+ counterparts, the ID8-induced IL-17+ 

 T cells did not use the frequent V1 or V4 chains (Figure 13A) and do not 

express CD27 (Figure 13B). We hypothesized that they express V6, the other V 

chain commonly associated to IL-17 production. Since no specific anti-V6 

antibody is commercially available, we performed the staining protocol that 

combines GL3 (anti-TCR) and 17D1 (anti-V5) monoclonal antibodies (Sheridan 

et al., 2013). We first validated this protocol for the peritonal cavity: as expected no 

staining was observed when 17D1 was used alone, as the V5+ cell subset is 

restricted to the epidermis; however, GL3 pre-incubation revealed a sizable and 

well-defined population of 17D1+ cells (Figure 13C). In the tumour exudates, 

approximatly 93% of V1- or V4- cells and 95% of IL-17+  T cells belong to the 
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V6+ cell subset (Figure 13D). Thus, IL-17 production in this ovarian cancer model 

is essentially confined to a distinctive V6+ cell subset that lacks expression of 

CD27 (Figure 13D). 

 

 

  

   

Figure 13 – IL-17 production by γδ T cells is essentially restricted to a distinctive CD27- 

Vγ6+ cell subset. Peritoneal exudates were analysed at week-6 post-inoculation of ID8 

cells. (A) Representative FACS plots of Vγ1 and Vγ4 stainings within IL-17+ or IFN-γ+ γδ T 

cells. (B) Histogram overlay of CD27 staining in Vγ1, Vγ4 and Vγ1-Vγ4- subsets of γδ T 

cells. (C) FACS staining with 17D1 mAb  with ou without GL3 mAb pre-incubation to 

detect total Vγ6+ γδ T cells. (D) FACS staining to detect 17D1 positive cells among Vγ1-

Vγ4-
 and IL-17+

 γδ T cells. 

 

A deeper examination of these V6+  T cells showed they were highly biased 

towards IL-17 production, unlike V1+ or V4+  T cells, which essentially made 

IFN- (Figure 14 upper panels). Moreover, by performing BrdU incorporation 

experiments, we were able to observe preferential proliferation (Figure 14, middle 

panels) and accumulation (Figure 14 lower panels) of V6+  T cells in tumour-

bearing mice, in comparison with PBS controls.  
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Figure 14 – Vγ6+ cell subset is biased towards IL-17 production and is highly proliferative 

in vivo. Peritoneal exudates were analysed at week-2 and week-6 post-inoculation of ID8 

cells or PBS. Representative intracellular IL-17 and IFN-γ stainings (upper panels), BrdU 

incorporation between week-4 and week-6 (middle panels) and absolute numbers (lower 

panels) of Vγ1, Vγ4 and Vγ6 subsets of γδ T cells. Each dot represents one animal. Data 

are representative of 3 independent experiments. *p<0.05 

 

 

1.5. IL-7 may promote preferential expansion of the CD27- V6+ subset 

 

The factors that promote selective expansion of IL-17+  T cells over their IFN- 

counterparts are a topical interest to the scientific community. Identification of such 

factors in the cancer setting may help to devise the means to abrogate their 

expansion in vivo. This led us to investigate the molecular cues that drive specific 

* * * * 
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expansion of V6+  T cells along tumour progression. To address this, we 

investigated the role of various type 17-polarizing cytokines previously associated 

with expansion or maintenance of IL-17-producing  T cells: IL-7, IL-23, IL-6 and 

IL-1β (Hayes and Laird, 2013; Lochner et al., 2008; Michel et al., 2012; Riol-blanco 

et al., 2010; Sutton et al., 2009). We quantified their expression in peritoneal 

exudates collected at week two and week six of tumour development as well as in 

PBS-injected controls. Over the panel of cytokines tested, we observed a 

tendency of increased expression of IL-1 β, IL-6 and IL-7 at later stages of tumour 

development (Figure 15). IL-7 was the most consistently (and statistically 

significant) up-regulated throughout tumour growth as well as compared to the 

homeostatic environment – the PBS-injected control (Figure 15). This observation 

encouraged us to further analyse the effect of IL-7 on ID8 microenvironment. 

 

 

 

Figure 15 – Gene expression analysis of Th17 polarizing cytokines in response ID8 

tumour growth. Quantitative PCR expression of il7, il23a, il6, tgfβ and il1β, in PBS-injected 

controls and ID8 tumour bearing mice at week-2 and week-6 after tumour innoculation. 

 

We first analysed the expression of IL-7R in several  T cell subsets. IL-17-

producing V6+  T cells from the peritoneal cavity expressed higher levels of this 

receptor in comparison with V1+ cells and V4+ cells, at early and late stages of 

tumour development (Figure 16). 
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Figure 16 – Increased expression of IL-7Rα in the Vγ6+ γδ T cell subset. FACS plots and 

MFI (n=5) of IL-7Rα staining in Vγ1, Vγ4 and Vγ6 subsets of γδ T cells in tumour-bearing 

mice at week-2 and week-6 after tumour injection.  

 

Moreover, the exogenous administration of recombinant mouse IL-7 showed a 

tendency to increase the ID8 tumour load (Figure 17A) as well as the 

accumulation of V6+ cells (Figure 17B) as compared to PBS-injected controls. 

These data collectively suggest that the tumour microenvironment that 

progressively becomes enriched for IL-7 and other type 17-driving cytokines drives 

the selective expansion of the CD27- V6+ cell subset. 

 

 

 

Figure 17 – Effect of in vivo recombinant IL-7 in the ID8 tumour promoting axis. (A) ID8 

tumour growth in C57BL/6 WT mice upon injection of recombinant IL-7 (or PBS as 

control). Arrows indicate when injections were performed. (B-C) Percentages of V6
(+)

  T 

cells (within total  T cells) and small peritoneal macrophages (within CD45+ monocytes) 

in the peritoneal cavity of mice from (A), analysed at week-7 post-injection. 

V6
+
 cells SPM 
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1.6. Testing the specific contribution of IL-17+ γδ T cells 

 

We next aimed to formally test the specific contribution of IL-17 produced by γδ T 

cells to ID8 tumour progression. During the development of this thesis, there was 

no genetic model available that allowed the deletion of a gene (IL-17 in this case) 

under a γδ T cell-specific promoter.  

Our first strategy to overcome this limitation was to adoptively transfer sorted γδ T 

cells from IL-17-/- or WT mice into TCRδ
-/- hosts. Given that γδ T cells, specially the 

CD27- subset, poorly proliferate in homeostatic conditions in vivo (Ribot et al., 

2009), we pre-challenged the hosts with ID8 to create a stimulating environment 

for γδ T cells. We first transferred naïve γδ T cells and analysed the peritoneal 

cavities of the hosts two weeks after (Table 2, Expt 1). As we failed to retrieve γδ T 

cells from those mice, we next activated and expanded γδ T cells before transfer. 

Sorted γδ T cells were activated in vitro with anti-TCRγδ mAb and provision of IL-2 

and IL-7, during 5 days (Table 2, Expt 2). Alternatively, γδ T cells expanded in vivo 

in response to ID8 growth and were collected 7 weeks after tumour cell injection 

(Table 2, Expt 3). Even with these activation protocols, γδ T cells failed to survive 

in the peritoneal cavities of the hosts. As a last attempt, RAG2-/- recipients were 

used in order to provide more “space” for engraftment and homeostatic expansion 

of the adoptive transferred  T cells, particularly given their known competition 

with  T cells  (French et al., 2005) (Table 2, Expt 4). 

Table 2 – Experimental design of four independent experiments to adoptive transfer  T 

cells into the peritoneal cavity of ID8 tumour-bearing recipient mice. Strain of recipient 

mice, anatomical origin, number and activation status of cells were manipulated in order to 

optimize γδ T cell survival in the host. 

 

Expt 1 Expt 2 Expt 3 Expt 4

Recipient mice TCRδ-/- TCRδ-/- TCRδ-/- RAG2-/-

Number of donors
used per recipient

4 3 6 4

Anatomical origin of 
γδ T cells 

LN, Spleen and PEC LN, Spleen and PEC PEC PEC

Activation status of 
γδ T cells

Naive Activated in vitro for 5 
days with anti-TCRγδ, 
IL-2 and IL-7

Expanded in vivo after
7 weeks of ID8 
tumour growth

Expanded in vivo after
7 weeks of ID8 
tumour growth

Number of γδ T cells
injected per recipient

250,000 500,000 700,000 500,000
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Figure 18 - Adoptive transfers of peritoneal  T cells into RAG2-deficient hosts. 

Peritoneal  T cells obtained from ID8-bearing donors were injected i.p. into RAG2-/- 

recipient mice (also ID8-bearing). (A) FACS stainings for TCR, CD3, V1 and V4 in 

peritoneal exudates at week-5 after adoptive cell transfer at week-8 of tumour 

development. Two individual recipient mice are shown, representating the range of  T 

cell engraftment and expansion observed. (B) Luciferase bioluminescence for ID8 tumour 

growth in recipient mice (n=8 per group) following injection of WT or IL-17-/-  T cells (or 

PBS as control). Arrow indicates when the injection was performed.   
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Even in this setting we could not observe a robust population of  T cells in the 

peritoneal cavity of the recipient mice, except for one out of eight mice depicted in 

the right panel of Figure 18A (upper panels). A deeper analysis of the few  T 

cells found revealed that V6+ cells were totally absent (Figure 18A, lower panels). 

Concomitantly, we observed no difference in ID8 tumour growth between PBS-

injected and WT or IL-17-/-  T cells-injected mice (Figure 18B). Interestingly, we 

observed a more efficient and consistent engraftment of  T cells that were 

derived from IL-17-/- donors (Figure 19, upper panels) than WT donors (Figure 

18A). Moreover, V6+ cells were detected on some recipients of IL-17-/-  T cells 

(Figure 19 lower panels). This observation is reminiscent of the inhibitory role 

attributed to IL-17 by Prinz and collaborators (Haas et al., 2012).  

 

 

Figure 19 - Adoptive transfers of  T cells from IL-17-deficient donors.  T cells obtained 

from IL-17-/- ID8-bearing donors were injected i.p. into RAG2-/- recipient mice (also ID8-

bearing). FACS stainings for TCR, CD3, V1 and V4 in peritoneal exudates at week-5 

after adoptive cell transfer and week-8 of tumour development. Two individual recipient 

mice are shown, representating the range of  T cell engraftment observed. 
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The second strategy was to generate mouse chimeras deficient for IL-17 

exclusively in γδ T cells, as described in Figure 20A. The development of IL-17-

producing γδ T cells is restricted to an embryonic wave, so their reconstitution is 

not observed in bone marrow or foetal liver chimeras (Haas et al., 2012). To 

overcome this restriction, we generated chimeras using neonatal thymus as it was 

previously described to contain the precursors that reconstitute IL-17-producing γδ 

T cells in the periphery (Gray et al., 2011; Haas et al., 2012). Regeneration of 

other compartments of the hematopoietic system was ensured by TCRδ
-/- foetal 

liver transfer.   

 

 

 

Figure 20 – Schematic representation of the experimental approach used to generate 

foetal liver and thymus chimeras. WT recipients were lethal irradiated. Newborn 

thymocytes from WT or IL-17-/- were injected to reconstitute the  T cell compartment. 

TCRδ
-/- foetal liver was transferred to ensure the reconstitution of all other compartments 

of the hematopoietic system.  

 

After twelve weeks of reconstitution, inguinal lymph nodes were surgically 

removed to characterize their phenotype. Intracellular cytokine staining after re-

stimulation with PMA/ionomycin, revealed the successful restoration of both IL-17+ 

and IFNγ
+ γδ T cells subsets in animals injected with WT thymocytes (Figure 21, 

upper panels). It also confirmed the specific ablation of IL-17 in γδ T cells of 

animals that received IL-17-/- thymocytes as they regenerated IL-17-producing 

cells from other subsets but not on γδ T cells (Figure 21, lower panels). However, 

we observed a higher percentage of total IL-17+ lymphocytes in animals that 

received IL-17-/- thymocytes (Figure 22C) which may compensate for the lack of 

IL-17-producing γδ T cells. 
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Figure 21 – Mouse chimeras with specific deficiency of IL-17 in  T cell. (A) FACS plots 

of intracellular IL-17 and IFN-γ cytokine staining on total lymphocytes from animals that 

were reconstituted WT (upper panels) or IL-17-/- (lower panels) thymocytes. FACS plots 

depicting the relative contribution γδ T cells and CD4+ cells for the total IL-17 (B) and IFN-γ 

production. Lymphocytes isolated from inguinal lymph nodes of chimeras 12 weeks after 

reconstitution.  

 

In fact, when chimeras were inoculated with ID8 cells, tumour growth and survival 

were similar between IL-17-/- γδ T cell-bearing mice and WT (Figure 22A, B).  
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Figure 22 – Tumour growth (A) and survival curves (B) of WT (n=9) and IL-17-/- (n=7) γδ T 

cell chimeras (as in Figure 21), quantified by bioluminescence, at the indicated weeks 

post-transplantation. 
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From these observations we can conclude that we failed to formally demonstrate 

the contribution of IL-17+ γδ T cells to ID8 tumour growth due to limitations in 

generating conditional IL-17-depletion in γδ T cells. 

 

2. Indirect effects of  T cells and IL-17 on ID8 tumour growth  

 

We next aimed to understand the mechanisms that mediates the pro-tumour role 

of  T cells and IL-17 in the ID8 model. As we observed high levels of expression 

of IL-17RA in ID8 cancer cells cultured in vitro (Figure 23A), we hypothesized that 

IL-17 (and  T cells responsible for a major fraction of its production) could have a 

direct effect on cancer cells. To test our hypothesis, ID8 cells were cultured with 

mouse recombinant IL-17 (rIL-17). No proliferative advantage was observed in this 

condition as compared to ID8 controls (Figure 23B). Moreover, FACS-sorted V6+ 

cells did not promote ID8 tumour cell proliferation when co-cultured together at 1:1 

ratio (Figure 23C). These data suggest that neither V6+ cells nor IL-17 directly 

increase ID8 cell growth which led us to explore alternative hypotheses. 

 

 

Figure 23 – IL-17 or V6+ T cells do not directly stimulate ID8 tumour cell growth. (A) 

Representative FACS staining of IL-17RA in ID8 tumour cells. (B) BrdU incorporation in 

ID8 tumour cells upon in vitro stimulation with 100 ng/mL murine rIL-17 or (C) co-culture 

(at 1:1 ratio) with Vγ6+ or Vγ1+/Vγ4+ γδ T cells, sorted from tumour-bearing mice at week-6. 

 

2.1.  T cells and IL-17 promote angiogenesis 

 

The tumour promoting properties described for IL-17 include direct effects on 

epithelial cells to upregulate pro-survival and pro-angiogenic related genes (Wang 
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et al., 2009). Gene expression analysis of rIL-17-stimulated ID8 cells revealed 

increased levels of pro-angiogenic and pro-oncogenic genes such as cxcl2, il6 and 

vegf (Hagen Kulbe, personal communication). In fact, the pro-tumour role of IL-17 

has mostly been associated with enhanced angiogenesis (Numasaki et al., 2003; 

Silva-Santos, 2010; Wakita et al., 2010). This led us to investigate the significance 

of IL-17 and  T cells for this process in the ID8 ovarian tumour model. We 

analysed expression of pro-angiogenic factors in the cellular peritoneal exudates 

of WT, TCR
-/- and IL-17-/- mice at 6-weeks post-tumour inoculation. This time-

point, which coincided with tumour growth arrest in IL-17-/- mice (Figure 11), 

approximately corresponds to the so-called “angiogenic switch” in the ID8 model 

(Leinster et al., 2012). The angiogenic switch (or initiation of angiogenesis) is a 

discrete step in tumour development that is required to ensure exponential tumour 

growth. This occurs after leukocyte recruitment to the tumour deposits in the ID8 

model (Leinster et al., 2012). Interestingly, we observed a reduction in VEGFA and 

Angiopoietin-2 (Ang-2) expression in both IL-17-/- and TCR
-/- mice compared to 

WT controls (Figure 24). Collectively, these data suggests that angiogenesis may 

indeed contribute to the pro-tumour effects of IL-17-producing  T cells. 

 

 

 

Figure 24 – IL-17 and  T cells promote the expression of pro-angiogenic factors. 

Quantitative PCR expression of vegfa and ang2 in peritoneal exudates of C57BL/6 WT, 

IL-17-/- and TCRδ
-/- mice, at week 6 of ID8 tumour development. Each symbol represents 

one animal. *p<0.05 

 

 

* 
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2.2.  T cells and IL-17 mobilize small peritoneal macrophages (SPM) 

 

We next considered that IL-17+  T cells could promote ID8 ovarian cancer 

growth by influencing accumulation of one of other tumour-infiltrating leukocyte 

subsets implicated in cancer biology (Lança and Silva-Santos, 2012). When 

compared to WT controls, there was no difference in accumulation of 

immunosuppressive Foxp3+ regulatory T cells or Gr-1+ myeloid cells (including 

neutrophils and myeloid-derived suppressor cells) in TCR
-/- mice (Figure 25).  

 

 

 

Figure 25 – Leukocyte subset numbers in peritoneal exudates of WT versus TCRδ
-/- mice 

(n=5), at week-6 post-ID8 tumour cell inoculation. 
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We also observed similar percentage of “tissue-resident” F4/80hi macrophages in 

WT, TCR
-/-, and IL-17-/- mice (Figure 26A). By contrast, we found a marked 

reduction in F4/80lo “inflammatory” macrophages in TCR
-/- and IL-17-/- mice 

(Figure 26B), suggesting that  T cells and IL-17 secretion were both important 

for the accumulation of these cells at the site of tumour growth. 

 

 

 

Figure 26 – γδ T cells and IL-17 promote the mobilization of a specific population of 

macrophages. Percentage of F4/80Hi (large peritoneal macrophages, LPM) and F4/80Lo 

(small peritoneal macrophages, SPM) cells in WT, TCRδ
-/- and IL-17-/- mice, at week-6 

post-ID8 tumour cell inoculation. Each symbol represents one animal. Data are 

representative of 3 independent experiments. *p<0.05 

 

F4/80lo macrophages have recently been identified as a distinct subset of 

peritoneal macrophages that derive from blood monocytes that rapidly enter the 

peritoneal cavity and differentiate upon challenge, such as in response to LPS 

(Cain et al., 2013; Ghosn et al., 2010).Interestingly, in our experiments, this 

population selectively accumulated in the peritoneal cavity upon ID8 tumour 

challenge and its percentage increased at later stages of tumour development 

(Figure 27).  
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Figure 27 – Selective mobilization of small peritoneal macrophages (SPM) in ID8 tumour 

environment. (A) Representative FACS staining of F4/80Hi (LPM) and F4/80Lo (SPM) cells 

in ID8- or PBS-injected mice, 6-weeks after challenge. (B) Increased accumulation of 

SPM in ID8-bearing mice at later stages of tumour development as compared to PBS 

controls. Each symbol represents one animal. Data are representative of 3 independent 

experiments. **p<0.01 

 

Given their smaller size (compared to conventional F4/80hi macrophages), F4/80lo 

cells were named “small peritoneal macrophages” (SPM) (Ghosn et al., 2010). We 

confirmed this characteristic by examining their forward scatter by flow cytometry 

analysis (Figure 28A). Furthermore, they also displayed very high surface levels of 

MHC class II (Figure 28B), which is another signature feature of SPM that clearly 

distinguishes them from F4/80hi “large peritoneal macrophages” (LPM) (Ghosn et 

al., 2010).  

 



Results 

71 
 

 

Figure 28 – Characterization of SPM and LPM size and MHC class II expression. (A) 

Forward scatter (FSC) and (B) MHC class II staining in LPM and SPM cells, and 

respective MFI (n=5), at week 6 of tumour development. Data are representative of 3 

independent experiments. 

 

 

2.3. SPM express pro-angiogenic genes and promote tumour cell 

proliferation 

 

SPM have been previously characterized in the context of microbial challenge 

(Ghosn et al., 2010), but not in a tumour environment. We isolated SPM and LPM 

after 6 weeks of ID8 tumour development and analysed gene expression by RT-

qPCR. While both macrophage subsets expressed similar levels of tnfa, SPM 

were strikingly enriched in pro-inflammatory and pro-angiogenic (Il1b, Il6, vegfa, 

tgfb, mif, cxcl1) mediators (Figure 29). Consistent with this, SPM expressed high 

levels of tie2, a well-established hallmark of pro-angiogenic monocytes and 

macrophages (Coffelt et al., 2010; De Palma et al., 2005; Pucci et al., 2009; 

Venneri et al., 2007). These have also been shown to overexpress cd163 (Pucci et 

al., 2009), which we found enriched in SPM (Figure 29). These data strongly 

suggest that SPM play a pro-tumour role in our ovarian cancer model. Of note, the 

higher levels of Il17ra on SPM (than LPM) may underlie their dependence on IL-17 

(Figure 29). Of note, SPM present a heterogeneous phenotype with variable 

degrees of polarization/ differentiation across distinct in vivo tumour development 

experiments (Figure 34 in supplementary data). 
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Figure 29 – Small peritoneal macrophages express a pro-angiogenic gene profile. LPM 

and SPM from the peritoneal exudates of C57BL/6 wild-type were FACS-sorted after 6 

weeks of ID8 tumour development and analyzed by RT-qPCR for tnfa, tgfb, vegfa, cxcl1, 

cxcl8, mif, il10, il1b, il6, il17ra, tie2 and cd163 expression, normalized to the housekeeping 

gene hprt. Bars indicate standard deviation. *p<0.05, **p<0.01, ***p<0.001. 

 

Next, to test a potential direct effect of SPM (or LPM) on ID8 tumour cell growth, 

we established co-cultures of ID8 cells with SPM or LPM populations sorted from 

ID8-bearing mice (at week-6 post-inoculation). Interestingly, we observed a 

marked increase in total number (Figure 30A) and in proliferating (Figure 30B) 

tumour cells selectively in the presence of SPM. These data collectively 

demonstrate that SPM produce pro-angiogenic mediators and can also directly 

stimulate ovarian cancer cell proliferation.  

 

 

 

 



Results 

73 
 

 

 

Figure 30 – Small peritoneal macrophages directly promote tumour cell proliferation. (A) 

ID8 tumour cell numbers (at 24, 48 and 96 hours) and (B) BrdU incorporation (at 48h) 

upon co-culture (at 1:1 ratio) with F4/80Lo or F4/80Hi macrophages, sorted from tumour-

bearing mice (at week-6). Data are representative of 3 independent experiments. *p<0.05 

 

2.4.  T cells and IL-17 modulate the pro-tumour profile of SPM 

 

Finally, to assess the direct impact of V6+ T cells and particularly IL-17 on SPM 

pro-tumour effector genes, we established short-term cultures of purified SPM to 

which we added either V6+ T cells or mouse recombinant IL-17. Upon co-culture 

of SPM with V6+ T cells in a transwell system (thus allowing the retrieval of 

isolated SPM at the end of the cultures), we observed a global upregulation of the 

pro-angiogenic and pro-inflammatory target gene profile (Figure 31A). 

Interestingly, gata6, a tissue-specific master transcription factor for peritoneal 

macrophages (Okabe and Medzhitov, 2014) was also upregulated in these co-

cultures (Figure 31A). 

On the other hand, the provision of exogenous IL-17 to purified SPM cultures 

increased, in a dose-dependent manner, the expression of the same pro-

angiogenic and pro-inflammatory mediators (Figure 31B). Collectively, these data 

strongly support an IL-17-mediated cross-talk between V6(+) T cells and SPM in 

the ID8 ovarian cancer model. 
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Figure 31 – CD27- V6+  T cells and IL-17 upregulate pro-angiogenic and pro-

inflammatory mediators in SPM. FACS-sorted SPM from peritoneal exudates of week-6 

ID8-bearing C57BL/6 wild-type mice were (A) co-cultured for 24h with V6+  T cells (in a 

transwell system); or (B) incubated for 24h with recombinant IL-17. Gene expression 

analysis for tgfb, vegfa, cxcl1, mif, il1b, gata6, il17ra, and cd163 was performed by RT-

qPCR and normalized to the housekeeping gene hprt. Bars indicate standard deviation. 

*p<0.05, **p<0.01, ***p<0.001.   
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Figure 32 – Luminescence kinetics between min-10 and min-15 after i.p. luciferin injection, 

in ID8-luc tumour-bearing mice. Luminescence presented as average radiance (light 

emission/s/cm2). 

 

 

 

 

Figure 33 – Gating strategies used for FACS analysis of  T cells, SPM and LPM. 
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Figure 34 – Variable degree of pro-inflammatory gene expression in small peritoneal 

macrophages in vivo. Fold increase in the expression of pro-inflammatory and pro-

angiogenic genes in SPM relative to LPM across 3 independent in vivo experiments. 

F4/80Hi (LPM) and F4/80Lo (SPM) macrophages from the peritoneal exudates of C57BL/6 

wild-type were FACS-sorted after 6 weeks of ID8 tumour development and analyzed by 

RT-qPCR for tnfa, tgfb, vegfa, cxcl1, cxcl8, il10, il1b, il6, il17ra, mif, tie2 and cd163 

expression, normalized to the housekeeping gene hprt. For each experiment the ratio 

between the mean expression levels in SPM and LPM was calculated. 
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Protective versus pathogenic effects of γδ T cells in cancer 

 

In this thesis we have identified a population of IL-17+  T cells that accumulates 

at later stages of ID8 ovarian tumour development. We propose that this 

population has pro-tumour behaviour since deficiencies in IL-17 or  T cells result 

in reduced tumour growth. Of note, we also observed that IFN-+  T cells 

proliferate in response to the tumour, especially during the first two weeks, but 

then numbers returned to baseline levels at week-6. IFN- is a major mediator of 

anti-tumour function for  T cells in several models of cancer (Gao et al., 2003; 

Lança et al., 2013). Thus, we cannot rule out an anti-tumour effect of IFN--

producing  T cells, particularly in the early stages of ID8 tumour development. 

Perhaps in the absence of an initial wave of IFN-+  T cells, the ID8 tumour 

would develop even faster. Nevertheless, the overall tumour promoting effect of  

T cells (evaluated in TCR
-/- animals) indicates that IL-17-producing  T cells 

override any possible early anti-tumour function of their IFN-+ counterparts. This 

is consistent with a study by Wang et al that reports a dominant role for IL-17 over 

IFN- in the B16 and MB49 tumour models. In that study, the slow growth of the 

tumours in double knock-out IL-17-/-/IFN--/- mice resembles the IL-17-/- phenotype 

rather than the fast growing phenotype of IFN--/- animals (Wang et al., 2009). 

Similar findings were reported by He et al using the mouse lymphoma model EL4 

in IL-17R and IFNR single and double KO (He et al., 2010). 

Interesting questions arise with respect to the pro-tumour  T cell functions in the 

ID8 ovarian tumour, in comparison with other models where an overt anti-tumour 

role has been demonstrated for  T cells (Gao et al., 2003; Girardi et al., 2001; 

Lança et al., 2013; Liu et al., 2008; Street et al., 2004). Along these lines, we have 

observed that B16 melanoma-infiltrating  T cells are enriched for IFN- and are 

essentially devoid of IL-17 (Lança et al., 2013). Thus, the balance between IFN- 

and IL-17 production by  T cells may be a critical parameter in their overall 

contribution to tumour surveillance versus tumour progression. An important 

problem to be solved is how the balance between IFN-+ versus IL-17+  T cells is 

controlled throughout the course of tumour development and in different tumour 

models. We have investigated the dynamics of ID8 environment-derived factors 
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that contribute to the expansion of IL-17+  T cells (which will be discussed further 

below), but not to the reduction of IFN-+  T cells at later stages of disease. We 

could imagine that certain inhibitory factors from the tumour environment may 

dampen IFN--associated responses and thus avoid immunesurveillance.  

Taken together, these observations may suggest that  T cells may normally 

exert early anti-tumour functions but under certain circumstances they can be 

manipulated by the tumour microenvironment in order to favour cancer 

development. Mechanisms that could tip  T responses towards IFN- production 

rather than IL-17 deserve further investigation and are maybe key to their 

successful manipulation in the clinic. 

 

Tumour-promoting IL-17+  T cells 

 

The first indication that IL-17-producing  T cells could play a pro-tumour role in 

cancer was revealed by Wakita et al in 2010, using a fibrosarcoma mouse model. 

This study demonstrated that IL-17 supported tumour cell growth in vivo and that 

 T cells were shown to be the major cellular source of this cytokine (Wakita et 

al., 2010). However, in contrast to our work, this study did not use TCR-deficient 

mice to formally demonstrate the tumour-promoting role of  T cells. Recently, the 

pro-tumour behaviour of IL-17-producing  T cells was also demonstrated in a 

model of hepatocellular carcinoma (Ma et al., 2014). Similar to our ovarian model, 

hepatocellular carcinoma development was impaired in IL-17-/- as well as in TCR
-

/- mice, and  T cells were the main source of IL-17 in the tumour environment 

(Ma et al., 2014). Furthermore, adoptive transfer of IL-17-deficient  T cells failed 

to promote tumour growth, whereas WT  T cells did. Together, these reports 

establish a new perspective on the contribution of  T cells to tumour 

development, mediated by their production of IL-17. 

This notwithstanding, it should be noted that IL-17+  T cells have previously been 

implicated in protective responses in other tumour scenarios. For example, IL-17+ 

 T cells contributed to the positive chemotherapeutic effect of doxorubicin in 

various transplantable models of epithelial tumours in vivo (Ma et al., 2011). 

Immunogenic cell death induced by chemotherapy elicits anti-tumour IFN-+ Tc 
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cells that are required for optimal therapeutic outcome. Accumulation of hose Tc 

cells is preceded by IL-17+  cells. Tumour-infiltrating  cells were either V4+ 

(~60%) or V6+ (~35%), and the therapeutic efficacy of doxorubicin was similarly 

reduced in TCR-deficient and in V4-/-V6-/- hosts. In another study, IL-17+  T 

cells were associated with the anti-tumour effect of BCG treatment in a bladder 

cancer model (Takeuchi et al., 2011). The BCG therapeutic effect in bladder 

cancer is mediated by local neutrophil influx which is mediated by IL-17. This 

effect was abolished in both TCR-deficient and IL-17-deficient mice, and  T 

cells were shown to be the major intra-tumour source of IL-17. The discrepancy 

between the function of IL-17+  T cells in these studies and the data presented in 

this thesis may be linked to the efficient CD8+ Tc1 cell priming induced by 

therapeutic protocols. Zitvogel and collaborators proposed that IL-17 is critical for 

the afferent phase of the immune response against tumour cells, namely CD8+ T 

cell priming for IFN- production (Ma et al., 2011).  

The IL-17-associated pro-tumour/anti-tumour paradox extends well beyond the  

T cell compartment. For example, the adoptive transfer of IL-17-producing CD4+ 

(Th17) cells has been shown to promote either tumour development (Chalmin et 

al., 2012) or tumour regression (Martin-Orozco et al., 2009; Muranski et al., 2008). 

In addition, IL-17(R) deficiency/blockade was associated with both enhanced 

(Kryczek et al., 2009) and reduced (Chae et al., 2010; He et al., 2010; Wang et al., 

2009) tumour load. Consistent with mouse studies, an extensive review of 

literature covering the impact of T helper cell responses in cancer patients 

revealed that Th17 cells have a variable effect on patients’ survival depending on 

the tumour type (Fridman et al., 2012). The reasons for the highly variable anti- 

versus pro-tumour activities of IL-17 and IL-17-producing T cells in distinct 

tumours remain unclear and deserve further investigation. 

Along this line, another area of interest concerns the role of IL-17+  T cells in 

human cancer. Human circulating  T cells are extremely polarized towards IFN- 

production from early stages of life (DeBarros et al., 2011; Gibbons et al., 2009). 

Indeed, IL-17+  T cells are very rare in the peripheral blood of healthy individuals 

(DeBarros et al., 2011; Gibbons et al., 2009; Ness-Schwickerath et al., 2010), but 

accumulate significantly in pathological conditions such as bacterial meningitis 

(Caccamo et al., 2011) or psoriasis (Laggner et al., 2011). With regard to tumours, 
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the data are still scarce but, interestingly suggest that IL-17+  T cells can be 

found in some (but not all) types of cancer. Interestingly, tumour infiltrating  T 

cells were recently identified as the main source of IL-17 in colorectal cancer 

patients (Wu et al., 2014). In this report, IL-17+  T cells were positively 

associated with clinical tumour stage, tumour size and metastasis. Similarly, 

tumour infiltrating IL-17+  T cells were recently observed in gallbladder cancer 

patients which also correlated with poor survival (Shubhada Chiplunkar, personal 

communication). Therefore, the characterization of cytokine production by  T 

cells may have an important prognostic value in several types of human cancer. 

 

V6+  T cells – unravelling a new cancer ally 

 

Carding and Egan’s model (Carding and Egan, 2002) suggesting that  T cells 

perform different effector functions according to their TCR chain usage is a 

current issue of debate. Our work add to this by describing an IL-17-mediated pro-

tumour function restricted to a V6-expressing subset of  T cells in response to 

tumours that preferentially expands along the course of tumour development. The 

specific proliferation of V6+ cells, which are generally not found in secondary 

lymphoid organs (Roark et al., 2003) but are resident in the peritoneum, indicates 

local proliferation rather than recruitment from draining lymph nodes as the 

principal mechanism underlying their accumulation. It also excludes de novo 

recruitment from the thymus as the development of both IL-17+  T cells and V6+ 

 T cells is restricted to embryonic life (Carding and Egan, 2002; Haas et al., 

2012). An important question, therefore, concerns the stimuli that and locally 

activate V6+ cell subset in the tumour microenvironment. We have identified 

accumulation of several cytokines (IL-1β, IL-6 and IL-7) that have been previously 

shown to favour IL-17-producing  T cell differentiation (Hayes and Laird, 2013). 

We have further dissected the individual role of the most relevant candidate, IL-7, 

which revealed a tendency to favour the accumulation of V6+ and SPM in the 

tumour environment. However, the individual and combined contributions of the 

cytokine panel identified remain to be extensively addressed. We hypothesize that 

a combined effect of these cytokines may create a type 17-driving 

microenvironment that favours the expansion of IL-17+  T cells. Nevertheless, 
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the expansion of  T cells with limited receptor repertoire (V6) suggests that an 

additional TCR-mediated mechanism may also be involved. Furthermore previous 

studies have shown that TCR signalling mediated by the guanine nucleotide 

exchange factor VAV1 (Duan et al., 2010) or phycoerythrin (PE)-antigen binding 

(Zeng et al., 2012) are necessary to induce a maximal IL-17 response by  T 

cells. In both studies a two-hit model was proposed in which TCR triggering is 

the first signal and subsequent Th17-driving cytokines function as “signal two”. 

Evaluation of V6-signalling dependence in the ID8 model would be of great 

interest in order to assess whether  T cells can directly recognize ID8 tumour 

antigens and if those account to the specific expansion of V6+ cells. 

The V6+ subset has previously been identified in a wide range of disease models, 

that include infectious models using Escherichia coli (Mokuno et al., 2000), Listeria 

monocytogenes (Roark et al., 2003), and Bacillus subtilis (Simonian et al., 2009). 

V6+ cells polarization towards IL-17 production were shown to mediate the 

protective function of  T cells in response to E. coli in the peritoneal cavity 

(Shibata et al., 2007). Similarly, intestinal IL-17+ V6+ cells were shown to 

dominate the  T cell response to oral Listeria infection and contribute to reduce 

the bacterial load (Sheridan et al., 2013). Furthermore, V6+ cells also selectively 

accumulate in the lungs of mice exposed to Bacillus subtilis and attenuate lung 

inflammation and fibrosis (Simonian et al., 2009). Importantly, these studies, 

together with our own demonstrate that a strong IL-17 response mediated by V6+ 

cells can play both protective (in infections) or pathogenic (as for ID8 tumour) roles 

for the host that merit further investigation in other in vivo models of disease.  

Interestingly, in a recent study on hepatocellular carcinoma, tumour-promoting IL-

17 was mostly provided by V4+ 
 T cells (Ma et al., 2014). The origin of those 

cells – either locally expanded or recruited from lymph nodes – was not addessed. 

By contrast, in our model, V4+
cells did not produce IL-17, instead being 

producers of IFN-. Thus, different tumours may harbour distinct pro-inflammatory 

subsets of  T cells. 
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Limitations in V6+  T cell manipulation  

 

The current lack of a mouse line expressing Cre recombinase under the control of 

a  T cell-specific promoter precludes the direct examination of the effect of 

conditional ablation of IL-17 in  T cells. The reason for this lack is the absence of 

 T cell-specific genes, as even the common region of the TCR chain that is 

expressed by all  T cell is also expressed by early progenitors of αβ T cells. The 

absence of an antibody that specifically recognizes V6+ cells did not allow us to 

deplete this population in vivo. However, the overlap of phenotypes of TCR
-/- and 

IL-17-/- mice, together with the progressive expansion of CD27- V6+ cells, strongly 

supports a pro-tumour role for IL-17-secreting  T cell in vivo. Furthermore, the 

diminished IL-17 production in TCR
-/- mice indicates that  T cells have a unique 

contribution for the overall production of IL-17 that cannot be fully replaced in their 

absence. Nonetheless, we made several attempts to address the relative 

contribution of  T cells to IL-17 production with adoptive cell transfers and thymic 

and foetal liver chimeras.  

Adoptively transferred V6+ cells failed to engraft in the hosts even after concerted 

attempts to expand and activate them, and to create a stimulatory environment in 

the host before cell transfer. Previous studies have reported successful transfer of 

IL-17+  T cells (Ma et al., 2014) (Ma et al., 2011). However, in these models 

other subsets such as V4+ cells were transferred. Similarly, we also observed that 

V1+ and V4+  T cell subsets engrafted to some extent in the hosts, unlike V6+ 

cells which likely indicates that this subset has special requirements to survive 

upon removal from their original environment. It is particularly relevant that the 

V6+ T cells in our model are essentially all CD27-, and it has been previously 

demonstrated that CD27-  T cells show very little (when compared to CD27+ 

counterparts) homeostatic expansion in vivo (Ribot et al., 2009, 2010). Moreover, 

it was shown that V4+ cells but not V6+ cells depend on Sox13 to produce IL-17 

which implies that these two subsets have different genetic requirements for their 

common function as IL-17 producers (Gray et al., 2013).  Interestingly, adoptively 

transferred V6+ cells were able to engraft (although with little expansion) when 

they are derived from IL-17-/- mice. Similarly, chimeras that received IL-17-/- 
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thymocytes developed more IL-17+ cells (derived from TCR
-/- foetal liver 

precursors) than the animals that received WT thymocytes, even though  T cells 

were unable to contribute for IL-17 production. Related to this observations, it was 

previously suggested that IL-17 derived from Th17 cells stops thymic development 

of IL-17+  T cells in adult life (Haas et al., 2012). We hypothesize here that IL-17 

produced by  T cells also generates a negative feedback loop that inhibits the 

development of other IL-17+ lymphocytes and perhaps in some settings also 

impairs IL-17+ V6+ cell expansion.  

Overall these studies show that the biology of V6+  T cells is still poorly 

understood and stresses the necessity to develop better tools for their 

manipulation.  

 

 T cells/IL-17/SPM – identification of a new cancer-promoting axis 

 

The pro-tumour role of IL-17 has been mostly attributed to promotion of 

angiogenesis (Numasaki et al., 2003; Silva-Santos, 2010; Wakita et al., 2010). 

Consistent with those reports, we also observed an impact of IL-17 and  T cells 

on the angiogenic mediators VEGFA and Ang2, in our ovarian cancer model. 

Interestingly we observed a more severe downregulation of angiogenic factors in 

TCR
-/- mice than in IL-17-/- mice. This suggests that  T cells not only affect 

angiogenesis through the production of IL-17 but perhaps through additional 

mechanisms. 

Critically, we also demonstrated that  T cells and IL-17 mobilize small peritoneal 

macrophages (SPM). These SPM have recently been identified as a specific 

subset of peritoneal macrophages characterized by smaller (~3 m) size, low 

F4/80 and CD11b expression and high MHC class II expression (Ghosn et al., 

2010). They also differ from the large peritoneal macrophages (LPM) in terms of 

their effector functions: SPM have diminished phagocytic capacity, a different 

cytokine secretion pattern (Cain et al., 2013) and fail to produce the anti-tumour 

mediator nitric oxide (NO) when stimulated with LPS in vitro (Ghosn et al., 2010). 

Moreover, the LPM-specific gene expression program is controlled by the 

transcription factor Gata6 which is essentially absent in SPM (Okabe and 

Medzhitov, 2014). SPM were previously described to accumulate in the peritoneal 
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cavity of LPS-stimulated mice (Ghosn et al., 2010). We were the first to discover 

their mobilization in cancer context and to unravel their tumour-promoting 

properties. Their role in other models of inflammation-related disease, as well as, 

the presence of their counterparts in humans deserve further investigation.  

Importantly, SPM are mobilized from blood monocytes, whereas LPM are 

maintained independently of haematopoiesis which reflects their divergent 

developmental origins (Cain et al., 2013). IL-17 was previously shown to recruit 

blood monocytes (Shahrara et al., 2009, 2010), as well as mature macrophages 

(Barin et al., 2012; Ishida et al., 2013; Liu et al., 2012) to various tissues; and we 

have detected high expression levels of Il17ra selectively on SPM isolated from 

ID8-bearing animals. We did not evaluate the effect of IL-17 in the recruitment of 

SPM but we have observed that IL-17 (and V6+ cells) promotes SPM 

differentiation towards a pro-angiogenic and pro-inflammatory gene expression 

profile. Thus, our work identifies a link between IL-17-secreting  T cells and the 

mobilization/polarization of SPM in the peritoneal cavity.  

Local apoptosis was identified as the mechanism that clears SPM from the 

peritoneal cavity upon resolution of infection (Gautier et al., 2013). Thus, one could 

hypothesize that ID8-infiltrating SPM are more resistant to local apoptosis which 

would contribute to their increased accumulation in the tumour context. 

Another interesting observation regards the high expression levels of tie2 in SPM. 

Tie2 is a signature marker of blood circulating monocytes that are committed to 

pro-angiogenic and tissue remodelling programs (De Palma et al., 2005; Pucci et 

al., 2009; Venneri et al., 2007), and their infiltration into tumours has been 

associated with increased tumourigenesis. Expression analysis studies suggested 

that they represent a distinct myeloid lineage with their own developmental 

program (Pollard, 2009; Pucci et al., 2009).  Therefore, it is possible that tumour-

associated SPM derive from Tie2-expressing blood monocytes, which should be 

explores in future research. 

Importantly, our gene expression analysis identified a pro-inflammatory and pro-

angiogenic (il1b, il6, vegfa, tgfb, mif, cxcl1) gene expression profile in SPM 

(compared to LPM). Among the pro-tumour mediators produced by SPM, it is 

important to note the presence of MIF and IL-6, both known to promote the 

expression of a large panel of pro-inflammatory and pro-angiogenic molecules and 

to protect tumour cells from apoptosis (Calandra and Roger, 2003; Hagemann et 
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al., 2007; Hudson et al., 1999; Kumar and Ward, 2014). Thus, we propose that the 

cross-talk with pro-inflammatory and pro-angiogenic SPM, that have further 

stimulatory effects on tumour cell proliferation, underlies the pro-tumour role of IL-

17+  T cells in the ID8 ovarian cancer model. Interestingly, Ma et al. suggested a 

distinct mechanism in hepatocellular carcinoma, in which IL-17+  T cells 

seemingly act by recruiting myeloid-derived suppressor cells (MDSCs) that inhibit 

local anti-tumour CD8+ T cell responses (Ma et al., 2014). Similarly, IL-17+  T 

cells were suggested to promote human colorectal carcinoma via recruitment of 

MDSCs (Wu et al., 2014). In our model, by contrast, there were no differences in 

MDSC recruitment, CD8+ T cell infiltration or IFN- production, between  T cell-

deficient versus sufficient hosts. This suggests that distinct cellular mechanisms 

may underlie the pro-tumour functions of IL-17+  T cells within different tumours. 

On the other hand, it highlights an important cross-talk between IL-17-producing  

T cells and myeloid cells which has occurred in several models. IL-17 thus seems 

to regulate the accumulation of cells with myeloid origin that become the 

detrimental effectors in cancer. We speculate that IL-17 production is a strong 

weapon against acute infections in which pro-inflammatory mediators are 

important for resolution. However, IL-17 becomes detrimental in chronic 

inflammation that supports cancer development as well as autoimmune disease. 
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Conclusions 

  

In this study we demonstrated that both  T cells and IL-17 exert tumour-

promoting effects in an in vivo mouse model of ovarian cancer. According to our 

initial hypothesis,  T cells have a major and non-redundant contribution to the 

total IL-17 production in the tumour environment which strongly supports IL-17 as 

the molecular mechanism that mediates the pro-tumour function of  T cells. 

Functional and phenotypic characterization of tumour-associated  T cells at early 

and late stages of tumour development showed that IL-17 production is restricted 

to a distinct IL-7Rα
hi CD27- V6+  T cell subset that selectively accumulates as 

the tumour develops. Furthermore, from a large panel of Th17 polarizing cytokines 

tested, IL-7 is recognized as the most significant selection factor for  T cells in 

the ID8 tumour microenvironment. This study also identified an IL-17 and  T cell-

dependent mobilization of blood-derived small peritoneal macrophages (SPM) into 

the tumour-bearing peritoneal cavity. This subset of macrophages has a pro-

inflammatory and pro-angiogenic expression profile and is capable of directly 

promoting tumour cell growth in vitro. This strongly suggests SPM as the cellular 

mediators of the IL-17 and  T cell functions in vivo. Furthermore, IL-17 and V6+ 

cells were able to directly upregulate the tumour-promoting gene expression 

profile of SPM in vitro. From a general perspective, most of the objectives 

proposed in this thesis were successfully accomplished. 

 

Proposed model 

 

Collectively, the conclusions from this thesis led us to propose the model 

schematically represented in Figure 35. The tumour microenvironment upregulates 

the expression of IL-7 and other type 17-driving cytokines which contribute to the 

preferential expansion of a specific subset of  T cells, characterized as V6+ and 

CD27-. These cells produce high amounts of IL-17 that promote the mobilization of 

SPM. This macrophage subset expresses high levels of IL-17RA and directly 

promotes tumour cell growth and angiogenesis.  
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Figure 35 – Schematic representation of the model proposed in this thesis. Tumour-

environment derived IL-7 drives the specific expansion of IL-17-producing V6+  T cells. 

IL-17 subsequently potentiates tumour development through the mobilization of pro-

inflammatory and pro-angiogenic small peritoneal macrophages that directly promote 

tumour cell growth. 

 

Future directions 

 

In order to consolidate our proposed model, several aspects need further 

investigation. It will be important to formally demonstrate that IL-17 is the 

molecular mediator of the pro-tumour effect of T cells. Notwithstanding all the 

efforts to overcome this problem through adoptive transfers and the generation of 

thymic and foetal liver chimeras, this goal was not fully achieved. A mouse model 

that allow conditional gene ablation specifically in  T cells (and in a reduced 

number of αβ T cells), in an inducible manner, using the Cre-lox system is currently 

being developed by Yuan Zhuang and would be a major a key tool to further 

demonstrate the non-redundant role of IL-17+  T cells in this cancer model. 



Concluding remarks 

95 
 

Furthermore, the inducible system will allow a deeper study into the contribution of 

IL-17-producing  T cell at different stages of the disease.  

Another important aspect is the combined role of IL-7 with other type 17-driving 

cytokines such as IL-1β and IL-6. Moreover, a broader investigation of factors, 

other than cytokines, that promote V6+ cell expansion would be an interesting 

aspect to pursue, namely possible mechanisms mediated by direct interaction 

between  T cells and ID8 cancer cells and their antigens. On the other hand, it 

would be interesting to explore the tumour microenvironment factors that dampen 

the initial IFN- response of  T cells. 

IL-17/SPM is another important axis to be further dissected, to evaluate the effect 

of IL-17 in SPM infiltration into the peritoneal cavity as well as whether this 

cytokine protects SPM from apoptosis-mediated clearance. Moreover, it would be 

important to examine the mechanisms that mediate the direct pro-tumour effects of 

SPM over ID8 cells, as illustrated by their increased proliferation in co-cultures. 

The study of this proposed tumour-promoting axis in other murine models of 

peritoneal cancers would also be informative, particularly to evaluate the 

commonality of such mechanisms in different peritoneal tumour types. It would be 

particularly interesting to assess the contribution of  T cells in a genetic model of 

ovarian cancer, to study the effects of  T cells during the initial transformation 

events that occur in ovarian cancer. 

 

Implications of our findings 

 

Burnet’s “immune surveillance of cancer” theory (Burnet, 1967) has been revised 

to accommodate leukocyte subsets, both of myeloid and lymphoid origins, that can 

actually enhance cancer cell proliferation (Motz and Coukos, 2011) (Lança and 

Silva-Santos, 2012). Our study adds to this revised model by identifying and 

characterizing a population of IL-17-secreting  T cells that have the potential to 

promote ID8 ovarian tumour growth. Notwithstanding the potent anti-tumour 

properties of  T cells extensively described in several models of mouse and 

human cancer, their pro-tumour behaviour mediated by IL-17 production should no 

longer be ignored. In a broader perspective this study may contribute to 

elucidating the role of innate-like cellular sources of IL-17. Along this line, 



Concluding remarks 

96 
 

identification of different cell populations that produce this cytokine at different 

stages of the disease, may help to clarify the variable outcomes of IL-17 on 

different tumour types. 

From the human cancer perspective our study highlights the need to investigate 

the role IL-17+  T cells in human tumours, as immunotherapies that attempt to 

activate  T cells may potentially create a pro-tumour adverse effect. 

Furthermore, the specific involvement of a tissue-resident subset of  T cells in 

our cancer model highlights the need to investigate the human tumour-infiltrating 

 T cells (typically enriched in Vδ1+ T cells) rather than the widely studied Vγ9Vδ2 

circulating subset, in humans. From a global view, our work highlights the 

importance of tumour-derived factors that drive the selective expansion of tumour-

promoting  T cell effects via mobilization of particular myeloid subpopulations. 

Upon investigation of similar mechanisms in human tumours, this may result in the 

identification of novel targets for cancer immunotherapy. 
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