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Resumo 

 
Em indivíduos saudáveis, o sistema imunológico é capaz de reconhecer e eliminar 

as células que se desenvolvem de modo anormal, como células tumorais, através de um 

processo denominado imunovigilância. Contudo, algumas dessas células conseguem 

contornar o sistema imunológico e proliferar, uma vez que, mesmo com a presença desta 

imunovigilância, o cancro é uma realidade que afeta milhões de pessoas por todo o mundo. 

Hoje em dia é já uma certeza que as células tumorais são capazes de subverter mecanismos 

de tolerância periférica para escapar à vigilância do sistema imunológico. O que ainda não 

se sabe é se o mesmo pode acontecer através da tolerância central. 

 Existe evidência de que a proteção adquirida pelos tumores contra o sistema imune é 

mediada por células T reguladoras (Treg) e de que existem mecanismos de seleção positiva 

para células Treg capazes de reconhecer antigénios oriundos do tecido onde o tumor se 

instala e desenvolve. Todas estas evidências levam-nos a acreditar que a tolerância central 

desempenha um papel importante no desenvolvimento de um ambiente permissivo para as 

células tumorais escaparem ao sistema imunológico e proliferarem. Tendo em conta o 

padrão de desenvolvimento e involução funcional do timo, nós prevemos que ocorra, por um 

lado, seleção negativa de linfócitos T reativos contra as células de tumores num contexto 

hereditário ou pediátrico e, por outro lado, seleção positiva de células Treg supressoras no 

caso de tumores esporádicos que ocorrem num período mais tardio da vida do indivíduo. 

 

Neste projeto, foi desenvolvido um modelo de tumor subcutâneo através da 

inoculação de células tumorais provenientes de uma linha celular singénica em murganhos 

da estirpe C57BL/6 duas semanas após a injeção de lisados tumorais provenientes da 

mesma linha celular, com o objetivo de averiguar se estes animais desenvolvem um efeito 

de tolerização. O objetivo deste modelo é perceber quais os mecanismos por detrás deste 

efeito, a partir da comparação de animais tolerizados e não tolerizados. Adicionalmente, este 

modelo engloba grupos de animais com diferentes idades, de forma a perceber se o estadio 

de desenvolvimento do timo tem ou não influência no potencial desenvolvimento do efeito 

de tolerização. Contudo, apesar dos modelos de tumor subcutâneos serem muito úteis no 

estudo da imunologia tumoral, estes apresentem algumas limitações porque, na verdade, a 

injeção de células tumorais não mimetiza por completo o desenvolvimento espontâneo de 

um tumor. Assim, neste trabalho também foi estudado um modelo de tumor espontâneo 

através da avaliação do infiltrado linfocitário em amostras de cancro do cólon de contexto 

esporádico ou hereditário, provenientes de pacientes do Hospital de São João. 
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Até ao momento, foi analisada a cinética de crescimento dos tumores subcutâneos 

desenvolvidos por animais tolerizados e não tolerizados, todos eles com um mês de idade. 

Foi também analisado o conteúdo linfocitário no tumor, baço e timo de cada um desses 

animais através de imunohistoquímica e citometria de fluxo.  

Os resultados obtidos até agora com o modelo de tumor subcutâneo mostram que 

existem diferenças de imunogenicidade das células inoculadas, embora ainda não permitam 

tirar conclusões sobre a existência de um efeito de tolerização nem sobre a influência do 

timo no desenvolvimento desse mesmo efeito. Contudo, é importante referir que este 

trabalho se trata apenas da fase inicial de um projeto que requer continuidade e que a 

hipótese aqui proposta pode vir a ser clarificada quando os restantes grupos de animais com 

diferentes idades forem testados e os resultados dessas experiências analisados. 

Por outro lado, os resultados da análise do infiltrado linfocitário no modelo de cancro 

do colón indicam uma clara tendência para a existência de uma maior densidade de células 

imunes em casos de cancro coloretal esporádicos do que em casos hereditários. Foi 

possível observar que as células Treg estavam significativamente aumentadas nos casos 

esporádicos em comparação com os hereditários, o que está de acordo com o que foi 

previsto no início deste projeto.  

Assim sendo, estas observações suportam a ideia de que as células Treg 

encontradas no microambiente tumoral podem efetivamente ter um papel muito importante 

no desenvolvimento dos tumores e que, determinando a origem destas células, será 

possível desvendar se as células tumorais são ou não capazes de tirar partido da tolerância 

central para escapar ao sistema imune.  
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Abstract 

Immunosurveillance is the process whereby the immune system recognizes and 

eliminates cancer cells, and plays a key role in keeping cell transformation events in check 

(Smyth et al., 2006). However, cancer does develop and, nowadays, it is already well 

established that one of the strategies that tumor cells use to  evade immunosurveillance is 

to take advantage of peripheral tolerance mechanisms (Mueller, 2010). What is not known is 

whether there is a central tolerance component to immunoescape. There is considerable 

evidence that tumor protection from the immune system is established by the induction of an 

active immune tolerance largely mediated by natural Treg cells (Chen, 2005; Curiel et al., 

2004; Martínez-Sosa et al., 2013; J Shimizu et al., 1999; Yamaguchi et al., 2006). 

Additionally, it is also established that there is positive selection of Treg cells specific for 

normal antigens from the tissue where the tumor is growing. All these arguments lead us to 

believe that central tolerance plays a role in the establishment of an immune permissive 

context for cancer cells to escape the immune equilibrium phase and grow. We predict that 

negative selection (clonal deletion) of tumor-reactive T lymphocytes occurs predominantly 

for hereditary and early onset (childhood) cancers and that positive selection of suppressor 

Treg cells, on the other hand, occurs mainly for late onset adult cancers.  

 

In this project, a subcutaneous tumor model was developed by inoculation of 

syngeneic tumor cells after challenging C57BL/6 mice with tumor cells lysates generated 

from the same syngeneic cell line to elucidate if a tolerization effect is produced. The 

objective of this model was to unravel the mechanisms behind the development of the 

tolerization effect, throughout the comparison of subcutaneous tumor growth and evaluation 

of T cells subsets in the spleen, thymus and tumor between animals that developed a 

tolerization effect and animals that did not develop. Moreover, the experimental model also 

includes groups of animals with different ages, in order to address the influence of the thymus 

development stage on the eventual tolerization effect. However, although subcutaneous 

tumors are very useful for tumor immunology research, the injection of tumor cells does not 

fully mimic spontaneous emergence of tumors. In this sense, a naturally-occurring tumor 

model was also used as model of study in this work. Therefore, the immune infiltrate was 

assessed in samples of early and late stage sporadic and hereditary neoplastic lesions of 

the colon obtained from Hospital de São João patients. 

 

So far, the growth kinetics of subcutaneous tumors developed in challenged and non-

challenged 1-month-old mice was analyzed, as well as the immune lymphocytic populations 
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in their tumors, spleens and thymi through immunohistochemistry and flow cytometry 

techniques. The results obtained with the subcutaneous model show differences in cellular 

immunity, although no definite conclusions could be drawn so far on the existence of a 

tolerization effect and on the influence of the thymus development state in this phenomenon. 

However, it is important to refer that this is an ongoing project and, thus, this hypothesis must 

be clarified when animals from other ages are analyzed. 

On the other hand, the data obtained with the colon cancer Human samples indicates 

a tendency towards a higher density of immune cells, namely FoxP3+ Treg cells in sporadic 

colorectal cancer (CRC) cases than in familial adenomatous polyposis (FAP) cases. These 

observations support the idea that Treg cells found in the tumor microenvironment may have 

an important role in tumor development and so, the identification of the origin of these Treg 

cells will enable the determination of whether or not there is a central tolerance component 

to immunoescape. 
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Introduction 

1.1 - Historical Background 

It was back in 1952, more than 60 years ago, that George D. Snell was studying the 

immunogenetics of tumor transplantation and reported that animals pre-treated with small 

doses of heat-killed or lyophilized tumor tissue or even normal tissue develop an 

immunological defense against these tumors. However, when higher doses are used, the 

animals become more susceptible to tumor development. Thus, based on his own and other 

authors work, he concluded that pre-treatment with small doses is associated to an inhibition 

of tumor development, while higher doses are responsible for an enhanced effect in tumor 

growth. At the time, Snell considered that “the interpretation of these results was still obscure” 

(Snell, 1952).  

Five years later, in 1957, Sir Macfarlane Burnet and Lewis Thomas proposed the 

hypothesis of “Cancer Immunosurveillance”. In April 1957, the British Medical Journal 

reported to the world a work by Burnet (Burnet, 1957), in which he stated that “it is by no 

means inconceivable that small accumulations of tumor cells may develop and because of 

their possession of new antigenic potentialities provoke an effective immunological reaction 

with regression of the tumor and no clinical hint of its existence”. By the same time, Thomas 

suggested that cellular immunity was the main responsible mechanism for protection against 

neoplastic disease and therefore this type of immunity played a greater role in the 

maintenance of homeostasis than in the promotion of graft rejection, as previously believed. 

These speculations were essential for the formulation of the immunosurveillance concept by 

Burnet: “In large, long-lived animals, like most of the warm-blooded vertebrates, inheritable 

genetic changes must be common in somatic cells and a proportion of these changes will 

represent a step toward malignancy. It is an evolutionary necessity that there should be some 

mechanism for eliminating or inactivating such potentially dangerous mutant cells and it is 
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postulated that this mechanism is of immunological character” (Burnet FM., 1970; G P Dunn 

et al., 2002). However, this hypothesis emerged at a time when little was known about animal 

immunodeficiency models and even Thomas, some years later, noted that the 

immunosurveillance concept “cannot be shown to exist in experimental animals”(Thomas, 

1982). Then, the hypothesis proposed by Burnet and Thomas fell into oblivion for many years 

and was considered dead around the 80’s (G P Dunn, 2002). 

In the last decade of the 20th century, the discovery of new functions of NK cells, the 

significant improvement in knowledge about immunodeficiency mouse models, and a set of 

findings supporting the role of immune system components in the control of tumor 

development allowed the resurgence and the validation of the immunosurveillance theory. 

In fact, several works carried out in mice and in humans corroborate the theory that the 

unmanipulated immune system could recognize and eliminate primary tumors and that 

lymphocytes had a very important role in this complex process (G P Dunn, 2002). Therefore, 

at the beginning of the new millennium, the concept of immunosurveillance was fully 

accepted by the scientific community (Smyth, 2006). However, the acceptance of this theory 

also led to the emergence of a central question: given that immunosurveillance exists, why 

do immunocompetent individuals develop cancer? 

1.2 - From Immunosurveillance to Immunoediting 

 

Immunocompetent individuals develop tumors that persist even after several treatment 

strategies. In these cases, the immune system fails at some point, and neither the innate nor 

the adaptive immune responses are able to eliminate all the transformed cells, that will be 

able to grow and develop (Smyth, 2006). Many works showed that tumors are imprinted by 

the immunological environment in which they form. This imprinting process is continuous, 

but plays a major effect in early stages of tumor development, when the tumor is not clinically 

detectable. It is responsible for the generation of tumors that better circumvent the role of the 

immune system in tumor suppression, through elimination of highly immunogenic tumor cells 

and retention of tumor cells with low immunogenicity (Shankaran et al., 2001; Svane et al., 

1996; Urban et al., 1982; Uyttenhove et al., 1980). 

Therefore, since the term “immunosurveillance” does not cover the dual role of the 

immune system in host protection and in tumor imprinting and sculpting, it had to be adapted. 

Immunosurveillance was described as a way to protect the host from neoplastic disease at 

the earliest stages of tumor development. Thus, the term “immunoediting” was adopted to 

describe this dual action of the immune system, which not only prevents but also shapes 

developing tumors. The same authors proposed that cancer immunoediting was a very 

complex process that could lead to the eradication of some tumors, the creation of a 

nonprotective immune state to others or even to the development of tolerance or anergy 
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states (G P Dunn, 2002). Nowadays, cancer immunoediting is totally accepted as a dynamic 

process with three different phases: elimination, equilibrium and escape (Figure 1) (Vesely 

et al., 2011). 

1.3 - Cancer Immunoediting: the three E’s 

1.3.1 Elimination 

 
The elimination process includes the original concept of immunosurveillance. In the first 

phase, when a solid tumor grows invasively it induces inflammatory signals and the 

recruitment of immune cells such as natural killer (NK) cells, macrophages or dendritic cells 

to the tumor site. These cells are responsible for recognizing transformed cell-specific 

structures and, consequently, for producing IFN-γ. In the second phase, interferon-γ (IFN-γ) 

triggers anti-proliferative and apoptotic mechanisms and induce the production of molecules 

with angiostatic capacities, which prevent blood vessels formation in the tumor site. The 

mechanisms culminate in tumor cell death. In the third phase, NK cells and macrophages 

produce IFN-γ and IL-12 and transactivate each other. These kinds of cells continue the 

process of tumor cell elimination through mechanisms involving tumor necrosis factor, 

Figure 1. The three E’s of cancer immunoediting: elimination, equilibrium and escape. In the 

elimination phase (a), developing tumor cells (blue) are detected between normal cells (dark grey) and 

destroyed through immunosurveillance processes. However, there are some tumor cell variants (red) with 

increasing capacities to avoid/survive to this process, and which are in this sense selected and become able 

to grow in the equilibrium phase (b). Additional tumor variants are generated in this phase (orange) and the 

new tumor sculpted by the immune system is now able to expand in the host organism (c). Little orange 

circles represent cytokines, and the white flashes represent the cytotoxic activity of T lymphocytes 

(white/grey cells) against tumor cells. Original image: Cancer immunoediting: from immunosurveillance to 

immunoescape (G P Dunn, 2002) 
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perforin and reactive oxygen and nitrogen intermediates. Dendritic cells (DCs) migrate to 

draining lymph nodes and induce the production of Th1 cells (tumor-specific CD4+ T helper 

cells expressing IFN-γ), which leads to CD8+ T cell activation (CD stands for cluster of 

differentiation). In the fourth and last phase, CD4+ and CD8+ T cells, whose cytotoxic capacity 

was increased by exposure to locally produced IFN-γ, promote the elimination of remaining 

antigen-bearing tumor cells (G P Dunn, 2002) 

 

1.3.2 Equilibrium 

 
Equilibrium is the longest of the three phases: it is estimated that in humans there may 

be a 20-year gap between initial carcinogen exposure and tumor detection. At this stage, 

tumor cells that were not eliminated due to immunological resistance enter a dynamic 

equilibrium with the host immune system. Lymphocytes and IFN-γ apply a very high selection 

pressure on these remaining tumor cells during this phase, but this pressure is only enough 

to constrain but not to eradicate the pool of new mutating and unstable tumor cells (Gavin P. 

Dunn et al., 2004). Moreover, the results of a work presented by Koebel in 2007 (Koebel et 

al., 2007) support the idea that adaptive immunity, but not innate immunity, is responsible 

for maintaining the equilibrium phase.  

 

1.3.3 Escape 

 
There comes a time when the remaining tumor variants that experienced the equilibrium 

phase leave this state. This happens due to changes in the tumor cell population resulting 

from either an active immunoediting process or changes in the host immune system (such 

as higher cancer-induced immunosuppression or immune system breakdown due to the 

natural aging process). These changes promote the occurrence of genetic and epigenetic 

modifications in the tumor cell variants, turning them insensitive to immunological detection 

and/or elimination and allowing them to expand and grow (Vesely, 2011). Much work has 

been done in order to understand the molecular basis of tumor escape (Khong et al., 2002; 

S Sakaguchi et al., 2001) but it is clear that one of the most common mechanisms used by 

tumor cells to escape the immune system is the induction of tolerance (Vesely, 2011). 
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1.4 - Thymus: Immune anatomy, development and function 

1.4.1 Anatomy and development  

 
For several years, the role of the thymus was not entirely clear. By 1950, the 

lymphopoietic function of the thymus had already been established, but only in the post-1960 

decades its immunological function was accepted (Miller, 2002). Nowadays, it is clear that 

this organ has a great immunological importance, as it is responsible for the selection and 

differentiation of T lymphocytes, some of the major players in the immune system (Dunon et 

al., 2000). 

In mammals, the thymus is the first lymphoid organ to be formed: it arises from the third 

and fourth branchial pouches (by the 6th gestational week in humans and 10th gestational 

day in mice) and contains elements derived from all three germinal layers (Nishino et al., 

2006). The thymus is located in the pericardial mediastinum, anterior to the major vessels of 

the heart and ventral to the heart and aortic arch (Henry Gray, 1918). This organ is divided 

in two morphologically distinct zones, cortex and medulla, that are separated by a highly 

irrigated corticomedullary zone.  

 

Regarding thymus development, it is known that its size and function vary lifelong. During 

the embryonic period, lymphocyte precursors migrate to the thymus and the thymic stroma 

is colonized by bone marrow-derived stem cells by the 11th gestational day. By day 14, 

thymocytes express CD4 and CD8 markers (Holladay et al., 2000). After birth, thymus grows 

due to postnatal antigen stimulation and the demand for a large number of mature T cells 

(Pearse, 2006). The first evidence of immune function is detected during this immediate post-

natal phase in mammals, as it is possible to observe in Figure 2 (Landreth, 2002). During 

this phase, functional T lymphocytes are produced in the thymus. Afterwards, T cells migrate 

to the spleen, lymph nodes and mucosal associated lymphoid tissues (Landreth, 2002). 

 

Nevertheless, the establishment of immune memory occurs only at one month of age in 

rodents (Figure 2). Until this age, there is no evidence of a mature pattern of immune 

response to an antigen. The same happens to humans during the first year of postnatal life. 

In this period, the immune defenses against antigen are based on immunoglobulin-M (IgM) 

mediated responses, since the immune system is not able to produce antibodies against 

carbohydrate antigens. Therefore, the evaluation of mature immune responses must be done 

after one month of age in rodents and one year in humans to surpass the period of perinatal 

immunodeficiency (Landreth, 2002). 

 

After this initial phase, there is an increasing production of T lymphocytes from primary 

lymphoid tissues. If exposure to an antigen to which a lymphocyte is specific occurs, an 
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accumulation of lymphocyte specificities in the pool of memory cells in secondary lymphoid 

tissues is observed. In this stage, thymic function is already decreased and the 

immunocompetence for the life of the individual is maintained by this pool of memory T cells 

(Landreth, 2002). The thymus grows quickly during embryonic life and childhood, but after 

reaching sexual maturity in mice and puberty in humans, the thymus reaches its maximum 

size. Thereafter, the thymus involutes gradually until old age, when lymphoid tissue atrophy 

and replacement by mature adipose tissue occurs (Simpson et al., 1975). 

1.4.1 Immune function 

 

1.4.1.1. T cell development 

 
Thymus is the lymphoid organ where T cells mature and firstly develop their 

immunological function. Bone marrow derived progenitor cells undergo differentiation and 

maturation within the thymic microenvironment, to form the functional T cell repertoire, and 

despite the morphologic likeness of all T lymphocytes, there is extraordinary functional 

heterogeneity within this repertoire. T cells are distinguished from the other lymphocytes that 

derived from the same precursor, such as B-lymphocytes and Natural Killer cells, due to the 

expression of a characteristic T cell receptor (TCR) on the cell surface (Nishino, 2006).  

T cells precursors generated into the thymus have a double negative (DN) phenotype 

because they neither express CD4 nor CD8 surface markers (Figure 3). This pool of cells is 

commited to the α/β or γδ T-cell lineage, which are characterized by mutually exclusive T-

cell receptor (TCR) expression. In the case of cells that eventually become α/β TCRs, which 

represent most T cells, the rearrangement occurs in two steps: firstly, the TCRβ chain is 

rearranged and only cells that have successfully rearranged the beta chain to produce a 

Figure 2. Postnatal development of rodent immune system. Adapted from “Critical windows in 

development of rodent immune system”(Landreth, 2002). 
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functional pre-TCR proceed. Those that do not fulfill this requirement are eliminated by 

apoptosis. This first step is known as β-selection. In the second step, thymocytes generate 

CD4+CD8+ double positive (DP) cells, which then undergo TCRα-chain rearrangement, 

resulting in a completely assembled TCR molecule (Naito et al., 2011).  

But before lineage commitment, a process of selection occurs: on the one hand, 

CD4+CD8+ double-positive thymocytes with TCRs that do not bind self-peptide-MHC 

complex die by neglect; on the other hand, thymocytes expressing TCRs with low affinity for 

self-peptide-MHC complexes differentiate into CD4 or CD8 single positive (SP) thymocytes 

– this process is called positive selection and occurs in the thymus cortex. The TCR affinity 

for self-peptide-major histocompatibility complex (MHC) determines DP thymocytes fate: 

CD4+ T cells are MHC-II restricted, CD8+ T cells are MHC-I restricted (Singer et al., 2008; 

Xiong et al., 2012). Moreover, thymocytes holding TCRs with high-affinity for self-peptide-

MHC complexes are eliminated in a process termed negative selection. The expression of 

most of the self-antigens in the thymus is mediated by the transcription factor autoimmune 

regulator (AIRE): due to the action of AIRE, thymic epithelial cells are able to express tissue-

specific self-antigens that will be presented to test developing T cells(Anderson, 2002). After 

this process of selection, only cells whose TCR has a low affinity for self-peptide-MHC 

complexes are able to further differentiate (Klein et al., 2014) 

Figure 3. T cell development and CD4/CD8 lineage decision in the thymus. DN - double negative, 

DP - double positive; SP - single positive. 
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Subsequently, each SP population differentiates into specific subsets (Figure 4). CD4+ 

cells further differentiate into the regulatory and helper subsets; on the other hand, CD8+ 

cells generate cytotoxic cells. CD4+ cells can be further divided into T helper 1 (Th1), Th2, 

Th17 and Treg types, while CD8+ cells differentiate into effector cytotoxic (CTL) cells (Naito, 

2011). All these subsets are characterized by the production of different effector molecules 

and, consequently, they have distinct functions: Th1 cells produce IFN-γ and T-bet and are 

involved in the protective immune response against intracellular infections by virus and 

bacteria (Meyer, 2003); Th2 cells produce IL-4 and GATA-3 and are associated to the 

expulsion of extracellular pathogens (Murphy et al., 2002); Th17 cells produce IL-17 and 

RORγt and are also involved in the defense against extracellular pathogens (Ivanov et al., 

2006); These three subsets are also termed effector T cells; Treg cells express the Forkhead 

Box P3 (FoxP3) and are associated to immunosuppression (M A Gavin et al., 2007); last but 

not least, CTL cells produce perforin (Prf1), granzyme B (Gzmb) and IFN-γ and are 

responsible for the lysis of infected cells (Morishima et al., 2010).It should be noted, however, 

that the separation between the two lineages may not always be so linear and there are 

some reports that show, for example, the existence of cytotoxic CD4+ T cells (Marshall et al., 

2011; Mucida, 2013). 

 

1.4.1.2 Central and peripheral tolerance 

 
Soon after the expression of the T cell receptor at the cell surface of thymocytes, which 

is responsible for antigen recognition, T cell tolerance begins. The tolerance mechanisms 

that occur within the thymus are designated as “Central Tolerance”. Nevertheless, not all the 

Figure 4. T cells differentiation from a double negative precursor. The main molecular extracellular 

signals relevant for differentiation are represented. In blue are the principle molecules produced for each 

subset.  Adapted from “The regulatory network that controls the differentiation of T lymphocytes”,(Martínez-

Sosa, 2013). 
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antigens that need to be tolerated by T cells are presented to developing T cells in the thymus 

(for example food and microorganism antigens) and, therefore, central tolerance is not 

enough. To overcome this, there are additional tolerance mechanisms that act on 

lymphocytes that first encounter their cognate antigen outside the thymus and those are 

designated as “peripheral tolerance” (Xing et al., 2012). 

Central tolerance is responsible for the elimination of self-reactive T cells in the thymus 

and it includes the positive and negative selection processes previously mentioned. 

Therefore, this kind of tolerance assures that thymocytes with high-affinity TCR for self-

peptide-MHC complexes, which are dangerous to the health of the organism, are supervised 

and eliminated. Various mechanisms could occur to guarantee tolerance to self, including 

clonal deletion and clonal diversion. While clonal deletion eliminates self-reactive clones from 

the repertoire, clonal diversion imprints self-reactive clones with suppressive or regulatory 

function, namely Treg cells (Benoist et al., 2012) (Klein, 2014; Santori et al., 2002; Xing, 

2012).  

Although it is not directly related with the thymus, it is important to mention at this point 

the existence of other type of tolerance, denominated peripheral Tolerance. It is the process 

responsible for the identification and inhibition of T cells that react with self-antigens that are 

not expressed in the thymus. Mechanisms of peripheral tolerance include direct inactivation 

of effector T cells by either apoptosis, conversion to regulatory T cells or induction of anergy. 

Immature or tolerogenic DCs, which are a result of DCs incomplete maturation, are 

responsible for antigen (acquired from the peripheral tissues) presentation to antigen-specific 

T cells in the secondary lymphoid organs, but are not able to deliver adequate co-stimulatory 

signals that promote T cell activation and proliferation. If the T cell recognizes the antigen, it 

is either deleted (through Fas- and Bim- mediated apoptosis pathways) or converted into a 

Treg. T cell anergy is also related with the activity of tolerogenic DCs: T cells can be made 

non-responsive to antigens presented if the T cell engages an MHC molecule on an antigen-

presenting cell without engagement of costimulatory molecules. Co-stimulatory molecules 

are upregulated by cytokines in the context of acute inflammation. Without pro-inflammatory 

cytokines, co-stimulatory molecules will not be expressed on the surface of the antigen-

presenting cell, and so anergy will result if there is an MHC-TCR interaction between the T 

cell and the APC (Mueller, 2010; Xing, 2012). 

 

1.4.1.3 The special role of Treg cells in Immune Tolerance 

 
Regulatory T cells are the T cell subset dedicated to the suppression of immune 

responses to self-antigens and to the prevention of autoimmune diseases. They are also 

involved in controlling infection, inflammation, fetal-maternal tolerance and tumor immunity.  

Since the observation by Sakaguchi and colleagues, in 1995, that the adoptive transfer of 

CD25- T cells induced autoimmunity in recipient animals (Shimon Sakaguchi et al., 1995), 
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Treg cells started to be considered as an essential component of a self-tolerant immune 

system. Nowadays, it was shown that the disturbance of the development or function of Treg 

cells is associated with autoimmune and inflammatory diseases in mammals (Mills, 2004). 

However, in a cancer context, these cells are often present and they are thought to promote 

an immunossupressive microenvironment, allowing tumor progression. Therefore, in the last 

years, Treg cells have gone under intensive investigation due to their proposed role in 

suppressing tumor-specific immune responses and their consequent interference with 

immune treatments, such as immune checkpoint blockade, which has lately emerged as a 

very promising weapon against cancer development (Chaudhary et al., 2016; Sharma et al., 

2015a; Wing et al., 2009).  

   

Treg cells could be divided in two main subsets: thymic-derived Treg cells (tTreg cells) 

and peripheral Treg cells (pTreg cells). tTreg cells are autoreactive T cells selected in the 

thymus by high avidity interaction with self-antigens and are also termed natural Treg cells.  

On the other hand, peripheral Treg cells, also known as inducible Treg cells, are generated 

in the extra-thymic space, i.e, the periphery, when a non-self antigen is presented to a naïve 

CD4+ T cell (Lee et al., 2011). Both tTreg cells and pTreg cells are conventionally 

characterized by the expression of the transcription factor FoxP3 and the interleukin-2 (IL-2) 

receptor α chain, CD25 (Shimon Sakaguchi et al., 2008). Additionally, pTreg cells comprise 

two FoxP3- subsets: Tr1 and Th3 cells, which are known to be involved in oral tolerance 

(Weiner et al., 2011). tTreg cells and pTreg cells phenotypes are described in more detail in 

Table 1. 

 

Table 1. Molecular characterization and principal functions of Treg cells main subpopulations, 

tTreg cells and pTreg cells.  Adapted from (Dong et al., 2010) 

Treg 

Subpopulation 

Surface 

Markers 

Transcription 

factors 

Effector 

molecules 
Function 

tTreg cells 
αβTCR 

CD3 

CD4 

CD25 

CTLA4 

GITR 

PD-1 

FoxP3 

STAT5 

FoxO1 

FoxO3 

IL-10 

TGF-β 

IL-35 

Mediate immunosupression and 

tolerogenic responses through contact-

dependent and independent 

mechanisms. These cells are generated 

in the thymus 

pTreg cells 

FoxP3 

FoxO1 

FoxO3 

STAT5 

Smad2 

Smad3 

Smad4 

IL-10 

TGF-β 

 

Promote immunosuppression and 

tolerance by contact dependent and 

independent mechanisms. They are 

generated from naïve Tcells in the 

periphery. Usually, TGFβ and IL-2 are 

key factors for their differentiation. 
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Despite the variability of Treg cells surface markers, they are unable to distinguish 

between thymic-derived and peripherally-induced Treg cells. Moreover, some of these 

markers, such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and programmed 

cell death protein 1 (PD-1) are upregulated in activated CD4+ T cells (Lechner et al., 2001; 

McHugh, 2002; Jun Shimizu et al., 2002). In 2010, a study performed by Shevach and his 

group (Thornton et al., 2010) reported that the expression of Helios, an Ikaros transcription 

factor family member that is present in approximately 70% of FoxP3+ Treg cells distinguishes 

tTreg from pTreg cells, since most thymus-derived FoxP3+ cells expresse Helios. However, 

posterior studies postulated that the expression of this transcription factor is not enough to 

conclude about the origin of a given Treg cell but, instead, its expression is associated with 

recent T cell activation (Akimova et al., 2011; Gottschalk et al., 2012; Himmel et al., 2013). 

Therefore, many studies have been performed in order to identify a specific strategy to 

distinguish between tTreg cells and pTreg cells, which would allow a specific tracking of Treg 

cells from different origins in health and disease. Recently, Neuropilin-1 (Nrp-1) was also 

reported as a specific tTreg cells marker. In a recent study, the research group concluded 

that Treg cells generated in the periphery are uniformly Nrp-1lo, whereas Nrp-1hi Treg cells 

are always thymus-derived (Yadav et al., 2012). Thus, the expression of both Helios and 

Nrp-1 must be taken into account in order to distinguish between thymic-derived and 

peripherally-induced Treg cells.  

 

The suppressive activity of Treg cells is achieved by contact-dependent and -

independent mechanisms, such as the production of suppressive cytokines (TGF-β, IL-10 or 

IL-35) and the upregulation of immune checkpoint molecules expression. Activated Treg 

cells express in their surface molecules (for example, galectin-1) that interact with receptors 

on effector T cells and lead to cell cycle arrest. Additionally, Treg cells are able to disrupt the 

activity of effector T cells by IL-2 competitive consumption. Moreover, Treg cells inhibit the 

stimulatory capacity of DCs, promoting T cell exhaustion (Schmidt et al., 2012; Shevach, 

2009). 

 

 Therefore, in cancer, Treg cells may be associated with the development of an 

immunosupressive tumor microenvironment, allowing tumors to evade the immune system 

and grow (Elkord et al., 2010; Nishikawa et al., 2014).  

 Treg cells are recruited to the tumor microenvironment in response to tumor-derived 

signals and innate immune cells-produced chemokines. Among key chemokine-chemokine 

receptor pairs are CCL17/22-CCR4, CCL5-CCR5, CCL28-CCR10 and CXCL9/10/11-

CXCR3. Once in the tumor microenvironment, and in response to tumor derived factors such 

as TGF-β and IL-10, Treg cells can expand and proliferate (Elkord, 2010) . When compared 

to peripheral blood-isolated Treg cells, tumor infiltrating (TI) Treg cells show enhanced 
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suppressive activity, which can be explained by the exposure of Treg cells to tumor 

associated antigens (TAAs) in the tumor microenvironment, and consequent activation. 

TAAs are no more than self-derived antigens, which Treg cells recognize with higher affinity 

than effector T cells, explaining the preferential activation of Treg cells (Bu et al., 2016; 

Pedroza-Gonzalez et al., 2013; Schuler et al., 2012).  

 Once activated, TI Treg cells are able to upregulate immune checkpoint molecules, such 

as CTLA-4, T cells immunoglobulin and mucin-domain containing 3 (TIM-3/HAVCR2), 

lymphocyte activation genes (LAG-3), PD-1, inducible T cell costimulator (ICOS), 

glucocorticoid-induced TNFR family related gene (GITR) and T cell activation markers CD25 

and CD69, which are all molecules associated with an enhanced suppressive activity and, 

consequently, with the development of an immuno-supressive and pro-tumorigenic tumor 

microenvironment (Han et al., 2014; Kakita et al., 2012; Pedroza-Gonzalez, 2013; Schuler, 

2012; Sugiyama et al., 2013).  

 

 Studies performed in patients with ovarian cancer (Curiel, 2004; Leffers et al., 2009), 

pancreatic ductal adenocarcinoma (Jang et al., 2017; Jiang et al., 2014; Tang et al., 2014), 

lung cancer (Tao et al., 2012), glioblastoma (Tao, 2012), non-Hodgkin’s lymphoma (Tao, 

2012) and also melanoma (Miracco et al., 2007; Mougiakakos et al., 2010) showed that the 

presence of FoxP3+ Treg cells within tumor tissue was associated with worse prognosis to 

patient. 

However, in some types of cancer, namely colorectal cancer (Haas et al., 2009), gastric 

cancer (Haas, 2009) and head and neck cancers (Pretscher et al., 2009), which are 

considered “inflammation-prone” cancers (Pretscher, 2009), Treg cells are described as able 

to control tumor-promoting inflammation and thus, their presence is associated with good 

prognosis. Nevertheless, it is important to note that FoxP3 and CD25, the only Treg cells 

associated makers used the in the majority of clinical studies, are also upregulated in non-

supressive T cells during the inflammation process (Marc A Gavin et al., 2006; Tran et al., 

2007). Therefore, in these cases it is very important to confirm either functionally or by the 

utilization of other Treg cells markers which percentage of FoxP3+ CD25+ identified cells are 

in fact T regulatory cells. A recent studied showed that, to identify Treg cells in human 

samples by a flow cytometry assay (fluorescence activated cell sorting; FACS), a marker set 

containing antibodies against CD3, CD4, CD25, CD127, FoxP3, Ki67, and CD45RA and also 

a corresponding robust gating strategy must be used (Santegoets et al., 2015). 

 

Summarizing, it is established that Treg cells are implicated in the immunopathology of 

cancer and it is believed that their removal can boost the antitumor immunity with the 

potential to achieve therapeutic impact. However, despite some ongoing preclinical and 

clinical studies attempting to improve the immune response to cancer through modulation of 



THE ROLE OF IMMUNE TOLERANCE IN TUMOR ESCAPE TO IMMUNOSURVEILLANCE 

 

16 

Treg action (Yadav, 2012), the results have not been promising and the use of Treg cells-

targeting approaches for immunotherapy is not yet a reality. To improve this, a deeper 

understanding of the mechanisms that govern the recruitment and activity of TI Treg cells 

represents a burning necessity. 

1.5 - The colorectal cancer as model of study 

In the present work, colorectal cancer (CRC) will be used as a model to analyse the 

presence of immune cells infiltrate, both in the human and mouse backgrounds.  

CRC is the third most common cancer worldwide and it represents the fourth most common 

cancer cause of death globally (Brenner et al., 2014). The clinical symptoms differ widely, as 

some patients remain asymptomatic while others develop early signs such as hematochezia 

and anemia due to bleeding of the tumor-surrounding tissue. In general, the incidence of 

colon cancer increases with age and is rare before the age of 40, except in people with 

genetic predisposition or other predisposing conditions such as chronic inflammation of the 

bowel. In males, the incidence rate for colonic adenocarcinomas is higher than the one for 

females (Benson et al., 2014)  

 

Ten to 20% of CRCs have a clear genetic/hereditary component and 80-90% are 

sporadic tumors, the latter representing the interplay between genetic susceptibility and 

lifestyle factors (Brenner, 2014). In 1990, with the genetic model of Fearon and Vogelstein 

(Fearon et al., 1990), the pathways to CRC began to be unveiled. According to this model, 

the first steps for the development of CRC are the activation of oncogenes and the 

inactivation of tumor suppressor genes and mutations in at least four to five genes. The 

biologic characteristics of the tumor are determined by the overall accumulation of genetic 

alterations. Individuals who hold a germline mutation have a higher susceptibility for colon 

cancer than individuals who must acquire these mutations. Therefore, according to its 

genetic origin, colon cancer can be divided into 2 classes: polyposis colon cancer, which 

includes familial adenomatous polyposis (FAP), and nonpolyposis colon cancer (Brenner, 

2014). FAP is a hereditary disease with dominant inheritance that causes numerous colon 

polyps. The adenomatous polyposis coli (APC) gene was identified on chromosome 5q as 

one of the genes commonly deleted in some FAP patients. The inactivation of the APC gene 

triggers the initiation of adenoma formation, which is the first step to the progression to 

adenocarcinoma. The risk of CRC development in FAP patients is 100% (Kinzler et al., 

1996).  

 

The APC gene plays a key role in the Wnt signaling pathway. In a normal background, 

APC degrades cytoplasmic β-catenin by the formation of APC/Axin Glycogen synthase 
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kinase (GSK) complexes. β-catenin is phosphorylated by GSK-3B and subsequently 

degraded by the proteasome. In the absence of APC gene, β-catenin accumulates in the 

cytoplasm and is translocated to the nucleus, which leads to the activation of specific genes 

that stimulate cell proliferation and inhibit apoptosis (Gounari et al., 2005; Saltz, 2002; 

Schorey et al., 2008). However, it is important to refer that APC is not the only regulator of 

β-catenin (Kawasaki et al., 2003). Other commonly mutated genes that play a role in colon 

carcinogenesis are the oncogene RAS, the tumor suppressor gene TP53 and the candidate 

tumor suppressor gene DCC (deleted in colon cancer). 

Using mouse models, Gounari et al. (Gounari, 2005) demonstrated that APC deficiency 

causes a blockade at the DN4 stage of T cell development, leading to a further reduced 

thymic cellularity. These results support the idea that the loss of APC influences the 

development and maturation of T cells and, consequently, the deficient immune response 

when early and late neoplastic changes occur.  

 

Immune cells are mostly present in the tumor stroma at the periphery of the tumor and 

rarely invade cancer cell nests. It is supported by several studies that the immune system 

attacks the newly or pre-existing tumors and that a higher amount of CD8 T cell infiltration in 

CRC correlates with a better prognosis (Bindea et al., 2013; Galon, 2006; Nagorsen et al., 

2007; Takemoto et al., 2004). Moreover, infiltration of CD8+ T cells and macrophages at the 

invasive front of the tumor is usually related to anti-tumoral activity in CRC. Most of the T cell 

subpopulation markers (CD3, CD8, CD57, CD45RO and FoxP3) are highly expressed in 

normal tissues at early stage and then decrease with tumor progression (Diederichsen et al., 

2003). Other study shows that FoxP3+ Treg cells density in normal and tumor tissue is of 

stronger prognostic significance in colorectal cancer compared with CD8+ and CD45RO+ 

lymphocytes. Contrarily to what happens with several other solid cancer types, it was found 

that an improved survival is associated with a high density of tumor-infiltrating FoxP3+ Treg 

cells in colorectal cancer (Salama et al., 2009). 

 

However, although there is evidence of a better prognosis for patients with a higher 

number of infiltrating lymphocytes in CRC, the different types of immune cells, their density 

and their potential influence in CRC remains controversial.  In a recent work (De Simone et 

al., 2016), the authors isolated different CD4+ lymphocyte subsets from two different tumors, 

non-small-cell lung carcinoma (NSCLC) and CRC, from the adjacent normal tissues, and 

from peripheral blood samples and, in order to assess Treg cells function, they tested their 

suppressor activity by co-culturing carboxyfluorescein diacetate succinimidyl ester (CFSE)-

labeled CD4+naive T cells from healthy donors with an equal number of Treg cells for 

four days with a CD3-specific monoclonal antibody and CD1c+CD11c+ dendritic cells. 

Percentage of proliferating cells was assessed and they observed that Treg cells infiltrating 
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both types of tumor tissues had a remarkably stronger suppressive activity in vitro compared 

to Treg cells isolated from the adjacent normal tissue and peripheral blood of the same 

patients. 

 

Useful animal models of colon carcinogenesis are already developed. These models 

allow to study the mechanisms of pathogenesis, as well as to try to develop therapeutic and 

preventive measures. Analysis of mice with mutations in APC and other CRC development-

associated genes has revealed phenotypes comparable to human colon cancer and 

polyposis, yet not identical.  
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1.6 - Overview and Central Questions 

 
Nowadays, it is already well established that tumor cells take advantage of peripheral 

tolerance mechanisms to evade immunosurveillance (Vinay et al., 2015). What is not known 

is whether there is a central tolerance component to immunosurveillance evasion. This 

central question can be further divided in two separate, but complementary questions: Is 

there negative selection of cancer cell-reactive T lymphocytes in the thymus? Is there 

positive selection of thymic Treg cells that confer tolerance to tumor cells? 

Our hypothesis is supported by the fact that studies based on treatments with immune 

checkpoint inhibitors performed in melanoma and lung cancer patients show that only about 

20% of cancers suppress immune responses by activating immune checkpoints 

(Mcgranahan et al., 2016; Sharma et al., 2015b). Thus, other mechanisms of immune 

evasion must exist. Following this idea, we also know that Treg cells do infiltrate tumors and 

are associated with worse prognosis. It is also known that Treg cells do not share their TCR 

repertoire with effector T cells. Hence, peripheral Treg cells conversion occurs in a seldom 

way in cancer, and Treg cells present in tumors are mainly generated in the thymus. 

Additionally, it is also established that there is autoimmune regulator (AIRE)-dependent 

positive selection of Treg cells specific for normal antigens from the tissue where the tumor 

is growing (Chaudhary, 2016; Wing, 2009). Finally, we know that peripheral antigens may 

be transported to the thymus by immature DCs, leading to clonal deletion of self-reactive T 

cells (Bonasio et al., 2006) and possibly to positive selection of antigen-specific Treg cells.  

All these arguments led us to hypothesize that central tolerance plays a role in the 

establishment of an immune permissive context for cancer cells to escape the immune 

equilibrium phase and grow. Our prediction is that negative selection (clonal deletion) of 

tumor-reactive T lymphocytes occurs predominantly for hereditary and early onset 

(childhood) cancers. Positive selection of suppressor Treg cells, on the other hand, occurs 

mainly for late onset adult cancers. Moreover, it is hypothesized that the mechanism of 

central tolerance, clonal deletion or generation of suppressive cells is a function of the stage 

of development and involution of the thymus. 

Thus, in order to verify our hypothesis, in this work we aim to develop a subcutaneous tumor 

model in which we can assess the presence of Tregs and their origin. 
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1.7 - Therapeutic Impact  

 
Cancer immunotherapy, also known as biologic therapy, a type of treatment designed to 

boost the body's natural defenses to fight cancer, is now seen as a key addition to 

conventional therapies (Mahoney et al., 2015). Immunotherapeutic approaches include 

cancer vaccines (Ira Mellman, George Coukos, 2011; Yaddanapudi et al., 2013), oncolytic 

viruses (Kaufman et al., 2015), adoptive transfer of ex vivo activated T and natural killer cells 

(Hinrichs et al., 2015), and administration of antibodies or recombinant proteins that either 

costimulate cells or block immune checkpoint pathways (Haanen et al., 2015). The recent 

success of several immunotherapeutic strategies, such as monoclonal antibody blocking of 

CTLA-4, PD-1 and PD-1 ligand (PD-L1), has boosted the development of this treatment 

modality, with new therapeutic targets and schemes, which combine various immunological 

agents, now being studied and described (Sharma, 2015a). 

With this work, we aim to demonstrate that central tolerance to cancer can be 

established. If such assumption is proven, it will be possible to exploit its therapeutic potential 

to revert and overtake the actual tolerance mechanisms used by cancer cells to avoid the 

immune system. This may open a new avenue in the cancer immunotherapy field, as immune 

tolerance has yet not been addressed at all by currently available therapeutic.approaches.  
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Chapter 2 

Materials and Methods 

2.1 - Cell lines 

Throughout this work, two different tumor cell lines derived from the C57BL/6 mouse 

strain were used: B16F10, a melanoma-derived cell line and MC38, a colorectal 

adenocarcinoma-derived cell line.  Both cell lines were purchased to ATCC®, and were 

already available in the laboratory where this work was developed, either in culture or 

preserved in liquid nitrogen.  

2.2 - Cell Culture 

Tumor cell lines were grown in recommended complete medium: RPMI 1640 with L-

Glutamine medium [Biowest, Nuaillé, France] supplemented with 10% heat inactivated Fetal 

Bovine Serum (FBS) [Biowest, Nuaillé, France] and 1% Penicillin-Streptomycin [GIBCO®, 

Life Technologies, Carlsbad, CA, USA]; in the cell-culture room under conventional cell 

culture conditions, at 37ºC and in a humidified atmosphere containing 5% CO2. 

Cells were grown in adherent monolayer and, according to their confluence state, wasted 

medium was replaced, and when cultures reached approximately 80% of confluence, which 

meant they were healthy and able to adapt to the surrounding environment efficiently, 

subculture was performed. For this purpose, the medium was removed from the flask/well 

and cells were washed with Trypsin-EDTA solution (0.05% trypsin, 0.02% EDTA) [Sigma-

Aldrich®, St. Louis, MO, USA] and left in the incubator until cells were detached from the 

plate well/flask surface. Trypsin activity was blocked by FBS, present in the complete RPMI 

medium that was added to the cell suspension at this point. Cells were transferred to a tube 

and centrifuged for 5 minutes at 1200 rotations per minute (rpm) (Centrifuge 5810, rotator A-
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4-62, [Eppendorf, Germany]). After discarding the supernatant, cell pellet was resuspended 

in complete medium and seeded in new plate wells/flasks.  

All the cell lines used in the present work were tested for Mycoplasma spp. contamination 

by PCR using specific primers for 16S RNA of Mollicutes (forward primer, GPO1: 5’- ACT 

CCT ACG GGA GGC AGC AGT A – 3’ and reverse primer, MGSO: 5’- TGC ACC ATG TGT 

CAC TCT GTT AAC CTC – 3’ [IDT – Integrated DNA Technologies, Coralville, IA, USA]). 

2.3 - Animal handling and Care  

In vivo studies were performed using C57BL/6 mice. To study the immunodeficiency 

background, Rag2-/- IL2rg-/- mice were used. In this double knock-out mouse model, the 

recombination activating gene 2 (Rag2) interruption causes a deficiency in T and B cells 

and the Common gamma chain gene (IL2RG) interruption results in a lack of functional 

receptors for IL-2, IL-4, IL-7, IL-9 and IL-15. All mice used in this work were bred and 

maintained under specific pathogen-free conditions in appropriate polycarbonate cages, 

with commercial pellet based diets and water ad libitum, and kept on a 12-hour light/dark 

cycle in the animal facility of i3S. All studies were conducted in accordance with the Direção 

Geral de Alimentação e Veterinária (DGAV) guidelines for care and use of laboratory 

animals. 

Animals appearance, behavior and body weight were monitored every two to three days 

after the beginning of each experiment. 

In the case of subcutaneous tumor cells inoculations, mice were euthanized when tumor 

size reached 2000 mm3 or when the animal became moribund. Occasionally, some of the 

monitored tumors surpassed the maximum volume from a measurement to another. In these 

cases, the correspondent mice were euthanized as soon as possible.   

Euthanasia was performed by cervical dislocation, with previous anesthesia through volatile 

anesthetic (isoflurane [IsoVet®, B.Braun, Melsungen, Germany]) using an appropriate 

volatile isofluorane administration machine. In extraordinary situations, mice were 

euthanized in a carbon dioxide (CO2) chamber.  

Following necropsy, organs and/or subcutaneous tumors were collected and stored in 

sodium chloride (NaCl) 0,9% solution [B. Braun, Melsungen, Germany] if they were to be 

analyzed by flow cytometry analysis, or in 10% formalin [Bio-optica, Milan, Italy] for at least 

24 hours before inclusion in formalin-fixed paraffin-embedded (FFPE) blocks for posterior 

histological analysis. 

2.4 - Subcutaneous tumor model 

 The different aforementioned cell lines were inoculated in the animals’ subcutaneous 

tissue following anesthesia, as aforementioned, and hair was shaved in the right flank near 
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the interscapular area. The desired number of cells was then injected at the base of a fold of 

loose skin over the interscapular area. At the injection day, cultured cells were collected from 

tissue culture flasks, centrifuged, resuspended in NaCl 0.9%. Cellular viability was assessed 

through the addition of Trypan Blue dye [GIBCO®, Life Technologies, Carlsbad, CA, USA], 

which enters permeabilized cells, enabling the distinction of between live and dead cells. 

Viable cells were automatically counted by an automatic counter (TC20TM Automated Cell 

Counter - BioRad, Hercules, CA, USA). 

After tumor cells injection, tumor development was assessed, by measuring tumor size 

with a caliper every two to three days. Two perpendicular tumor dimensions were measured: 

the longitudinal diameter (length) and the greatest transverse diameter (width), as 

exemplified in Figure 5. Tumor volume was calculated by the modified ellipsoidal formula 

(Euhus et al., 1986; Jensen et al., 2008; Tomayko et al., 1989): 

 

𝑉𝑡𝑢𝑚𝑜𝑟 =  
1

2
 (𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ2) 

These volumes were used to determine the growth kinetics of each cell line-derived 

tumor, which were used to understand the behaviour of each cell line once into the host’s 

body.  When tumors reached a volume of 2000 mm3, animals were euthanized as previously 

described and tumors were fixed in formalin for posterior preparation of FFPE blocks. 

2.5 - Tumor cells lysates preparation  

George D. Snell showed in 1952 that animals challenged with 50 mg of damaged tumor 

or even normal tissue, developed a tolerization effect upon inoculation with the same kind of 

live tumor tissue, while doses of 0,05 mg of damaged tumor or normal tissue produced an 

Figure 5. Example of a subcutaneous tumor developed in a C57BL/6 mouse and graphical 

demonstration of tumors measurement using a caliper. (A) Subcutaneous tumors usually present a 

spherical or oval shape (B).The length and width were measured always by the same person and using a 

caliper. 
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immunization effect (Snell, 1952). To test this tolerization effect, and considering that for 

tumors of epithelial origin, it is estimated that 1 g of tissue contains around 1x108 cells (Del 

Monte, 2009), aliquots of 5x107 cells/mL (in NaCl 0.9%) were used to prepare tumor cells 

lysates. Tumor cells were then subjected to 5 freeze-thaw cycles of snap freezing in liquid 

nitrogen for 5 minutes followed by thawing at 37ºC for 5 minutes. Until later use, tumor cells 

lysates were stored at -80ºC.  

2.6 - Intraperitoneal inoculation of tumor cells lysates and 

subcutaneous injection of live cells 

Tumor cells lysates (100 µL, 5x107 cells/mL) were inoculated by intraperitoneal injection 

(Challenged group) following isoflurane anesthesia. For each group of mice inoculated with 

tumor cells lysates, a control group with the same number of animals injected with 100 µL of 

NaCl 0.9% (Control group) was used. Two weeks after challenge, animals from both groups 

were subcutaneously inoculated with live cells from the same cell line of origin as the cells 

lysates. 

2.7 - Subcutaneous tumors analysis 

2.7.1 – Immunohistochemistry 

 
To prepare samples for immunohistochemistry (IHC) analysis, each portion of the tumor 

was placed in a tissue processing/embedding cassette and immersed in 10% formalin for 

24h. After this period, cassettes  were  inserted  in  a  tissue  processor,  where  tissues  were 

immersed in a sequence of solutions as follows:  70% ethanol, 80% ethanol, 90% ethanol, 2 

consecutive rounds in 100% ethanol, 3 rounds in Clear  Rite  for  1 hour  each  and  2 rounds 

in Paraffin  for  1 hour  and  20  minutes  each.  Finally, tissues were embedded in paraffin 

wax for later analysis of histological sections. 

Tissue sections of 3 µm were obtained using a microtome (Micron HM 335E) and 

assembled in coated slides [Thermofisher Scientific, Waltham, MA, USA], which were then 

incubated overnight at 37ºC and stored at 4ºC until analysis.  

For mouse samples, immunohistochemistry was performed for CD3 (1 µg/mL, 

polyclonal) [Abcam, Cambridge, UK]. The standard protocol used was as follows: the tissue 

was deparaffinated through immersion of the slide in xylene solution [VWR, Radnor, PA, 

USA] (two rounds of 5 minutes), and subsequently hydrated with ethanol (5 minutes in 100% 

ethanol and two rounds of 5 minutes in 70% ethanol solutions) followed by incubation for 5 

minutes in running water. Samples were then subjected to antigen retrieval by putting the 

slides in antigen unmasking solution (EDTA based Buffer [Vector Labs, Burlingame, CA, 

USA] and H2O type II, 1:100) and into a water vaporizer machine at approximately 99ºC for 
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35 minutes. Afterwards, slides were left at room temperature (RT) for 20 minutes to cool 

down and then washed twice in 0,1% PBS-Tween solution (PBS-T) (PBS [Fisher Scientific, 

Hampton, New Hampshire, EUA], Tween 20 [Sigma-Aldrich®, St. Louis, MO, USA]) for 5 

minutes, with gentle agitation. The next step was the inactivation of tissue endogenous 

peroxidase by incubation of the slides for 15 minutes in a 3% hydrogen peroxide in methanol 

solution (H2O2 [Sigma-Aldrich®, St. Louis, MO, USA]; CH3OH [VWR, Radnor, PA, USA] 

and washed in PBS-T twice as previously mentioned. Tissue sections were delimited using 

a hydrophobic pen [Vector Labs, Burlingame, CA, USA] and incubated with Ultravision 

Protein-block solution [Thermofisher Scientific, Waltham, MA, USA], using enough volume 

to cover the tissue section, for 15 minutes at RT. Slides were then incubated with the primary 

antibody (diluted in ready to use Antibody diluent OP Quanto [Thermofisher Scientific, 

Waltham, MA, USA] in a humidified chamber overnight at 4ºC. For each sample a negative 

control was performed, in which, instead of adding primary antibody, PBS was used. The 

next day, slides were washed in PBS-T twice for 5 minutes, with gentle agitation to remove 

the excess of primary antibody. Afterwards, REAL EnVision detection system kit [Dako, 

Glostrup, Denmark] was used for signal detection. The kit includes a universal secondary 

antibody that was added to the tissue followed by an incubation of 30 minutes at RT in the 

humidified chamber. A new wash with PBS-T was performed as described above. While the 

primary antibody is raised against an antigen of interest, the secondary antibody is raised 

against immunoglobulins of the primary antibody species. The secondary antibody was 

based on an HRP (horseradish peroxidase) labelled polymer, which is conjugated to the 

secondary antibody. The reaction produced by the formation of this complex is visualized by 

Dako REAL™ Diaminobenzidine (DAB) positive chromogen, which produces a brown 

staining at the site of reaction. Slides were incubated with DAB until a brown color first 

became visible on the sections and for a maximum of one minute. The reaction was stopped 

by washing slides in running water for 5 minutes. The counterstain (to stain the nucleus) was 

performed by incubating the slides in hematoxylin [Merck, Darmstadt, Germany] for one 

minute, followed by a washing in running water for 5 minutes. Slides were then dehydrated 

with ethanol (5 minutes in 100% ethanol and two rounds of 5 minutes in 70% ethanol 

solutions) followed by incubation in xylene solution (two rounds of 5 minutes), Finally, slides 

were mounted with DPX mounting medium [Sigma-Aldrich®, St. Louis, MO, USA] between 

the slide (25 x 75 x 1.0 mm) [Thermofisher Scientific, Waltham, MA, USA] and the coverslip 

(24 x 50 x 0.15 mm) [Normax, Marinha Grande, Portugal]. Slides were then analyzed under 

the optical microscope. 

 

Immunohistochemistry analysis of human samples was performed in Hospital de São 

João, Porto, using an automated IHC slide staining system, BenchMark ULTRA [Ventana, 

Roche, Basel, Switzerland] according to the manufacturer’s instructions. The protocols used 
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for each antibody are briefly described in Table 2. Anti-CD3, anti-CD4, anti-CD8 and anti-

CD68 were purchased from Roche [Roche, Basel, Switzerland], anti-CD57 was purchased 

from Abcam and anti-FoxP3 was purchased from Novus Biologicals [Novus Biologicals, 

Colorado, EUA]. 

 

Table 2. Alterations performed for each antibody for the BenchMark ULTRA manufacturer’s protocol.  

 

*CC1: Cell conditioning 1 pre-diluted solution used as a pre-treatment step in the processing of tissue 

samples for immunohistochemistry (IHC) reactions carried out on VENTANA BenchMark 

** Pre-diluted antibody solutions 

*** Pre-diluted solution ready-to-use in order to diminish background staining. 

 

2.7.2 - Flow cytometry  

 
Organ disruption and cell suspension preparation: All the organs to be analyzed by 

flow cytometry were collected in the animal facility and immediately immersed in FACS Buffer 

(PBS 2% FBS). 

 

Spleen and Thymus: The spleen and thymus of each animal were manually 

mechanically disrupted using a syringe plunger to force the tissue against the 70 µm cell 

strainer [Corning®, Sigma-Aldrich®, St. Louis, MO, USA]. The samples were centrifuged at 

1700 rpm for 10 minutes at 4ºC (Centrifuge 5810R, S-4-104 Rotor, [Eppendorf, Germany]). 

In the case of spleen, incubation in Red Blood Cell Lysis Buffer (0.83% Ammonium chloride 

(NH4Cl), 0.1% Potassium bicarbonate (KHCO3) in distillate water, pH 7.2) was performed, 

followed by a new round of centrifugation. Cells from both samples were resuspended in 1 

mL of FACS buffer and passed through a new cell strainer into a new tube. Viable cells were 

counted using Trypan Blue exclusion assay, as mentioned previously, and in a Neubauer 

chamber.  

 

Tumors: Subcutaneous tumors were cut into small pieces and incubated in collagenase 

solution (RPMI, 10% FBS, 2% MgCl2 0,5M, 2% CaCl2 0,5M, 100 U/mL Collagenase IV 

Antibody Clonality Time CC1* Incubation Exposition to primary Ab Time of option solutions*** 

Anti-CD3 
Monoclonal 40 minutes 20 minutes (0.4 µg/mL)** Not applicable 

Anti-CD4 
Monoclonal 40 minutes 32 minutes (2.5 μg/mL)** 4 minutes 

Anti-CD8 
Monoclonal 24 minutes 20 minutes (0.35 μg/mL)** 4 minutes 

Anti-CD57 
Monoclonal 40 minutes 28 minutes (0.67  μg/mL ) 8 minutes 

Anti-CD68 
Monoclonal 16 minutes 16 minutes (0.4 μg/mL)** 8 minutes 

Anti-FoxP3 
Polyclonal 40 minutes 40 minutes (3.3 μg/mL) 4 minutes 
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(Collagenase IV from clostridium [Sigma-Aldrich®, St. Louis, MO, USA])) at 37ºC for 30 

minutes with 400 rpm of agitation (VWR® Thermal Shake Touch, with 1.5mL Block). To 

facilitate the action of collagenase, a ratio of 1:3 for tumor tissue: collagenase solution 

volume was used. Fragments were then passed through a syringe with no needle every 10 

minutes to facilitate the cells to loosen. The sample was then centrifuged, resuspended in 

FACS buffer and passed through a cell strainer to a new tube. Another centrifugation was 

performed in the same conditions as mentioned and cells were resuspended in FACS buffer 

and counted using Trypan Blue exclusion assay in a Newbauer Chamber. The sample was 

enriched for hematopoietic cells by positive selection of CD45+ cells using magnetic-

activated cell sorting (MACS) CD45 MicroBeads (MACS, ©Miltenyi Biotec, Germany) and 

autoMACS separation columns according to the manufacturer’s instructions. Briefly, CD45+ 

cells were magnetically labelled with CD45 MicroBeads and the cell suspension was loaded 

onto a MACS column placed in the magnetic field of the MACS separator. The magnetically 

labeled CD45+ T cells were retained in the column while the unlabeled cells run through. The 

column was then removed from the magnetic field and the retained CD45+ were eluted as 

the positively selected fraction. These cells were then resuspended in MACS Buffer (PBS, 

0.5% FBS, 0.4% EDTA 0,5M) and following a dilution in Trypan Blue dye, cells were counted 

in a Newbauer Chamber.  

 

Flow cytometry analysis: Cell suspensions from spleen, thymus and tumors were 

stained with anti-CD3 (FITC), 1.25 µg/mL, monoclonal; anti-CD4 (PerCP), 0.2 µg/mL, 

monoclonal; anti-CD25 (PE-Cy7), 0.4 µg/mL, monoclonal; anti-CD44 (PE), 0.2 µg/mL, 

monoclonal, and anti-CD45.2 (APC-Cy7), 0.2 µg/mL, monoclonal, all from eBioscienceTM. 

After incubation with these antibodies, cells were transferred to round-bottom 5 mL tubes 

with filter caps (35 μm) [FALCON®, Corning Science, Tamaulipas, México] and analysed in 

the BD FACS Aria II™ cytometer [BD Biosciences, San Jose, CA, USA]. Data was previously 

analyzed using FlowJo (V10) software [FlowJo® LLC, Ashland, OR, USA] and applying the 

gating strategies described in Figure 6. 

Light that is scattered in the forward direction after interacting with a particle is known as 

the forward scatter (FSC) channel, while light measured at a 90o angle to the excitation line 

is called side scatter (SSC). The FSC measurement can give an estimation of a particle's 

size and the SSC can provide information about the relative complexity. Both FSC and SSC 

are unique for every particle and the combination of these two channels was used to 

differentiate the mononuclear cells (MNCs), which include lymphocytes, in the whole 

population of cells.  A forward scatter height (FSC-H) versus forward scatter area (FSC-

A) density plot was then used to exclude doublets. Finally, among single cells, T cells 

were selected based on the expression of CD3 and CD45.2 and, within T cells, the 
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percentage of Treg and T effector cells was determined based on the expression of CD4 and 

CD25 molecules.  

To determine the amount of activated CD8 T cells, an indirect strategy was used since 

the appropriate antibody to detect the CD8 molecule was not available in our lab. Therefore, 

activated CD8 T cell population was identified as the CD44+CD4- population within T cells. To 

simplify, for flow cytometry results, these CD44+CD4- T cells will be mentioned as CD8 T cells. 

 

2.8 – Statistical analysis 

Statistical analysis of the results was performed using GraphPad Prism Software (version 

6).  

In all the experiments regarding subcutaneous tumors measurements, the Kolmogorov-

Smirnov test was used to analyse the differences between groups, applying a 95% 

confidence interval. Samples with p values under 0.05 were considered significant.  

In the case of the experiments with human samples, the frequencies, standard deviation 

and distribution of positive lymphocytes per patient group was done using the Mann–

Whitney–Wilcoxon, applying the same parameters mentioned before. 
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Figure 6. Gating Strategy used for flow cytometry analysis of cells suspensions from spleen (A), thymus (B) and 

subcutaneous tumors (C) of Challenged and Control groups. 
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Chapter 3 

 

Results and discussion 

3.1 – Challenge experiment with B16F10 cell line 

In the first part of this work, a subcutaneous tumor model was developed in order to 

understand if a tolerization effect is generated when animals are challenged with tumor cells 

lysates before inoculation with syngeneic tumor cells, as described by Snell in the beginning 

of the XX century (Snell, 1952). In this way, comparing challenged with non-challenged 

animals will enable the study of the immunological mechanisms underlying the differences 

between both groups and to determine if cancer cells take advantage of central tolerance 

mechanisms to escape the immune system. To achieve this purpose, C57BL/6 mice were 

injected intraperitoneally with tumor cells lysates derived from a syngeneic tumor cell line 

and, two weeks later, were inoculated with live cells from the same origin. The tolerization 

effect was assessed by determination of the subcutaneous tumor growth kinetics, as well as 

through immunohistochemistry and flow cytometry analysis. 

 

3.1.1 - Determination of tumor growth kinetics  

 
The first step of this work was the determination of the growth kinetics of the tumor cell 

line in study. Through this method we were expecting to understand the behavior of cultured 

tumor cells in a more physiologically relevant environment, the mouse’s subcutaneous 

tissue, and to set the appropriate time window for each in vivo experiment. 

B16F10, the first tumor cell line used, is a C57BL/6-derived melanoma cell line which 

presents low levels of MHC-I and it is characterized by poor immunogenicity and high 

aggressiveness (Mitrus et al., 2012). Therefore, it is widely used as a model for murine tumor 

immunotherapy studies. Herein, two different groups of C57BL/6 male mice aged between 
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1 month and half and 3 months were subcutaneously injected with different amounts of tumor 

cells, 1x105 or 1x106 cells/mouse. 

Tumor size was measured every two days after inoculation, and these measurements 

were used to calculate tumor volumes, as described in the materials and methods section. 

For each measurement, the mean value of tumor volumes from animals at the same 

experimental conditions was represented in the tumor growth kinetics curve depicted in 

Figure 7. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

As it is possible to observe in Figure 7, the kinetics of B16F10 tumors growth was very 

similar for both cell number conditions, and there was no statistical difference between the 

two curves. In both cases, tumors became visible around day 10 after inoculation and 

reached volumes between 1500 and 2000 mm3 at day 20. Tumor incidence was of 100% for 

both conditions.  

It was expected that a higher number of cells would result in larger tumors and/or faster 

tumor growth rates. However, this assumption should not be taken for granted, since it is not 

restricted to cell number. In fact, it depends on numerous factors related to the injected cells 

(viability, confluence state and cell passage at harvesting day, for example) and to the host 

organism (age, which is directly correlated with the immune system development state, as 

previously stated as a factor that may influence tumor development).  

Regarding the obtained results, it was decided to use 1x105 cells for subcutaneous 

injections performed from this point onwards, once this amount proved enough to cause 

tumor development. Moreover, this number is reported as the most appropriate dose for 

Figure 7. Comparison of the B16F10 cell line-derived tumor growth kinetic using two different 

doses of tumor cells. Two different amounts of cells, 1x105 and 1x106, were injected per mouse. Days p.i 

= Days post injection. 1x106 - day 0 to 16: n=4, day 16: n=3, day 21: n=2; 1x105 – day 0 to 14: n=4, day 17: 

n=3, day 19: n=2, day 21: n=1. p=0.9883=ns. 
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subcutaneous injections of melanoma cells since it is 1.5 to 2 times higher than the minimal 

tumorigenic dose in normal C57BL/6 mice (Overwijk et al., 2001). 

 

 

3.1.2 - Analysis of subcutaneous tumor development after challenge  

 
Tumor cells lysates are frequently used as a source of tumor antigens and herein, they 

were intraperitonealy injected to challenge immunocompetent C57BL/6 mice, based on the 

observations made by George D. Snell and his group (Snell, 1952). A schematic 

representation of this experiment, which will be termed Challenge experiment from now on, 

can be observed in Figure 8.  

 

Therefore, since the growth kinetics of the B16F10 cell line was already determined, as 

well as the appropriate number of cells to inoculate, a group of 5 weeks-old male mice was 

challenged by intraperitoneal injection of B16F10 cells lysates and posterior subcutaneous 

injection of tumor cells. 

 

 

Figure 8. Schematic representation of the Challenge experiment. Two groups of 5 weeks-old mice  

were used:  Challenge group - intraperitoneal injection of 5x106 lysed tumor cells followed by subcutaneous 

injection of 1x105 tumor live cells; Control group - intraperitoneal injection of NaCl 0.9%, followed by  

subcutaneous injection of 1x105 live tumor  cells. Days p.i = days post subcutaneous injection of tumor live 

cells.  
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Subcutaneous tumors were measured every two to three days after injection of live cells 

(day 0) to monitor tumor growth. 

 

As displayed in Figure 9 A, we observed no tolerization effect, since the difference 

between Challenge and Control groups was not statistically significant. However, and since 

a very small group of animals was used, the tumor growth for each animal (Figure 9 B) was 

also analyzed. It was possible to observe a homogeneous tumor growth pattern for 

challenged mice. This is similar to the one observed in 40% of mice from the Control group. 

Among the remaining 60%, there are 40% of mice that died earlier and developed faster-

growing tumors than the animals of the Challenge group, which lead to a lower level of 

representation of this group in the construction of the mean growth kinetics curve, which 

justifies the sudden decline in this curve. The remaining 20% (one animal) only started to 

develop a tumor in a very late stage of the experiment. Therefore, although we could not 

confirm that the previous administration of tumor cells lysates could cause a tolerization 

effect in tumor growth, the single animal that showed a partial immunization effect was one 

not challenged with tumor antigen. 

 

 

 

 

 

Figure 9.  Comparison of the B16F10-derived subcutaneous tumor growth between Challenge and 

Control groups. Days p.i = days post injection. A: Mean values of tumor volumes for each group; Challenge 

group - day 0 to 20: n=5, day 22: n=4, day 25: n=2; Control group - day 0 to 18: n=5, day 20 to 22: n=3, day 

25: n=1; p=0.9251=ns; B: Tumor growth monitoring for each of the 5 mice from both challenge and control 

groups. 

B A 
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3.1.3 – Analysis of T cell content in tumors and spleen 

 
We hypothesize that the principle behind Snell´s statements is that a suppressive 

regulatory response to the antigens present in tumor cells lysates could be triggered upon 

inoculation of live tumor cells in the same mouse, resulting in a tolerization effect. In principle, 

that immunological response could be assessed by evaluating tumor-infiltrating lymphocytes 

through immunohistochemistry analysis (Denkert et al., 2010; Zukerberg et al., 1990). 

Moreover, we measured the number of lymphocytes in the spleen.  

Immunohistochemistry using an antibody that binds CD3, which is a co-receptor bound 

to the membrane of all mature and developing T cells, was performed in cross-sections of 

the subcutaneous tumors in order to detect T cells in the tumor tissue. However, after several 

attempts, we realized that the presence of a large number of dead cells due to inherent tumor 

necrosis and the texture and morphology of this tissue make subcutaneous tumors, at least 

the ones of big dimensions, not suitable for immunohistochemistry assays. Therefore, it was 

not possible to assess the immune infiltrate in this type of tumors. 

On the other hand, it is known that spleen is a functionally diverse organ with an active 

role in immunosurveillance. Among the main functions of the spleen are the production of 

antibodies for the immune system and the removal of abnormal blood cells. In some cases, 

the spleen can enlarge by performing its normal functions in response to medical conditions, 

such as cancer (Lilly, 1968; N. Sato et al., 1981; Woodruff et al., 1962). Herein, the 

macroscopic analysis of the spleen showed that none of the analyzed animals presented 

spleens of abnormal size. Nevertheless, CD3 expression in tissue sections from organ was 

assessed. As observed in Figure 10, the number of lymphocytes was analogous in both 

cases and positively stained cells are similarly distributed in Challenge and Control groups. 

As it was expected according to the literature, T cells were mainly located in the white pulp 

of the spleen (Mebius et al., 2005).  
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Figure 10. Evaluation of CD3 expression in cross-sections of the spleen through 

immunohistochemistry analysis. A – Spleen of a healthy mouse – positive control for CD3: CD3 is a 

membrane marker and CD3+ cells are described to mainly localize in the white pulp of the spleen (1 and 2). 3: 

negative control for CD3 (PBS instead of the primary antibody). Scale bar goes from 0 to 5 (top line) and from 0 

to 1mm (bottom line). B&C – Spleen of a mouse from Challenge group. C is a 10X amplification from B. Scale 

bar goes from 0 to 5 mm and to 1mm, respectively; D&E – Spleen of a mouse from Control group. D is a 10X 

amplification of C. Scale bar goes from 0 to 5mm and to 600 µm, respectively. 
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2. 3. 

1. 



THE ROLE OF IMMUNE TOLERANCE IN TUMOR ESCAPE TO IMMUNOSURVEILLANCE 

 

38 

Moving to the central question of this work, the evaluation of tumor-infiltrating Treg cells 

would be essential to understand if tumor cells can take advantage of central tolerance 

mechanisms to escape immunosurveillance. In immunohistochemistry, the identification of 

Treg cells could have been performed using a primary antibody for FoxP3, which is a specific 

nuclear marker of Treg cells, as reviewed in the introductory chapter. Unfortunately, in 

addition to the inability of performing immunohistochemistry in tumor tissue and despite 

numerous optimization attempts (many alterations were tested in a few parameters of the 

standard protocol for immunohistochemistry - antigen retrieval conditions and buffers, 

primary antibody dilution and time of incubation, secondary antibody dilution and respective 

conjugation, washing solutions and cycles of washing - and three different FoxP3 antibodies 

were tested for each of those alterations), until the end of this work, it was not possible to 

perform immunohistochemistry for FoxP3 and, consequently, to analyze the presence of 

Treg cells in the tissues of study. 

Despite not being possible to confirm that a tolerization effect is produced with the first 

observations of this work, one should not ignore the discrepancies between tumor growth in 

the animals from Challenge and Control groups. Moreover, in the same work where Snell 

showed the effect of tolerization, he also observed that lowest amounts of the same kind of 

challenging material could lead to an immunization effect when inoculated prior to the 

subcutaneous injection of live cells. This immunization effect will delay or, in case of the work 

presented by Snell, even avoid tumor development, which seems to relate better to what 

was observed in our study. Thus, it was decided to repeat the experiment using an alternative 

and more immunogenic tumor cell line to increase the chance of obtaining significant 

differences between Challenge and Control groups. To overcome the immunohistochemistry 

difficulties, flow cytometry was used for the analysis of T cell populations. Although this 

technique does not provide any information about tissue morphology, it should be very 

precise in evaluating the proportions of T cells and T cells subsets in the tumor and other 

organs of interest. 
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3.2 - Challenge Experiment with MC38 cell line  

 

3.2.1 - Determination of tumor growth kinetics  

 
MC38 is a colorectal adenocarcinoma-derived cell line from the C57BL/6 strain 

background. Contrarily to B16F10, this cell line presents intermediate MHC-I expression and 

it is characterized for being more tumorigenic (Hiroishi et al., 2000; Pajtasz-Piasecka et al., 

2004).   

Our group has shown that both B16F10 and MC38 tumor cell lines present distinct 

subpopulations with different expression patterns of MHC-I, immunomodulatory molecules 

PD-L1 and galectin-9, and apoptotic signals Fas-ligand (FasL) and TNF-related apoptosis-

inducing ligand (TRAIL) (unpublished data). We hypothesize that the presence of these 

subpopulations might be directly related to the ability of a tumor to develop distinct 

mechanisms to escape immunosurveillance. Moreover, when these cell lines were injected 

in immunocompetent and immunodeficient (Rag2-/- IL2rg-/-) mice, significant differences were 

observed for the MC38 cell line comparing both immunological settings. MC38-derived 

tumors present a growth rate significantly higher in immunodeficient when compared to 

immunocompetent mice, which may indicate a higher immunogenicity of this cell line 

compared to the one previously used. Therefore, we decided to use this colorectal carcinoma 

cell line to repeat the same experiments performed with the B16F10 melanoma cell line. 

For the determination of the growth kinetics of the MC38 cell line, the same amounts of 

cells were used to subcutaneously inoculate two groups of 6 to 7 weeks-old C57BL/6 male 

mice. The same procedure described previously for the melanoma cell line was performed, 

and the growth kinetics curves presented in Figure 11 were constructed.  

 

 

 

 

 

 

 

 

 
 

Figure 11. Comparison of the tumor growth after subcutaneous injection of two different 

amounts of MC38 cells.  Two different groups of mice were inoculated with 1x105 or 1x106 cells per 

mouse. Days p.i = Days post injection. 1x106 - n=4 for each measurement; 1x105 – day 0 to 21: n=4, day 

24: n=3, day 26: n=2; p=0.9251=ns. 
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Similarly, to what happened with B16F10 cells, tumor growth kinetics was very similar for 

both conditions. In general, tumors became visible around day 10 after inoculation but they 

were smaller when compared to B16F10-derived tumors, which was expected according to 

the results obtained in the experiments with immunocompetent and immunodeficient mice. 

For both amounts of MC38 cells, tumor incidence was 100%. Therefore, as for melanoma, 

we decided to use 1x105 cells to induce subcutaneous tumors.  

 

3.2.2- Analysis of tumor development after challenge  

 
Once again, two groups of male mice (7 weeks-old by challenge day) were challenged 

with MC38 cells lysates and inoculated with 1x105 MC38 cells two weeks later. The results 

obtained in this experiment are described in Figure 12. 

 

We observed that the use of a more immunogenic cell line also did not produce a 

tolerization effect. However, in Figure 12 B, where individual tumor growths are represented, 

we observe that tumor growth of the control group did not fit in the growth kinetics previously 

obtained (Figure 11). In general, tumors grew slower and they were significantly smaller 

than those obtained in the previous experiments. Moreover, from the 5 animals in Control 

group, only two developed subcutaneous tumors, which goes against what was observed in 

the previous growth kinetics performed for this work and other projects from our lab, where 

tumor incidence was always of 100%. Cells viability at harvesting day could have caused 

such difference since the confluence state and the passage of the subcutaneously injected 

cells could influence their ability to grow in vivo. Although the confluence state of these cells 

Figure 12. MC38-derived tumor growth comparison between Challenge and Control groups. Days 

p.i = days post injection. A: Mean and standard deviation of tumor volumes for Challenge and Control 

groups. B: tumor volumes for each mouse of both groups.   

B A 
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was very similar to the one used in the growth kinetics experiment, the number of passages 

was superior this time, which may have conditioned cells viability.  

Therefore, animals that developed tumors were euthanized taking into account the time 

points set in accordance with the time window defined by the growth kinetics curve. Tumors, 

spleens and thymi were collected and analyzed by immunohistochemistry and flow 

cytometry. The experiment will be repeated taking into consideration all the previously 

described possible errors performed during this first attempt. The cell culture and harvesting 

conditions will be optimized, and cells with a small number of passages, but enough to 

guarantee their stability will be used.  

 

3.2.3 – Analysis of T cell content in tumor, spleen and thymus 

 
All recovered tissues were processed for flow cytometry analysis, while, in the case of 

spleen and thymus, samples were also processed for immunohistochemistry. The thymus 

was collected in respect to our hypothesis stating that tumor cells might be able to trigger 

activation of thymic Treg cells, in order to develop central tumor tolerance and escape the 

immune system. As is known, aging affects thymus development (Palmer, 2013) and leads 

to the involution of the organ. Thus, we evaluated not only T cell infiltration in the tumor, but 

also the thymic lymphocyte content in groups of mice with different ages.  

CD3 expression was analyzed by immunohistochemistry in the spleen and thymus from 

Challenge and Control group animals (Figure 13). 

 

Similarly, to what was observed for B16F10 cells, the distribution and amount of T cells 

in the spleen of animals from Challenge and Control groups were very similar: T cells are 

mostly distributed in the white pulp of the spleen and show membrane specific staining. In 

the thymus it was visible a higher amount of T cells in the medullary area, as expected and 

reviewed in the introduction chapter, and a subtler frequency of CD3-positive cells in the 

cortex, such as DP thymocytes that have not yet encountered MHC molecules, or committed 

DP T cells that will become SP T cells in the medullary compartment. However, these 

observations were similar for both Challenge and Control thymi. 
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Figure 13. Evaluation of CD3 expression in the spleen and thymus of animals from Challenge and 

Control groups. Challenged animals were inoculated with MC38 live cells two weeks after the injection of 

cells lysates derived from the same cell line. Cross-sections of the spleen (A, B, E and F) and thymus (C, 

D, G and H) of challenged (A, B, C and D) and non–challenged (E, F, G and H) mice. All the images from 

the right column are 10x magnifications of their pair in the left column. Scale bar goes from 0 to 5 mm (left 

column) and to 1mm (right column). 
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By flow cytometry analysis, we observed a similar frequency of T cells and T cell subsets 

(namely Treg cells and CD4 effector T cells) in the thymi and spleens from both groups 

(Figure 14), which corroborates the immunohistochemistry results. 

This may indicate that challenging mice with tumor cells lysates, or, at least, with this 

dose of lysates, prior to tumor induction does not influence the production of T cells in the 

spleen and thymus of challenged animals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Evaluation of T cells subsets into the spleen, thymus and tumors from Challenge and 

Control groups animals. Results from flow cytometry analysis performed for cell suspensions of Spleen 

(A – top line; B) and Thymus (A – bottom line; C). A: The amount of T cells was determined using the gating 

strategy previously described and the represented values are the % of T cells within Single Cells (see 

chapter 2, section 2.7.2, figure 6). B: % of T cells, Tregs, Effector T cells and CD8 T cells within Single 

Cells of the spleen of mice from Control (grey) and Challenge (blue) groups. C: % of T cells, Tregs, Effector 

T cells and CD8 T cells within Single Cells of the Thymus of mice from Control and Challenge groups. 

 

A 
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However, in the case of subcutaneous tumors, a difference of more than 5% in the 

amount of T cells was observed between tumors from Challenge and Control mice, as tumors 

isolated from challenged mice presented a higher percentage of T cells in comparison to 

non-challenged animals (Figure 15). However, the proportion of Treg and effector T cells 

between both groups was very similar, with only a small increase in Treg cells for the 

Challenge group compared to the control one, which does not justify the big difference 

between T cells from both groups. In turn, this may be explained, at least in part, by the 

significantly higher proportion of CD8 T cells in the Challenge group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CD8 T cells have a well-established role in tumor immunosurveillance and their presence 

in tumors is associated with a better prognosis for cancer patients. Many studies suggest 

that the these cells are a key factor for the overall survival in patients with CRC, as well as 

other solid cancers (Clark, 1991; Nakano et al., 2001; E. Sato et al., 2005; Sharma et al., 

2007). When naïve CD8 T cells encounter antigens for which they are specific, a prototypical 

and tri-phasic response is triggered. Briefly, the first step consists in the expansion of 

antigen-specific cells and concurrent acquisition of peripheral tissue-homing capabilities, 

effector cytokine release, and cytolytic activity. After this action phase, antigen-specific 

effector T cells are eliminated and a persistent population of antigen-experienced cells that 

represent immunologic memory is formed (Klebanoff et al., 2006).  

Therefore, although not visible from tumor growth kinetics, the challenge with tumor cells 

lysates may be provoking an effect in the immune surveillance against the subcutaneous 

Figure 15. Graphical comparison of tumor-infiltrating T cells subsets between Challenge and 

Control groups. Percentage of T cells and T cells subsets, Treg cells, effector T cells and CD8 T cells, 

within the Single Cells of subcutaneous tumors cells suspensions derived from challenged (blue) and non-

challenged animals (grey). 
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tumor, by triggering cytotoxic T cells activation and recruitment to the tumor site. If so, the 

dose of tumor cells lysates used herein may not be causing a tolerization effect, as Snell 

suggested, but, instead, an immunization effect, which could be more adjusted to what was 

observed in the previously described experiments.  

Different amounts of tumor cells lysates must be used in order to surpass this problem. 

The obtained results suggest that a bigger amount of this kind of material should be tested 

in order to obtain a tolerization effect. Other possibility is to increase the number of tumor 

cells lysates administrations. Moreover, alternative ways to prepare material that acts as a 

source of strange antigens, such as cell irradiation, which has been widely used (Dranoff et 

al., 1993; Gong et al., 1998), could be tested.  

Thus, regarding the results obtained in this second attempt, it was neither possible to 

prove nor to deny the hypothesis postulated by George D. Snell. However, there are few 

observations suggesting that, instead of a tolerization effect, the developed tumor model 

could be able to mimic, when optimized, an immunization effect.  
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3.3 - Assessment of T cell infiltrate in neoplastic CRC lesions  

 
 Although subcutaneous tumors have long been essential for tumor immunology 

research, they display several characteristics that limit their applicability to human disease 

studies. Particularly, the injection of tumor cells does not fully mimic spontaneous emergence 

of tumors, for example, regarding the microenvironment, which is essential in the 

development of spontaneous tumors (Kim et al., 2011; Whiteside, 2008), there is information 

that proves that it both influences and is influenced by the tumor itself. Vascularization is 

another problem that we can cite from this kind of model.  

 

Therefore, to circumvent this, we focused on the study of the immune infiltrate in human 

samples of early and late stage sporadic and hereditary neoplastic lesions. The cases were 

selected from the files of the Department of Pathology of Hospital de São João, and 

encompassed neoplastic lesions developed in FAP patients diagnosed between 2000 and 

2012 and neoplastic lesions from sporadic CRC patients, diagnosed in the year 2016. The 

tissue sections from each case were reviewed together with a pathologist to select the areas 

of normal tissue, low-grade dysplasia, high-grade dysplasia and adenocarcinoma for the 

appropriate counting of immune cells after  immunohistochemistry analysis for CD3, CD4, 

CD8, CD57 (NK cells marker (Lopez-vergès et al., 2010; Nielsen et al., 2013)), CD68 

(macrophages marker (Barros et al., 2013; Holness et al., 1993)) and FoxP3 molecules. 

 

This preliminary work showed, in general, that the number of infiltrating lymphocytes 

varies widely between lesions of different stages. All 6 types of immune cells were present 

in the stroma of normal mucosa, as well as in lesions of all grades. Generally, CD3+ cells 

were the most frequent population, followed by CD4+, CD8+, CD68+, FoxP3+ and, finally, 

CD57+ as the less frequent immune cells. Moreover, the frequency of CD68+ cells (Figure 

16 A&B) and FoxP3+ lymphocytes were significantly higher in the sporadic patients group 

than in the FAP patients group (Figure 16 C&D and Figure 17). 

In the framework of CRC, FoxP3+ cells have an interesting function. In the microbiota of 

the colon many gastrointestinal bacteria may promote a pro-inflammatory and pro-

angiogenic response that may help the development of tumor cells. Treg cells, which are 

responsible for acting as immune suppressors to avoid autoimmunity and self-tissue 

destruction, also act as anti-inflammatory cells in the gastrointestinal tract, which may 

counteract the tumorigenic effects generated in the colon (Grivennikov et al., 2011). There 

are some works reporting that a high density of tumor-infiltrating FoxP3+ cells in CRC patients 

is associated with improved survival, which contrasts with several other solid cancer types 

(Adams et al., 2000; Salama, 2009; Suh et al., 2015). 
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The difference in Treg cells infiltration between FAP and sporadic cases is in accordance 

to what was expected regarding the hypothesis that central tolerance plays a role in the 

establishment of an immune permissive context for cancer cells to escape the immune 

equilibrium phase and grow: we hypothesized that negative selection (clonal deletion) of 

tumor-reactive T lymphocytes may occur predominantly for hereditary and early onset 

(childhood) cancers and positive selection of suppressor Treg cells, on the other hand, must 

occur mainly for late onset adult cancers. In fact, the results obtained in this pilot work 

showed that it is possible to find Treg cells in sporadic tumors, independently of the lesion 

degree, while these cells are absent, or in very low amounts, in hereditary neoplasia (Figure 

17). These observations are in line with the hypothesis raised in this work, and they support 

the idea that Treg cells may be key players in the development of a potential central tolerance 

component to escape the immune system. 

 

 

Figure 16. CD68 and FoxP3 expression in the stroma of sporadic lesions and hereditary colon 

neoplasias. A& B: Comparison of the density of CD68+ cells in the stroma of low-grade dysplasia in 

sporadic (A) and FAP cases (B), 400x. C&D: Comparison of the density of FoxP3+ stroma cells in sporadic 

(C) and FAP adenocarcinoma (D), 400x. 
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Figure 17. Distribution of the absolute number of FoxP3+ cells per mm2 of tissue section, for each 

grade of the lesion in patients with FAP or sporadic tumors.  Boxplots were constructed using 

GraphPad Prism Software (version 6). Statistical results indicated that the difference between the groups 

are significant (p<0,05) for all the cases: A – p=0.011; B – p=0.013; C – p=0.019 and D – p=0.034.  
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Chapter 4 

Conclusion  

In the present study, a set of experiments was performed in order to understand if tumor 

cells are able to take advantage of central tolerance, as they do with peripheral tolerance, to 

escape immunosurveillance. An attempt to develop a subcutaneous tumor model to study 

the effects of immune tolerance in tumor development was carried out. Additionally, human 

samples of CRC were also studied and their immune infiltrate analyzed. 

 

However, at the end of the experimental work, we were not able to say yet if there is or 

not a central tolerance component to immunoescape. The results obtained in our in vivo 

experiments did not allow the observation of conclusive tolerization or immunization effects. 

Nevertheless, new experiments are being planned with the MC38 cell line, which proved to 

be more immunogenic than B16F10. We hope that by optimizing the challenge conditions, 

we will be able to induce both immunization and tolerization to MC38 cells, depending on the 

amount/doses of inoculated cells lysates. As explained in the future perspectives section, we 

will also combine the assessment of tumor infiltrating T cells with the analysis of the thymus 

in its different stages of development, hence creating the experimental scenario to answer 

the central question of this project. 

Additionally, the results obtained with the human samples showed that the response of 

the immune system to developing tumors is distinct in sporadic or hereditary backgrounds. 

Tumor infiltrating Tregs seem to constitute an important difference between these lesions, 

and assessing the origin of these T cells could lead to important conclusions about tolerance 

development. 

 

In any case, this work represents a valuable preliminary study that settled ground for 

future work. 
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Chapter 5  

Future Perspectives 

At the end of this work it is important to look back at the experimental plan designed 

in the beginning of this project (Figure 18). As it is possible to realize from the scheme, all 

the experiments realized until now represent only the beginning of an extensive project that 

includes several time points, in which groups of animals with different ages must be 

submitted to the same kind of experiments realized so far.   

 Until now, only 1-month-old mice were used in our experiments and many optimizations 

have been made. Even so, we did not obtain conclusive results so far, which means that 

other adjustments and alterations must be performed in the future before moving on to 

animals with different ages. However, we expect that by the time all the methodology is 

optimized, all the time points prevised in our model may be tested in a relatively short period 

Figure 18. Work plan designed in the beginning of the present work. In blue is the time point that 

was studied in the first attempts. At the other four time points, at least, the same experiments performed until 

now must be repeated in order to understand the role of thymus in tumor development and immune system 

escape.  
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of time – since for each group of animals we need about 6 weeks from the day the lysates 

are injected until the day we collect the organs for analysis, and considering that we can run 

experiments in parallel as long as there are animals available of the required ages, we only 

need few months to assess all the time points.  

 Therefore, looking back to the results we obtained so far, there are a few parameters to 

considerer in the next attempt. The number of cells to use for lysates preparation must be 

revised and other quantities and ways to produce them must be tested. Moreover, we can 

also test the response to a non-syngeneic cell line, in an attempt to boost the immune system 

response. This will also allow us to better understand the capacity of the immune system to 

combat foreign material that is subcutaneously inoculated.  

 Additionally, it will be important to optimize the immunohistochemistry method for tumor 

sample analysis, since this technique gives us very important information about tissue 

morphology that is lost when we only analyze tumors by flow cytometry. We plan on 

examining tumors with smaller dimensions, in order to avoid the inherent necrosis, and also 

to use different reagents that allow us to distinguish stained immune cells among tumor cells. 

It is also urgent to test a functional anti-FoxP3 antibody for immunohistochemistry analysis 

in mouse tissue because only this way we will be able to assess the distribution of Treg cells 

in the tissues of study. 

 Another important issue is to assess the origin of those Treg cells. It will be important to 

know if they were or not specifically generated throughout tumor-associated antigen 

presentation. Some experiments were performed using in vitro co-cultures of tumor-

infiltrating Treg cells with activated lymphocytes, in order to study the suppressive activity of 

those Treg cells against tumor-specific effector T cells (De Simone, 2016). It will be 

interesting to test a similar approach in our project to assess the presence of newly generated 

and tumor-specific Treg cells. Once again, the thymus development stage must be taken 

into account and if we perform this kind of experiment, it should also be executed for all the 

time points depicted in the work plan.  

 

 In respect to the spontaneous model of CRC studied in this work, interesting preliminary 

results were obtained from the analysis performed in human samples. This project will also 

be continued and more cases of FAP and sporadic patients will be analyzed in order to obtain 

statistically significant results. However, the results obtained so far already show that the 

expression of FoxP3 differs between hereditary and sporadic tumors, which supports the 

idea that tumors with different onset backgrounds develop different ways to circumvent the 

immunosurveillance and escape, and that Treg cells may be key players in those escape 

mechanisms. Therefore, a deeper study of the role of Treg cells in cancer development in 

these different backgrounds is required. For this purpose, and in addition to the analysis of 
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samples from CRC patients, we plan on studying the in vivo development of tumors in mouse 

models of sporadic and hereditary CRC cancer. 

 

 We can go even further and study the applicability of this work for the development of 

new therapies. There are some experiments that will be interesting to perform in order to 

assess the therapeutic potential of this project. One possibility would be to target Treg cells-

expressed proteins as potential therapeutic strategies in models where positive selection of 

Treg cells occurs; anti-CTLA-4, for instance, would be an interesting option. Evaluating the 

predictive potential of Treg cells for response to immunotherapy is another example of the 

clinical potential that may be associated with Treg cells. Finally, in negative selection models, 

where tumor responsive immune cells are eliminated, it would be interesting to evaluate the 

therapeutic potential of immunization strategies based on the activation of specific immune 

cell clones. 
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