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Resumo 

 

O sistema imunitário pode ser definido como um conjunto de mecanismos de 

defesa, envolvendo interações complexas entre diferentes populações de células, que 

visam a proteção da integridade do organismo. A sua homeostasia é conseguida através 

de mecanismos de regulação destinados a manter um número constante de células. Um 

novo mecanismo é proposto, no qual a homeostasia do número de linfócitos poderá ser 

igualmente conseguida através da sua capacidade em detectar a densidade das suas 

próprias populações. Tal mecanismo seria reminiscente dos sistemas de quorum-sensing 

primordiais utilizados por bactérias, através dos quais a detecção da acumulação de 

metabolitos bacterianos secretados por outros elementos da população, lhes permite 

"contar" o número de células presentes e adaptar o seu crescimento em conformidade. 

Propomos que a homeostasia das células T CD4+ poderá ocorrer por intermédio de um 

mecanismo do tipo quorum-sensing, no qual a produção de IL-2, levada a cabo pelas 

células T CD4+ ativadas (pIL-2), é monitorizada por uma subpopulação de células T CD4+ 

reguladoras (Treg), caracterizadas pela expressão da cadeia α de alta afinidade do 

receptor para IL-2 (IL-2Rα), capazes de restringir de forma reciproca o crescimento das 

células pIL-2. A fim de explorar o mecanismo de quorum-sensing proposto, a regulação 

da população de células pIL-2 foi investigada, utilizando diferentes modelos de ratinho 

repórter para IL-2. Estes modelos permitiram mostrar que na ausência de produção de IL-

2 ou de células Treg, o numero de células pIL-2 encontra-se aumentado. Foi ainda 

possível mostrar que a administração de IL-2 resulta na diminuição do número de células 

pIL-2, anulando a sua capacidade de produzir IL-2 após estimulação in vivo, e ao mesmo 

tempo aumentando o número de células Treg. Estes resultados experimentais favorecem 

a presença de um mecanismo de quorum-sensing de relevância extrema para a 

manutenção da homeostasia das células T CD4+, orquestrado pela produção de IL-2 e 

pelas células Treg. Além disso, a possível existência de um mecanismo de quorum-

sensing incorpora também um mecanismo de retro-controle da ativação das células T, 

permitindo o desenvolvimento de respostas imunitárias, uma vez que provavelmente 

desempenha um papel crucial na fase de contração das células CD4+ T. Resultados 

preliminares enfatizando a possível existência de um mecanismo de quorum-sensing no 

âmbito da regulação de respostas imunes encontram-se aqui compilados. Um modelo 

matemático, que descreve o papel da IL-2 e do mecanismo de quorum-sensing na 

homeostasia dos linfócitos T CD4+ no decorrer de uma resposta imunitária, é igualmente 

apresentado. 
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Postulamos que um mau funcionamento deste mecanismo de quorum-sensing – 

pela incapacidade de detecção de IL-2 por parte das células T CD4+ devido a defeitos ao 

nível da expressão do receptor para IL-2 (IL-2R), na produção ou nas vias de sinalização 

de IL-2 – poderá conduzir à ativação descontrolada das células T e a um cenário de 

hiperplasia linfóide e autoimunidade letal. 

Em conclusão, o modelo de quorum-sensing fornece uma nova abordagem 

mecanicista que impactará na nossa atual compreensão de doenças autoimunes e na 

nossa forma de pensar acerca da homeostasia das populações linfócitarias. 
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Abstract 

 

The immune system can be defined as a collection of defense mechanisms, 

involving complex interactions between different cell populations, working together to 

protect the integrity of the organism. Its homeostasis is achieved by regulatory 

mechanisms aiming to keep a constant number of cells. Here we propose a new 

mechanism: homeostasis of lymphocyte numbers could also be achieved by the ability of 

lymphocytes to perceive the density of their own populations. Such a mechanism would 

be reminiscent of the primordial quorum-sensing systems used by bacteria, in which they 

sense the accumulation of bacterial metabolites secreted by other elements of the 

population, allowing them to “count” the number of cells present and adapt their growth 

accordingly. We propose that homeostasis of CD4+ T cell numbers may occur via a 

quorum-sensing mechanism, where IL-2 production by activated CD4+ T cells is 

monitored by a sub-population of CD4+ Treg cells, expressing the high-affinity IL-2Rα-

chain, which reciprocally restrains the growth of activated IL-2-producing (IL-2p) CD4+ T 

cells. In order to explore the proposed quorum-sensing mechanism we investigated the 

regulation of the size of IL-2-p CD4+ T cells using different IL-2-reporter mice. We found 

that in the absence of either IL-2 or Treg cells the number of IL-2p cells increases. 

Administration of IL-2 decreases the number of cells of the IL-2p cellular subset and 

pertinently, abrogates their ability to produce IL-2 upon in vivo cognate stimulation, while 

boosting Treg cell numbers. These experimental findings support the presence of a 

quorum-sensing mechanism, orchestrated by IL-2 and Treg cells, crucial for the 

maintenance of CD4+ T cells homeostasis. Additionally, the quorum-sensing hypothesis 

embodies a feedback mechanism to control T cell activation while allowing immune 

responses to occur, since it likely plays a part in the contraction phase of CD4+ T cell 

responses. Some preliminary experimental findings emphasizing the quorum-sensing 

hypothesis in the context of the regulation of immune responses are compiled. A 

mathematical model describing the role of IL-2 and quorum-sensing mechanism in CD4+ T 

cell homeostasis during an immune response is presented. 

We also hypothesize that malfunction of this quorum-sensing mechanism – by the 

inability of CD4+ T cells to detect IL-2 due to defects of IL-2R expression, IL-2 signaling or 

IL-2 production – may lead to uncontrolled T cell activation, lymphoid hyperplasia and 

lethal autoimmunity scenario.  

In conclusion, the quorum-sensing model provides new mechanistic insights 

impacting in our understanding of autoimmune diseases and will create a new way of 

thinking about the homeostasis of lymphocyte populations. 
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Résumé 

 

Le système immunitaire peut être défini comme un ensemble de mécanismes de 

défense, impliquant des interactions complexes entre différentes populations cellulaires 

qui agissent de concert pour protéger l’intégrité de l’organisme. Différents mécanismes de 

régulation contrôlent l’homéostasie du système immunitaire afin de maintenir constant le 

nombre de cellules. Nous proposons un nouveau modèle dans lequel l’homéostasie des 

lymphocytes peut être assurée grâce à la capacité des lymphocytes à percevoir leur 

propre densité. Ce type de mécanisme est à rapprocher des systèmes primordiaux de 

quorum-sensing utilisés par les bactéries. En effet, les bactéries peuvent percevoir 

l’accumulation de métabolites microbiens secrétés au sein de leur population, leur 

permettant de dénombrer les cellules présentes et d’adapter leur croissance en 

conséquent. Nous formulons l’hypothèse selon laquelle l’homéostasie du nombre de 

cellules T CD4+ dépendrait d’un mécanisme de quorum-sensing. Dans ce modèle, la 

production d’IL2 par les lymphocytes T CD4+ est suivie et contrôlée par une sous-

population de cellules T régulatrices (T reg) CD4+ exprimant le récepteur de haute affinité 

pour l’IL2 (IL2rα), laquelle est capable de restreindre la croissance des lymphocytes T 

CD4+ activés producteurs d’IL2 (IL2p).  

Afin d’explorer le mécanisme de quorum-sensing proposé, nous avons étudié la 

régulation de la taille de la population des cellules IL2p dans différents modèles murins 

rapporteurs l’expression d’IL2. Nous avons montré qu’en absence de Treg ou d’IL2, le 

nombre de cellules IL2p augmente. De plus, l’administration d’IL2 conduit à une 

diminution du nombre de cellules au sein de la fraction IL2p, et inhibe leur capacité de 

production d’IL2 après une stimulation in vivo tout en augmentant le nombre de Treg. Ces 

données expérimentales confirment l’existence d’un mécanisme de quorum-sensing, 

orchestré par l’IL2 et les Treg, crucial dans le maintien de l’homéostasie des lymphocytes 

T CD4+. Notre hypothèse de quorum-sensing est en adéquation avec l’existence d’un 

mécanisme de rétrocontrôle de l’activation des cellules T au cours de la réponse 

immunitaire, en particulier pendant les phases de contraction des réponses T CD4+. Des 

données préliminaires confortent l’existence d’un quorum-sensing dans un contexte de 

régulation de la réponse immunitaire. Un modèle mathématique décrivant le rôle de l’IL2 

et du mécanisme de quorum-sensing dans l’homéostasie des cellules T CD4+ au cours de 

la réponse immunitaire est également présenté. 

Nous pensons qu’une dérégulation des mécanismes de quorum-sensing, due à 

l’incapacité des lymphocytes T CD4+ à détecter l’IL2 (en l’absence du récepteur, de la 
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signalisation ou de la production d’IL2), peut conduire à une activation non contrôlée des 

cellules T, à l’apparition de lymphomes ou de maladies auto-immunes. 

Pour conclure, notre modèle de quorum-sensing apporte de nouvelles approches 

mécanistiques pouvant permettre une meilleure compréhension des maladies auto-

immunes et de repenser l’homéostasie des populations lymphocytaires. 
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“Wise men learn much from fools… there are many ‘fools’ in science. 

Dear reader, please be wise.” 

Antonio Freitas in Tractus Immuno-Logicus (2009) 
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Chapter I: General introduction 

1. Homeostasis: the immune system point-of-view 

 

Human beings are the result of thousands of years of evolution in a constant 

attempt to adapt to their surrounding environment. Our inherent complexity is a 

consequence of the selection of several working mechanisms, like the maintenance of 

nutrient levels or temperature (Bernard, 1865), that, due to their efficiency, tend to be 

positively selected and passed on along the evolution. The efficiency of these 

mechanisms relies on their capacity to maintain a state of equilibrium or homeostasis 

(Cannon, 1932). The immune system (IS), a collection of defense mechanisms working 

together to protect the integrity of the organism, is no exception. Its homeostasis is 

achieved by regulatory mechanisms aiming to keep a constant number of cells. This 

dynamic homeostatic control does not retain the system in a static equilibrium. On the 

contrary, it confers the system the capacity to sense and compensate kinetic changes 

experienced overtime allowing the development of immune responses and preventing an 

uncontrolled lymphocyte accumulation, which will lead to a scenario of disease and 

ultimately death. The ability to be reset at a new equilibrium allows the IS to overcome its 

previous malfunctions, a characteristic worth to be investigated since it provides a strong 

potential therapeutic strategy. 

 

1.1. Lymphocytes: the main players 

 

The success of the IS in playing its protective role relies on the capacity to develop 

an immune response. Two types of responses should be accounted for: innate and 

adaptive. The innate immunity, inherited from invertebrates, is based on the recognition of 

highly conserved constituents of many microorganisms by myeloid cells bearing pattern 

recognition receptors. The recently acquired and more specific adaptive immunity, 

exclusive of vertebrates, features the generation of cells with specific receptors, 

responsible for the recognition and subsequent elimination of foreign antigens, the 

formation of immunologic memory and the development of tolerance to self-antigens. This 

population of cells, known as lymphocytes, is composed of: bone marrow (BM)-derived B 

cells, mainly, mediators of humoral immunity and thymus-derived T cells, displaying 

effector, helper or regulatory functions. To better understand the particular case of IL-2p 

CD4+ T cells, the object of this thesis, the following descriptions will be focused on T cells 

based on our current knowledge. 
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2. T cell lymphopoiesis 

2.1. Thymus colonization events 

 

The use of mouse models has critically contributed to our current understanding of 

lymphocyte development. Thymectomy studies performed in mice, for example, pointed 

out the crucial role of the thymus in the generation of the majority of T cells (Parrott and 

Sousa, 1971). Additionally, the lack of mature T cells in mutant nude mice, in which the 

thymic epithelium fails to differentiate, demonstrated the need of the thymic 

microenvironment support for the development of a normal T cell repertoire. 

Haematopoietic precursors arising from the BM migrate to the thymus as committed 

lymphoid progenitors (LP). The LP give rise to the T and B cell lineages (Wu et al., 1991), 

dendritic cells (DCs) (Ardavin) and natural killer (NK) cells (Kondo et al., 1997), depending 

on the action of distinct transcription factors (e.g. Pax-5 or GATA-3) (Nutt et al., 1999); 

(Ting et al., 1996), transmembrane ligands or receptors (e.g. Notch and its ligands) (Pui et 

al., 1999); (Radtke et al., 1999) and on cytokine signaling (e.g. IL7 or IL15) (DiSanto et al., 

1995); (Peschon et al., 1994). 

 

2.2. Rising of T cells: a zoom on CD4+ T cells 

 

Upon migration through different thymic microenvironments, enriched in cytokines, 

chemokines, stromal cells’ products and cell ligand-receptor interactions (Luckheeram et 

al., 2012), T cell precursors will undergo successive developmental stages marked by 

changes in the expression of cell surface receptors, until the generation of functional T 

cells. Thus, early committed T cells lacking expression of T-cell receptor (TCR), CD4 and 

CD8 coined double-negative (DN) thymocytes, will go through distinct differentiation 

stages according to the expression of the adhesion molecule CD44 and the α-chain of the 

interleukin 2 (IL-2) receptor CD25 (DN1: CD44+CD25-; DN2: CD44+CD25+; DN3: CD44-

CD25+; and DN4: CD44-CD25-) (Godfrey and Zlotnik, 1993). During these transition 

stages of maturation, developmental changes will be mostly related with TCR expression 

and the assembly of the CD3 signaling apparatus. While the majority of these immature 

cells will express the αβ chains of the TCR, only a minority will become γδ. Random 

rearrangement of V (variable), D (diversity) and J (joining) genes encoding for the αβ 

chains – V(D)J recombination process –  together with additional enzymatic modifications 

(e.g. Terminal deoxynucleotidyl transferase –TdT (Alt and Baltimore, 1982)) will endow 

diversity at the level of the antigen-recognition site of the TCR (Luckheeram et al., 2012). 

The enzymes responsible for these rearrangements are encoded by recombination 
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activating genes – RAG 1 and 2 – and mice lacking these enzymes are deficient for T 

(and B) cells (Mombaerts et al., 1992); (Shinkai et al., 1992). In turn, the CD3 T-cell co-

receptor, mediator of T cell activation signals, is composed of five subunits: γ, δ, ε, ζ, η 

(Luckheeram et al., 2012) and CD3ε-deficient mice lack αβ T cells (Malissen et al., 1995). 

At DN4 stage, cells that successfully express a TCR, which is composed of a pre-TCRα 

chain and a rearranged β-chain, will substantially proliferate and transit to a double 

positive (DP) stage (Germain, 2002). DP thymocytes will express a newly rearranged TCR 

α-chain, which yields a complete αβ-TCR+CD4+CD8+ (Germain, 2002), the CD3 complex 

and are acutely sensitive to TCR stimulation (Stritesky et al., 2012). These cells will then 

undergo thymic selection. 

 

2.3. T cell checkpoints: positive and negative selection 

 

The interaction with cortical epithelial cells (cTECs), medullary epithelial cells 

(mTECs) and DCs through the expression of high density of major histocompatibility 

complex (MHC) molecules associated with self-peptides, will mediate the fate of DP 

thymocytes (Luckheeram et al., 2012). MHC-class-I molecules are mainly responsible for 

the presentation of peptides derived from intracytosolic antigens, whereas MHC-class-II 

molecules present peptides derived from antigens captured in vesicles. The following 

selection process of T cells based on their TCR specificity is the primary mechanism 

leading to immunologic tolerance to self-antigens. Tolerance can be defined as the 

capacity to avoid the mounting of immune responses to self-antigens and the consequent 

development of autoimmune diseases, without affecting the response to foreign ones. 

Overall most agree that, upon interaction with self-peptide–MHC complex, failure 

to receive the appropriate TCR signal results in “death by neglect” and strong signaling 

triggers clonal deletion (or negative selection) by induction of apoptosis (Stritesky et al., 

2012). The intermediate level of TCR signaling positively selects cells promoting their 

effective maturation (Germain, 2002). The lineage decision process terminates when cells 

loose their developmental plasticity by the downregulation of one of the coreceptors (CD4 

or CD8) to become the alternative lineage (Taniuchi, 2009). Positively selected 

thymocytes expressing TCRs that bind self-peptide–MHC-class-I complexes become 

single positive (SP) CD8+ T cells, whereas those expressing TCRs that bind self-peptide–

MHC-class-II ligands become SP CD4+ T cells (Germain, 2002). Phenotypically, SP 

thymocytes have been shown to undergo changes in the expression of other cell-surface 

markers like CD24 (HSA), CD62L, Qa-2, CD69 and the activation marker CD45RB (Lucas 

et al., 1994), and in chemokine receptors like CCR7 or CCR9 (Campbell et al., 1999); 
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(Norment et al., 2000); (Wurbel et al., 2000). The combine action of positive and negative 

selections produces a mature T cell repertoire, that is both MHC restricted and thought to 

be mostly non-self reactive, shown to proliferate before export to the peripheral lymphoid 

organs (Ernst et al., 1995); (Penit and Vasseur, 1997). Nevertheless, since these thymic 

checkpoints are not perfect, therefore unable to exclude all autoreactive T cells, some 

manage to escape and can be found in the periphery (Sakaguchi, 2000); (Seddon et al., 

2000); (Shevach, 2000). Since normal organisms do not develop autoimmune diseases, it 

is imperative the existence of other mechanisms to ensure peripheral tolerance. 

Peripheral autoreactive T cells may be rendered anergic or deleted upon encounter with 

self-antigen or they may fail to be activated due to lack of co-stimulation from antigen-

presenting cells (APC). More importantly, these cells are kept in check by a small subset 

of CD4+ T cells known as regulatory T cells, the ultimate peripheral surveillance patrol. 

 

3. Regulatory T cells: an unfinished novel 

 

Regulatory T (Treg) cells have been spicing up controversy among scientists over 

more than 20 years. Nowadays, it is hypothesized that within the mature thymic SP CD4+ 

T cell pool this small subset of cells bearing an enhanced self-reactivity compared with 

conventional T cells, escape deletion and is actually positively selected based on their 

higher avidity to self-antigens, (Hsieh et al., 2012); (Stritesky et al., 2012); (Klein and 

Jovanovic, 2012). Thus, upon migration to the peripheral organs, these cells have the 

ability to down-regulate uncontrolled activation and proliferation of autoreactive T cells, 

playing a central role in the establishment of self-tolerance and control of autoimmune 

diseases. To better understand the purpose of this thesis, a quick pick on what is known 

about Tregs seems worthwhile. 

 

3.1. The discovery 

 

 The idea of a subset of T cells exhibiting a suppressor activity was born with the 

report that neonatal thymectomy (between days 2 and 4 after birth) of different mouse 

lines led to the development of autoimmune diseases, e.g. oophoritis (Nishizuka and 

Sakakura, 1969), thyroiditis (Kojima et al., 1976), gastritis (Kojima et al., 1980) and 

orchitis (Taguchi and Nishizuka, 1981). This autoimmunity would not develop if 

thymectomy was performed at later time points (day 7) (Nishizuka and Sakakura, 1969) 

and could be eradicated upon adoptive transfer of T cells, especially CD4+ T cells, 

originate from healthy syngenic mice (Kojima et al., 1976); (Taguchi and Nishizuka, 1981). 
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Furthermore, thymectomised adult rats followed by several exposures to sublethal X-

irradiation also developed thyroiditis that could be abrogated upon reconstitution with 

normal T cells (Penhale et al., 1973); (Penhale et al., 1976). These reports suggested the 

existence of a thymic-derived population of CD4+ T cells, generated between days 2 and 4 

after birth, that was capable of suppressing the spontaneous autoimmunity phenomena 

caused by the presence of autoreactive T cells. Spontaneous models of autoimmune 

disease also confirmed the existence of CD4+ T cells with a suppressive function: in non-

obese diabetic (NOD) mice and Bio-Breeding (BB) rats, which spontaneously develop 

type 1 diabetes mellitus (T1D), inoculation of CD4+ T cells from histocompatible normal 

animals prevented T1D. Additionally, co-transfer of normal CD4+ T cells with diabetogenic 

T cells effectively prevented the disease in T cell–deficient recipients (Greiner et al., 

1987); (Boitard et al., 1989). The strategy of examine whether direct removal of a putative 

cell population with autoimmune-inhibitory activity can break self-tolerance leading to 

autoimmunity and whether reconstitution of the removed population would have the 

inverse effect, allowed the identification of more specific cell markers. Hence, this 

population was reported has a fraction of peripheral CD4+ CD5+ (Lyt-1+) T cells 

(Sakaguchi et al., 1982), since splenocytes of normal BALB/c mice depleted of this cell 

population would cause multiple-organ autoimmunity (oophoritis, thyroiditis, gastritis and 

orchitis) in recipient lymphopenic nude mice and co-transfer with the CD4+CD5+ T cells 

prevented disease development (Sakaguchi et al., 1985). The list of surface markers for 

these suppressor cells was enriched by the use of another autoimmunity model, the 

Severe Combined Immunodeficiency (SCID) mouse. In these mice, colitis induced by the 

transfer of CD4+CD45RBhigh T cells was abolished upon co-transfer of CD4+CD45RBlow T 

cells (Morrissey et al., 1993); (Powrie et al., 1993), including CD45RB as a marker to 

define the suppressor T cell population, besides its already known distinct expression in 

naïve (CD4+CD45RBhigh) and primed T cells (CD4+CD45RBlow); (Lee et al., 1990). A major 

advance came with the following identification of the IL-2-Rα (CD25) expression, defining 

this subpopulation with regulatory properties as 10% of the peripheral CD4+ T cell pool 

(Sakaguchi et al., 1995). Transfer of CD4+ T cells depleted of the CD25+ subpopulation 

induced autoimmune disease when in nude mice and reconstitution of this population 

prevented the autoimmune manifestations in a dose-dependent manner (Sakaguchi et al., 

1995). The same population defined as CD4+CD45RBlowCD25+ was found to inhibit 

Inflammatory Bowel Disease (IBD) in the colitis mouse model (Maloy and Powrie, 2001). 

Importantly, the CD4+CD25+ regulatory population was also identified in humans 

(Dieckmann et al., 2001); (Jonuleit et al., 2001); (Levings et al., 2001); (Shevach, 2001); 

(Stephens et al., 2001); (Taams et al., 2001), becoming a potential good target for 
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therapeutic use. However, given that CD25 is normally upregulated in activated T cells, 

several questions were raised about the role of both IL-2 and T cell activation in the 

biology of Treg cells. This issue will be further addressed below.  

 Further studies reported Treg cells to constitutively express cytotoxic T-lymphocyte- 

associated antigen-4 (CTLA-4 or CD152) (Takahashi et al., 2000) and its abnormal 

expression to affect their regulatory function, generating an unbalance towards 

autoimmunity (Read et al., 2000); (Salomon et al., 2000); (Verhagen et al., 2009). The 

suppressive capacity of these cells was shown to be increased on CD103+ cells in vitro 

(Lehmann et al., 2002) and more efficient in preventing T1D in NOD mice on CD62Lhigh 

cells (Szanya et al., 2002). Still, the major breakthrough in the Treg cell field was yet to 

come. 

 

 3.2. FOXP3: the master of regulation 

 

 The above mentioned findings prompted exploration of genetic mechanisms 

underlying differentiation and function of Treg cells. The major breakthrough in the Treg 

cell field was accomplished with the discovery of the X chromosome encoded transcription 

factor forkhead box P3 (FOXP3). It is a member of the forkhead/winged-helix family of 

transcription factors and its investigation was facilitated by the discovery of spontaneous 

loss-of-function mutations in humans leading to severe multi-organ autoimmune and 

inflammatory disorder IPEX (immunodysregulation, polyendocrinopathy, enteropathy X-

linked syndrome) (Bennett et al., 2000); (Chatila et al., 2000) and the analogous 

lymphoproliferative disease observed in the scurfy mice (Godfrey et al., 1991). Posterior 

studies were able to demonstrate that the IPEX syndrome and the scurfy phenotype were 

equivalent and caused by genetic mutations at the level of the foxp3 gene encoding for 

the scurfin protein (Wildin et al., 2001); (Bennett et al., 2001); (Brunkow et al., 2001). The 

mice carrying the scurfy mutation had been reported to exhibit an uncontrolled 

hyperactivation of CD4+ T cells, overproduction of cytokines and to die by four weeks of 

age (Blair et al., 1994). This observation together with the fact that mice transgenic for the 

foxp3 gene, overexpressing the scurfin protein, show decreased numbers of peripheral T 

cells displaying poor proliferative and cytolytic responses in vitro, suggested that foxp3 

codes for a transcription factor that regulates the threshold of T cell activation (Khattri et 

al., 2003). Simultaneously, high amounts of FOXP3 mRNA and protein were exclusively 

found in CD4+CD25+ Treg cells and the infection of CD4+CD25- T cells with a retrovirus 

expressing FOXP3 was sufficient for the acquisition of the suppressor phenotype and 

function characteristic of CD4+CD25+ Treg cells (Hori et al., 2003). Moreover, transfer of 
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allelically marked BM cells from FOXP3 knockout and wildtype mice, mixed at a 1:1 ratio, 

showed that CD25+ Treg cells originated only from FOXP3-sufficient (but not from 

FOXP3-deficient) hematopoietic precursor cells in the resulting healthy chimeric mice 

confirming that in vivo foxp3 expression is essential for Treg cell differentiation. 

Additionally, transfer of CD4+CD25+ but not CD4+CD25- T cells into 1-2 days-old scurfy 

mice prevents disease development suggesting that the scurfy phenotype is probably a 

consequence of absence of CD4+CD25+FOXP3+ Treg cells (Fontenot et al., 2003). Finally, 

FOXP3 was recognized as a specific marker of Treg cells in mice (Fontenot et al., 2005c); 

(Fontenot and Rudensky, 2005) and its expression crucial for Treg cell differentiation and 

suppressive function upon full maturation (Khattri et al., 2003); (Hori et al., 2003); 

(Fontenot et al., 2003); (Williams and Rudensky, 2007); (Wan and Flavell, 2007)). In 

humans, the specific identification of Treg cells comprises a combination of additional 

markers besides FOXP3, i.e. CD25, CD127, CD45RO, CD45RA (Miyara et al., 2009). 

This thesis will mostly focus on mouse studies concerning Treg cell biology, as the factors 

controlling their development and function have been relatively well described. 

 

 3.3. Life spans: thymus versus periphery 

 

 Since their discovery, Treg cells have been the target of an exhaustive investigation 

aiming to determine how they are able to protect an organism from autoimmunity and 

whether defects in their number or function may contribute to the development of 

autoimmunity in model systems. Why? Because the solving of this puzzle has been 

considered as a promising immunotherapy for human autoimmune diseases in which their 

deficit or malfunction may play a relevant role, e.g. T1D, Multiple Sclerosis, Systemic 

lupus erythematosus, Rheumatoid arthritis, IBD and Psoriasis (Buckner, 2010). Although 

both thymic and peripheral differentiation of CD4+CD25+FOXP3+ Treg cells is still a 

subject under discussion, the more recently appointed players seem noteworthy as 

background support for the concept of this work, as follows. 

 

3.3.1.Thymic development: the consensual players so far 

 

Treg cells develop in the thymus after expression of foxp3 at a late stage of 

thymopoiesis primarily confined to SP CD4+ T cells, representing a minor population of 

about 4% (Fontenot et al., 2005a). Different models have been proposed to explain thymic 

Treg cell development (Hsieh et al., 2012); (Stritesky et al., 2012); (Yuan and Malek, 

2012) and although this subject is still under discussion some consensual players have 
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been pointed out. The current notion is that self-reactivity is the primary determinant that 

directs developing thymocytes to undergo thymic Treg cell differentiation. In wild-type 

(WT) mice, Treg cells exhibit TCRs with an increased affinity for self that are shared by 

activated effector T cells in FOXP3-deficient animals (Hsieh et al., 2006). Thus, Treg cell 

selection occurs when TCR avidity for self-antigens lays between the TCR avidities driving 

positive and negative selection, conferring an enhanced self-reactivity when compared 

with conventional T cells.   These TCR interactions may be affected by the encounter of 

APCs presenting a given self-antigen. The complex thymic network of APCs supporting T 

cell development includes cTECS, mTECS and DCs. Eventhough the specific role of 

these cells for Treg cell development is still unknown (Hsieh et al., 2012), their important 

role was pointed out by the report that mice deficient for the co-stimulatory molecule CD28 

or its ligands B7.1/B7.2 showed decreased Treg cell numbers (Salomon et al., 2000); 

(Tang et al., 2003); (Lohr et al., 2004) and those present are unresponsive to IL-2 (whose 

role will be discussed below), suggesting CD28 signaling as mediator of cytokine 

responsiveness of developing Treg cells (Lio et al., 2010). Additionally, these interactions 

have been shown to be implicated in the regulation of FOXP3 transcription via signaling 

through PI3K/AKT/mTOR pathway dependent on FOXO1 and FOXO3 phosphorylation 

(Kwan et al., 2013); (Yuan and Malek, 2012) and nuclear factor κ-light-chain-enhancer of 

activated B cells (NF-κB), a transcription factor downstream of the CD28/B7 pathway 

(Hori, 2010); (Yuan and Malek, 2012). Recently, the cooperation between RelA, a NF-κB 

family transcription factor, and FOXP3 has been implicated in the activation of CD25 in 

humans (Camperio et al., 2012).  Nevertheless, the possible different pathways involved 

and their specific contribution to this process have not yet been fully clarified. Recently, an 

intact mTEC compartment has been described as a prerequisite for thymic FOXP3+CD25+ 

Treg cell development through the generation of FOXP3-CD25+ Treg cell precursors 

(Cowan et al., 2013). Additionally, the transforming growth factor β (TGF-β) has been 

suggested as provider of survival signals for Treg cell development, although its influence 

upon the differentiation of these cells remains under debate (Yuan and Malek, 2012). 

 Another partially understood requirement for Treg cell development is IL-2R cytokine 

signaling. The first evidence to support this notion came with a previous report from our 

lab, demonstrating that both IL-2Rα and IL-2 were required for the establishment of a 

sizeable population of Treg cells (Almeida et al., 2002). More specifically, a significant 

decrease in Treg cells was found in IL-2Rβ-deficient mice, together with the fact that 

thymus-targeted transgenic expression of WT IL-2Rβ in IL-2Rβ-/- mice resulted in 

development of a normal fraction of functional Treg cells in the thymus (Malek et al., 

2002). However, IL-2-deficient mice show a less dramatic decrease of Treg cells in the 
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thymus (Malek et al., 2002); (Fontenot et al., 2005b), which is probably due to fading 

signaling promoted by other common γ chain cytokines (Burchill et al., 2007), such as IL-

15 that also shares IL-2Rβ chain (Liao et al., 2011). Moreover, anti-IL-2 treatment of WT 

mice reduced the number of thymic Treg cells (Bayer et al., 2005), reinforcing its 

importance. Furthermore, absence of IL-2R signaling has been reported to promote lower 

FOXP3 expression and the FOXP3low phenotype linked to immature non-functional Treg 

cells (Cheng et al., 2011). More recent studies are consistent with a two-step instructive 

model that has been proposed for IL-2-dependent Treg cell development. First, TCR 

signaling results in induction of CD25, predominately by maturing CD4+ SP thymocytes, 

leading to expression of the high affinity IL-2R. Then these cells able to sense autocrine 

and paracrine IL-2, are poised to express FOXP3 and upregulate CD25, without further 

TCR engagement, resulting in the production of mature functional Treg cells competent to 

migrate into the periphery (Lio and Hsieh, 2008). Among the different signaling pathways 

associated with IL-2R signaling, IL-2-dependent activation of signal transducer and 

activator of transcription 5 (STAT5) has been reported as necessary and sufficient for full 

thymic Treg maturation, since T cell-specific deletion of STAT5 prevented Treg cell 

development and conversely, reconstitution of IL-2Rβ-/- mice with BM cells expressing an 

IL-2Rβ mutant that exclusively activates STAT5 restored Treg cell development. In 

addition, STAT5 binds to the promoter of the foxp3 gene suggesting that IL-2Rβ-

dependent STAT5 activation promotes Treg differentiation by regulating expression of 

foxp3 (Burchill et al., 2007). Nevertheless, the precise molecular events controlled by IL-2 

during Treg maturation remain unknown. Another γc-dependent cytokine, IL-7 has been 

reported to contribute to the expression of foxp3, since mice double deficient in IL-7Rα 

and IL-2Rβ or IL-2 and IL-7 lack FOXP3+ thymocytes. However, IL-2 and IL-7 act on 

distinct development steps during thymic development and IL-2R signaling is sufficient 

and dominantly promotes full Treg maturation in the absence of IL-7R signaling (Cheng et 

al., 2011); (Yuan and Malek, 2012). In summary, TCR, co-stimulatory and IL-2 signals are 

the required consensual players so far for thymic development of Treg cells.  

 After exiting the thymus, Treg cells are shaped by basal environmental cues and 

inflammatory responses that regulate their suppressive program, migration and 

homeostasis (Campbell and Koch, 2011). FOXP3 can also be expressed in the periphery 

by conventional T cells when suppressive function is needed, resulting in the so-called 

induced (iTreg) Treg cells. Thus, it is plausible to think that the same required factors for 

Treg cell generation in the thymus would greatly influence de novo development of Treg 

cells in the periphery. 
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 3.3.2. Peripheral development: de novo generation of Treg cells 

 

 Similarly to the consensual players influencing the thymic-generation of Treg cells 

described above, in the periphery several candidates have been described as promoters 

of the differentiation of naïve CD4+ T cells into Treg cells, i.e.: low TCR signaling, CD28 

co-stimulation, TGF-β signaling, Retinoic acid (RA) and IL-2 via STAT5 activation. In a 

similar mechanism to that described above for thymic Treg cell development, low TCR-

dependent signals (Kretschmer et al., 2005); (Mucida et al., 2005); (Gottschalk et al., 

2010) favoring low activation of the PI3K/mTOR (Haxhinasto et al., 2008); (Sauer et al., 

2008) and the absence of E3 ligase Cbl-b, known to result in excessive IL-2 production 

and proliferation of T cells, PI3K/Akt activation increases together with the 

phosphorylation of Foxo proteins giving rise to Treg cell production (Harada et al., 2010). 

An impaired CD28-dependent co-stimulatory signal has been shown to support Treg cell 

development. Since CD28 co-stimulation reduces the extent of TCR ligation, likely by 

lowering the threshold of TCR signal transduction, it has been proposed that it negatively 

regulates the level of Treg cells induction from naive CD4+ T cells, through its lymphocyte-

specific protein tyrosine kinase (Lck)-binding motif (Semple et al., 2011). Antigenic 

stimulation of naïve CD4+CD25- T cells with TGF-β has been shown to induce FOXP3 

expression in mice (Chen et al., 2003). Furthermore, in the presence of TGF-β the vitamin 

A metabolite RA, produced by specialized DCs in the gut, enhances the differentiation of 

naïve T cells into Treg cells in the gut (Benson et al., 2007); (Coombes et al., 2007); 

(Mucida et al., 2007). The exact mechanism by which RA enhances the TGF-β induced 

FOXP3 expression is not clear, nevertheless it has been shown to act directly on 

conversion of T cells by counteracting negative effects of IL-6 (Mucida et al., 2007) or 

indirectly, by dampening the production of inhibitory cytokines (IFN-γ, IL-4 and IL-2) 

produced by CD4+CD44hi memory/effector T cells and seem to have an inhibitory effect on 

FOXP3 induction (Hill et al., 2008); (Nolting et al., 2009). Apart from RA, IL-2 is essential 

for TGF-β-mediated conversion of naïve T cells to FOXP3+ Treg cells, while restraining IL-

6/TGF-β dependent conversion into Th17 T cells (Davidson et al., 2007); (Laurence et al., 

2007), since it was unable to mediate conversion in IL-2-deficent mice or upon IL-2 

neutralization (Zheng et al., 2007). IL-2 has been proven essential for Treg cells 

peripheral generation in vitro (Davidson et al., 2007); (Zheng et al., 2007) depending on 

STAT5 activation upon IL-2R signaling (Yu et al., 2009). Moreover, de novo generation of 

Treg cells from peripheral CD4+CD25+CD62intCD69+FOXP3neg T cells may occur in 

cultures under conditions supporting IL-2R signaling, in a TGF-βR signaling independent 

fashion (Schallenberg et al., 2010). This phenotype seems identical to thymic-Treg cell 
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precursors and the resulting Treg cells seem to result from an IL-2 instructive signal 

(Lathrop et al., 2008). Thus, some peripheral Treg cells may originate from 

CD4+CD25+FOXP3neg precursors cells that exit the thymus and will acquire FOXP3 

expression and suppressive capacity upon encountering self-antigens and IL-2 in the 

periphery (Yuan and Malek, 2012).   

 In summary, the emerging picture divides FOXP3+ Treg cells in two varieties: 

thymus-derived natural Treg cells (nTreg) or peripheral induced Treg cells (iTregs), 

including its IL-10 producing Tr1 and TGF-β-producing Th3 cell subsets (Lin et al., 2013). 

The lack of convincing specific markers as differentiators of these cell subsets (Bilate and 

Lafaille, 2012) during the development of the experimental work presented here, didn’t 

allow the investigation of this refined division between n- and i-Treg cells. The above 

described current knowledge on thymic and peripheral differentiation of 

CD4+CD25+FOXP3+ Treg cells is still a subject under discussion. Accordingly, the extent 

of IL-2 influence in this phenomenon remains unresolved and will be further addressed 

below. 

 

4. IL-2: what’s so special about it? 

4.1. Once upon a time, a long time ago… 

 

The typical “cellular immunology” practiced in the 1960’s and 1970’s, focused on 

the prevailing dogma that antigens were the exclusive promoters of cellular proliferation 

and differentiation, suffered an historic shift with the discovery of “mitogenic lymphokines” 

(Smith, 1988). These molecules were first described in 1965, as soluble lymphocyte-

stimulating factors derived from the medium of allogeneic leukocyte in vitro cultures 

(Kasakura and Lowenstein, 1965), but rapidly assumed as mere nutritional supporters by 

the majority of the immunology community (Smith, 1988). It took 11 years and the 

emergence of new technical approaches, for researchers to establish in the late 1970’s 

that the supernatant of activated human T lymphocytes actually contained mediators able 

to induce the proliferation of antigen-specific T lymphocytes, making long-term in vitro 

cultures of these cells possible (Morgan et al., 1976); (Gillis and Smith, 1977). This 

discovery demystified the accepted dogma, since antigens were only crucial to favor cells 

responsiveness to “mitogenic lymphokines” present in the medium. T lymphocytes were 

shown to be the source of these lymphokines and moreover, to respond to their mitogenic 

activity, thus denominated T cell growth factors (TCGF) (Gillis et al., 1978); (Baker et al., 

1979). Later, as lymphokines were designated mediators of different biological functions, 

the term interleukin (between leukocytes) was adopted and TCGF assigned as IL-2 (Weck 
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et al., 1979), as we recognize now a days. The following years were marked by the 

exploitation of these in vitro systems in an attempt to well document and better 

understand the use of IL-2 by the immune system, as a key player in T cell responses. 

Several studies showed that T lymphocytes require a previous trigger by mitogenic lectins, 

to be able to: first, be engaged in IL-2 production; and second, to bind and respond to IL-2 

resulting in their proliferation, in contrast with noncycling T lymphocytes that were shown 

to be insensitive to IL-2 (Smith, 1988). In the ensuing years, the cDNAs for both IL2 and 

the three chains of the IL2R were cloned, i.e. the α-chain (IL-2Rα/CD25), the β-chain (IL-

2Rβ/CD122) and the common cytokine receptor γ-chain (IL-2Rγc/CD132). Subsequently, 

many of the downstream biochemical pathways activated by the IL2 receptor complex 

were identified and the structure of IL2 bound to this tripartite receptor complex was 

solved (Smith, 1988). Thus, we now have a very good understanding of how each chain 

contributes to high affinity IL2 binding and signal transduction. In contrast, over the past 

years the role of IL2 in regulating lymphocyte function involved many surprising twists and 

turns. The previous work relying mostly on in vitro systems pointed out IL-2 as an 

imperative requirement for T cell-dependent immune responses, establishing a widely 

accepted model: T cells activation through TCR signaling and co-stimulatory molecules, 

like CD28, induces IL-2 production and consequently IL-2R expression; the interaction 

between IL-2/IL-2R results in clonal expansion and effector development. Surprisingly, 

upon individual inactivation of genes encoding for IL-2 (Schorle et al., 1991); (Sadlack et 

al., 1995) or for both IL-2R subunits, IL-2Rα (Willerford et al., 1995) and IL-2Rβ (Suzuki et 

al., 1995), in mice by gene targeting, instead of an immunodeficiency scenario as 

expected, the resulting phenotype was a severe lymphoproliferative and autoimmune 

disorder. Thus, this discovery pointed out the need to explore the biological in vivo impact 

of this cytokine. The current knowledge on this cytokine and its receptor system will be 

further addressed below. 

 

 4.2. IL-2 and IL-2R system: the present knowhow 

 

    IL-2 is a 15,5 kDa type I four α-helical bundle cytokine predominantly produced by 

CD4+ T cells, that have undergone antigen activation, and to a much lesser extend by 

CD8+ T cells, NK cells, NKT cells, DCs and mast cells (Granucci et al., 2001); (Yui et al., 

2004); (Hershko et al., 2011). 

IL-2 can bind to cells expressing either the high-affinity or the low-affinity IL-2R 

(Taniguchi and Minami, 1993). The low-affinity dimeric IL-2R consists of IL-2Rβ (or 

CD122), and IL-2Rγc (or CD132), that due to its weak affinity for IL-2 (Kd ≈ 10-9 M), needs 
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to be highly expressed for IL-2 responsiveness (Boyman et al., 2006a). These two chains 

are responsible for the signal transduction via several intracellular pathways, including 

Janus kinase (JAK)-STAT pathway, the phosphoinositide 3-kinase (PI3K)-AKT pathway 

and the mitogen-activated protein kinase (MAPK) pathway (Malek, 2008); (Taniguchi and 

Minami, 1993); (Waldmann, 2006).  The γc confers responsiveness not only to IL-2, but 

also to IL-4, IL-7, IL-9, IL-15 and IL-21 (Malek, 2008). Additionally, the high-affinity trimeric 

IL-2R bears a third chain, the IL-2Rα (or CD25), that doesn’t seem to play a role in 

signaling but increases the affinity to its ligand by 10-100-fold (Kd ≈ 10-11 M) (Taniguchi 

and Minami, 1993), increasing responsiveness to IL-2. CD25 is also expressed by CD4+ 

(including FOXP3+ Treg cell subset, further discussed below), and CD8+ T cells upon TCR 

activation and contact with IL-2, that in turn promotes the binding of STAT5 to the Cd25 

gene locus through a positive feedback loop mechanism (Malek, 2008). Indeed, in  

STAT5-/- mice, CD25 expression is diminished (Imada et al., 1998); (Nakajima et al., 

1997). In humans, recent studies suggested that IL-2 binds first to CD25 (Kd ≈ 10-8 M) 

promoting a structural change in IL-2, followed by the recruitment of IL-2Rβ and finally IL-

2Rγc  (Wang et al., 2005). Following IL-2 binding, the IL-2-IL-2R quaternary complex is 

rapidly internalized (t1/2 = 10-20 min), and IL-2, IL-2Rβ and γc degraded. CD25 in contrast 

can be recycled to the cell surface (Malek, 2008). The three IL-2R chains are 

independently regulated (Liao et al., 2013). Following receptor binding, IL-2 actives 

several multiple signaling pathways (Boyman and Sprent, 2012); (Liao et al., 2013). 

 Although IL-2 primarily acts as a soluble factor via its receptors, like IL-15, it can be 

presented in trans, where IL-2 bound to IL-2Rα on one cell stimulates another cell that 

expresses IL-2Rβ and γc (Wuest et al., 2011). Cis-based IL-2 signaling is likely favored 

whenever a cell expresses all three chains, and trans-signaling presumably requires 

relatively high local concentrations of IL-2. Additionally, IL-2Rα can exist in a soluble form 

(sIL-2Rα) released from the cell surface in certain scenarios: infectious disorders, 

transplantation rejection and autoimmune inflammatory states (Liao et al., 2013).  

 IL-2 transcription, in T cells, is mediated by multiple transcription factors including 

nuclear factor of activated T cells (NFAT) family proteins (Muller and Rao, 2010), activator 

protein-1 (AP-1, FOS- JUN family dimers), NF-κB, and the octamer transcription factor, 

OCT-1 (Kim and Rudensky, 2006). Cooperation of other transcription factors have been 

described to be involved in IL-2 transcription, e.g., FOXP2 cooperates with NFAT to drive 

IL-2 expression, whereas FOXP3 can replace FOXP2 to inhibit IL-2 expression while 

inducing the expression of the Treg cell markers IL-2Rα and CTLA-4 (Wu et al., 2006). IL-

2 transcription can also be negatively regulated. IL-2 induces the transcription factor B 
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lymphocyte-induced maturation protein 1 (BLIMP1), which results in the silencing of the Il2 

gene (Martins et al., 2008). In Th17 cells, Aiolos is induced in a STAT3- and aryl 

hydrocarbon receptor (Ahr)-dependent fashion to suppress IL-2 expression (Quintana et 

al., 2012). Interestingly, different microRNAs (miRNAs) also have been described to play 

a role in regulation of IL-2 expression, e.g., miR146a (Curtale et al., 2010), miR9 (Thiele 

et al., 2012), and miR184 (Weitzel et al., 2009). Thus, IL-2 production is both positively 

and negatively regulated. 

 

4.3. Immunotherapy: is IL-2 a good candidate? 

 

 The question if whether or not IL-2 is an attractive candidate for immunotherapy, 

either as an inducer or a repressor of immune responses, has been discussed over the 

past few years. Due to its capacity to stimulate T and NK cells, IL-2 became a potential 

therapy target for metastatic cancer treatment (Rosenberg, 2001), namely: metastatic 

melanoma (Smith et al., 2008) and metastatic renal cell carcinoma (Klapper et al., 2008). 

Nevertheless, the consequent IL-2-induced toxicity limited its therapeutic use. Regarding 

chronic viral infections, IL-2 has been used to boost CD4+ T cells in HIV patients, without 

relevant success (Abrams et al., 2009). 

 Further properties could be listed as disadvantages for the administration of IL-2 as 

therapy, including the short half-life; the rapid removal from the circulation via renal 

clearance measured in minutes (Donohue and Rosenberg, 1983); the capacity to 

stimulate Treg cells decreasing the effectiveness of tumor- and virus-specific T cell 

responses (Boyman et al., 2006b); and, the toxicity, via expansion of T cytotoxic cells, 

when used in high doses having as consequences vascular leak syndrome (VLS; also 

known as capillary leak syndrome), associated with increased vascular permeability, 

hypotension, pulmonary oedema, liver cell damage and renal failure  (McDermott and 

Atkins, 2004); (Boyman et al., 2006b). 

 The problem of short half-life can be overcome to some extent by coupling IL-2 to 

carrier proteins such as IgG antibodies, or by a repeated administration of its soluble form 

(Boyman et al., 2006b). An alternative would be the association of IL-2 with non-

neutralizing IL-2-specific monoclonal antibodies, not only enhancing its half-life but also 

improving the selective binding towards the different subunits of its receptor by the 

generation of IL-2-monoclonal antibody (IL-2 mab) complexes (Sato et al., 1993); 

(Courtney et al., 1994); (Boyman et al., 2006b), as depicted on Figure 1. For example, the 

injection of the neutralizing IL-2-specific mab S4B6 in complex with IL-2 in mice (Figure 1) 

led to strong stimulation and expansion of CD122hi cells, such as memory CD8+ T cell and 
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NK cell populations, but little or no stimulation of CD25+ Treg cells (Boyman et al., 2006a). 

Thus, the IL-2-S4B6 complexes were able to decrease the incidence of VLS better than 

soluble IL-2 following administration to mice (Krieg et al., 2010), emphasizing it potency 

for cancer immunotherapy (Boyman et al., 2006b); (Verdeil et al., 2008); (Jin et al., 2008); 

(Tomala et al., 2009)) and also for the treatment of chronic viral infections (Molloy et al., 

2009); (Hamilton et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accordingly, the selective specificity for CD8+ T cells and NK cells was also observed 

following the injection of mice with human IL-2 in complex with the human IL-2-specific 

monoclonal antibody MAB602 (Boyman et al., 2006a); (Krieg et al., 2010). In turn, the 

injection of S4B6-like mabs alone also led to strong expansion of CD122hiCD8+ T cells 
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Figure 1. Selective binding and effect of IL-2/anti-IL-2 mab complexes using different 

anti-IL-2 mab clones: S4B6 (A) and JES6-1A12 (B) (adapted from Boyman et al., 2012). 
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without stimulating CD25+ Treg cells in vivo, apparently by targeting the activity of 

endogenous IL-2 (Ku et al., 2000); (Boyman et al., 2006a). Yet, whether these mabs or 

complexes have a comparable function in humans remains unclear. Another example is 

the injection of IL-2 in complex with the neutralizing IL-2-specific mab JES6-1A12 (Figure 

1), that in contrast with S4B6, preferentially caused a marked expansion of CD25+ Treg 

cells (Boyman et al., 2006a); (Webster et al., 2009); (Letourneau et al., 2010). In turn, this 

approach induces immunosuppression and establishes tolerance in vivo especially 

following organ transplantation by promoting Treg cells expansion, as an alternative to in 

vitro stimulation before transferring these cells to transplant recipients (Golshayan et al., 

2007). Furthermore, it allows bypassing the problem of cytotoxic T cell stimulation as a 

consequence of soluble IL-2 injection. Moreover, injecting mice with IL-2-JES6‐1 

complexes, to increase the numbers of Treg cells, was shown to suppress the 

development of allergic airway disease (Wilson et al., 2008); ameliorated type 2 diabetes 

by increasing the number of Treg cells in adipose tissue (Feuerer et al., 2009); to prevent 

the rejection of allogeneic pancreatic islets; and, to impair the development of several 

autoimmune diseases, including T1D (Tang et al., 2008), experimental myasthenia (Liu et 

al., 2010), and, experimental autoimmune encephalomyelitis (EAE) (Webster et al., 2009).  

Additionally, the co-administration of IL-2-JES6‐1 complexes together with the drug 

rapamycin, an inhibitor of mammalian target of rapamycin (mTOR) activated via the IL-2–

PI3K–AKT pathway in effector T cells (Malek, 2008); (Araki et al., 2009), prevented the 

activation of effector T cells by the IL-2 treatment without affecting the response of Treg 

cells (Webster et al., 2009).  Similar effects were obtained using human IL-2 coupled with 

the human IL-2-specific monoclonal antibody 5344 (Letourneau et al., 2010); (Krieg et al., 

2010). Additionally, a way to obtain similar selectivity is the generation of IL-2 mutated 

recombinant protein (muteins) with increased affinity for either CD25 or CD122 binding 

(Shanafelt et al., 2000); (Rao et al., 2005). 

 An alternative approach consists of injecting low concentrations of IL-2 in vivo, since 

the high level of CD25 expression allows a rapid Treg cell response. Consequently, this 

strategy could be useful in cases of autoimmunity and chronic inflammations, where a 

deficiency on Treg cells is present. Furthermore, the injection of low doses of IL-2 alone; 

or in combination with rapamycin showed convincing improvements in the treatment of 

patients with chronic graft-versus-host disease or with hepatitis C virus-induced vasculitis 

(Koreth et al., 2011); (Saadoun et al., 2011); and in the treatment of NOD mice 

(Rabinovitch et al., 2002), thus, is being tested in patients with T1D (Bluestone et al., 

2010), respectively. The expansion of Treg cells and the consequent decrease in anti-

tumor T cells excluded this approach as a strategy for cancer treatment (Boyman et al., 
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2006b). In contrast, administration of high‐doses of IL-2 (either alone or together with 

tumor vaccines) to patients with metastatic melanoma or metastatic renal cell carcinoma 

led to significant therapeutic responses (Rosenberg, 2001); (Klapper et al., 2008); (Smith 

et al., 2008). 

 Taken together, the previously described studies highlight the relevance of the use 

of IL-2, a neutralizing IL-2-specific mab, or the combination of both to selectively target 

different T cell subsets and consequently boost or suppress the immune response. The 

relevance of the knowledge acquired will surely be tested in future studies and clinical 

trials. 

 

5. Peripheral T cell homeostasis 

 

 T cell numbers are essentially maintained at a stable level throughout adult life, 

despite their daily production and export from the thymus and their peripheral division 

(Metcalf, 1965); (Miller, 1965); (Leuchars et al., 1978); (Berzins et al., 1998); (Almeida et 

al., 2001). The degree of thymus restoration is determined by the availability of competent 

precursors, but the number of peripheral T cells is largely independent of the number of 

thymus precursor cells, for example, mice with reduced thymus production showed replete 

peripheral compartments (Almeida et al., 2001). These experimental findings have 

indicated that T cell numbers are controlled by peripheral mechanisms, and lead to the 

suggestion that competition is an important factor in maintaining T cell homeostasis. 

Indeed, in normal mice with full thymus production, if the generation of new T cells 

exceeds the minimal requirements to fill the peripheral pools and their overall peripheral 

number is kept constant, it follows that the integration of a new lymphocyte requires 

competition for survival with other newly produced or resident ones (Freitas et al., 1996); 

(Freitas and Rocha, 2000). Therefore, lymphocyte survival in peripheral pools is a 

continuous active process driven by highly selective environmental cues, that will 

ultimately define the immune-competence of the individual, since each lymphocyte bears 

receptors with a unique specificity (Freitas et al., 1996); (Freitas and Rocha, 2000).  

 However, the peripheral T cell pool is composed of a diverse set of subpopulations 

that play different essential roles in establishing immune responses and immune-

competence. Thus, the mechanisms responsible for guiding the survival and homeostasis 

of peripheral T cell numbers must be independent allowing for the coexistence of different 

T cell populations (Almeida et al., 2005).  
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 5.1. The peripheral pools 

 

 The peripheral αβTCR+ T cell pool can be divided into CD4+ “helper” (TH) and CD8+ 

“cytotoxic” T cells. Each one of these cell subpopulations may be divided into two major 

phenotypically and functionally distinguishable pools: naïve, consisting of cells not having 

encountered antigen; and activated/memory, antigen-experienced cells able to provide 

fast and efficient responses to recurrent antigens. 

 For naïve T cells, the trophic survival signals include: TCR-mediated signals upon 

interactions with MHC Class-I or MHC Class-II molecules, and on γc-dependent cytokines, 

namely IL-7 present in the secondary lymph nodes (LN), where it is produced by 

fibroblastic reticular cells, as revised on Chapter II (Almeida et al., 2012). Expression of 

CD62L and CCR7 homing receptors allow T cells to follow gradients of CCL19 and 

CCL21 chemokines made by the LN stromal cells, and thus access IL-7. Interestingly, the 

transcription factor Foxo1 regulates expressions of IL-7R, CD62L, and CCR7 in naïve T 

cells (Freitas and Rocha, 2009); (Kerdiles et al., 2009); (Ouyang et al., 2009), establishing 

a close link between lymphocyte migration and survival. Migration ensures the distribution 

of lymphocytes between different environments and allows the cells to find the appropriate 

niche for survival. 

 Memory T cells have less stringent requirements for survival: CD8+ memory T cells 

can survive in absence of the restricting MHC Class-I element (Tanchot et al., 1997), and 

the survival of CD4+ memory T cells is MHC Class-II independent (Swain et al., 1999); 

(Polic et al., 2001). Thus, memory T cell survival seems mostly dependent on IL-7 and IL-

15 (Surh and Sprent, 2008). 

 While there is some degree of overlap in survival signals, naïve, and memory T cells 

do not seem to compete: these populations coexist through a mechanism of niche 

segregation ensuring maintenance of both cell pools, and avoiding competition between 

them (Tanchot et al., 1997); (Freitas and Rocha, 2000); (Almeida et al., 2005). This was 

shown in studies where animals manipulated to have only naïve CD8+ T cells showed 

halved total CD8+ T cell numbers, as well as in studies where animals with only memory T 

cells were unable to fill up the entire T cell pool (Tanchot and Rocha, 1995); (Freitas and 

Rocha, 2000).  

 Other major subpopulations – included or not in the previously described ones – 

should be considered to fully account for the complexity of the peripheral T cell pool: CD4+ 

and CD8+ effector T cells; central- versus effector-memory subsets relying on differences 

in migratory behavior and T cell differentiation status (Sallusto et al., 2004); and 

CD4+FOXP3+ Treg cells (Sakaguchi et al., 1995). This later, as previously addressed in 
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this chapter, have the ability to down-regulate uncontrolled activation and proliferation of T 

cells, playing a central role in the establishment of self-tolerance and control of 

autoimmune diseases. How is this achieved? 

 

 5.2. Tregs on peripheral homeostasis 

 

 The critical role of Treg cells on peripheral T cell homeostasis has been pointed out 

since the discovery of this controversial cell subset, as previously described. In summary, 

these cells, specifically expressing the transcription factor FOXP3, which is strictly 

required for their development (Fontenot et al., 2003); (Hori et al., 2003), were initially 

identified in models of autoimmune disease or IBD following the adoptive transfer of naïve 

T cells into lymphopenic animals, due to their ability to prevent the provoked autoimmune 

manifestations (Powrie et al., 1993); (Sakaguchi et al., 1995) (Asano et al, 1996); 

(Sakaguchi, 2000); (Maloy and Powrie, 2001). Indeed, carriers of spontaneous FOXP3 

mutations – e.g., the IPEX syndrome in humans (Maloy and Powrie, 2001) and scurfy 

mice (Blair et al., 1994); (Bennett et al., 2001) – develop rapid and lethal autoimmune 

syndromes that can be rescued upon transfer of Treg cell populations (Fontenot et al., 

2003); (Hori et al., 2003). Similar disease was found with the dawn of more elaborated 

genetic studies allowing the generation of FOXP3-deficient mice by homologous 

recombination (Fontenot et al., 2003) and of knockin mice harboring human diphtheria 

toxin receptor (DTR) expressed under control of the foxp3 locus providing the selective 

ablation of Treg cells induced by chronic administration of diphtheria toxin (DT) (Kim et al., 

2007); (Lahl et al., 2007). However, Treg cell actions can also counter-productively 

suppress immune responses against tumors and viral infections (Antony et al., 2005); 

(Belkaid and Rouse, 2005), indicating that Treg cells are capable of influencing all T cell-

mediated responses (Sakaguchi, 2004). Moreover, previous reports from our lab have 

shown that CD4+ Treg cells can prevent IBD and autoimmune diseases caused by 

transfer of naïve CD4+ T cells into lymphopenic animals, as well as control the expansion 

and regulate the total number of these T cells (Annacker et al., 2000); (Almeida et al., 

2002). Furthermore, it was demonstrated in experiments with mouse chimeras 

reconstituted with bone marrow cells from CD25−/− (Almeida et al., 2002) or FOXP3−/− 

(Fontenot et al., 2003) donors that the co-transfer of small numbers of CD4+CD25+ Treg 

cells rescued these mice from massive lymphoproliferation, autoimmunity, and death. 

Importantly, the rescued chimeras exhibited normal absolute numbers of recovered T 

cells, and relative proportions of naïve, memory, and effector CD4+ and CD8+ T cells were 

restored (Almeida et al., 2002); (Fontenot et al., 2003). These observations demonstrated 
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that the lymphoid hyperplasia observed in CD25−/− or FOXP3−/− mice was not cell 

autonomous, and that restoring the CD4+ Treg cell population was sufficient to restore the 

equilibrium of the total peripheral T cell pool. Additionally, mice transgenic for FOXP3 

overexpressing the “scurfin” protein show an increased fraction of Treg cells within 

reduced numbers of peripheral T cells (Khattri et al., 2001). These findings support the 

idea that CD4+CD25+FOXP3+ Treg cell population is crucial to the homeostasis of naïve, 

memory, and effector T cells in the periphery. Nevertheless, the mechanisms behind Treg 

cells control over CD4+ T cell numbers, and the achievement of Treg cells homeostasis 

remain unsolved and controversial. 

 

 5.3. IL-2 effects on peripheral neighbors: Treg cells and non-regulatory T cell 

subsets 

 

 IL-2 is crucial not only for the normal thymic development of Treg cells (Malek and 

Castro, 2010); (Yu et al., 2009); (Fontenot et al., 2005b), but also for maintenance of the 

peripheral Treg cell pool since it is able to upregulate CD25 expression (Fontenot et al., 

2005b); (Barron et al., 2010). Studies using IL-2- and IL-2R-deficient mice pointed out the 

critical role of IL-2 in protective immunity, especially in peripheral immune tolerance 

mediated by Treg cells. Mice deficient for IL-2 (Schorle et al., 1991); (Wolf et al., 2001); 

(Sadlack et al., 1995), IL-2Rα (Willerford et al., 1995), IL-2Rβ (Malek et al., 2000); (Suzuki 

et al., 1995) or STAT5 (Burchill et al., 2007); (Snow et al., 2003); (Yao et al., 2007) lack or 

show dramatically reduced numbers of Treg cells, resulting in lethal lymphoid hyperplasia 

and auto-immune diseases. Indeed, IL-2 is required for both survival and expansion of 

Treg cells. Treg cells from IL-2-deficient donors fail to survive in IL-2-/- hosts (Almeida et 

al., 2002) or to expand in the absence of IL-2R signals (Almeida et al., 2002); (Fontenot et 

al., 2005b); (Bayer et al., 2005). Moreover, blocking IL-2R (Setoguchi et al., 2005) or 

neutralizing IL-2 results in an impaired number of FOXP3+ Treg cells (Gavin et al., 2002) 

and lower level of FOXP3 expression on these cells (Rubtsov et al., 2010). As previously 

discussed in this chapter, IL-2 also plays a role in the maintenance of FOXP3 expression 

and of the foxp3-dependent gene signature even at low levels of IL-2Rβ-dependent 

signaling (Hill et al., 2007); (Yu et al., 2009); (Malek, 2008). Together these studies 

demonstrated that IL-2 is an essential resource for Treg cells, yet the mechanisms 

regulating the cell source providing critical IL-2 remained to be identified.  

Previous investigations from our lab, on the homeostasis of CD4+ Treg cells, 

revealed that the absolute number of Treg cells and the ratio of non-Treg/Treg CD4+ T 

cells are tightly regulated under steady-state in vivo conditions (Almeida et al., 2006b). 
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Adoptive transfer of a limited number of CD25+ T cells rescues CD25−/− bone marrow (BM) 

chimeras (Almeida et al., 2002), neonatal FOXP3sf mice (Fontenot et al., 2003), and IL-

2Rβ−/− mice (Malek et al., 2002) by reconstituting a normal CD4+CD25+ Treg cell pool that 

persists indefinitely without new thymus output. Furthermore, in mixed BM chimeras 

reconstituted with precursor cells from WT donors (competent to generate CD4+CD25+ 

Treg cells) diluted at different ratios with precursor cells from CD25−/− donors (incompetent 

to generate CD4+CD25+ Treg cells), we recovered similar numbers and proportions of 

peripheral CD4+CD25+ Treg cells regardless of the fraction of precursor BM cells that 

were competent to generate CD4+CD25+ Treg cells (Almeida et al., 2006b). These 

findings and the constancy of Treg cell numbers and proportions demonstrated that these 

cells occupy a limited and specialized niche in the peripheral T cell pool. Thus, the 

expression of the high-affinity IL-2Rα and the dependence on IL-2 for survival are critical 

and connected clues to understanding the homeostasis of the Treg cell subpopulation. In 

fact, in the CD4+ T cell pool of mouse chimeras reconstituted with a mixture of precursors 

differing only in their potential to exploit IL-2, the WT CD4+ T cells that are able to express 

CD25 have a noticeable seeding advantage over the CD25−/−CD4+ cells (Almeida et al., 

2006b). Thus, CD25 expression by Treg cells permits them to occupy a niche defined by 

the IL-2 resource, and allows them to avoid direct competition with other CD4+ T cells that 

do not express the high-affinity IL-2Rα. Yet, it fails to explain their constancy or their 

relative proportion. 

 Paracrine IL-2 is sufficient for the peripheral survival of CD4+CD25+ Treg cells, since 

chimeras reconstituted with a mix of donor BM from CD25−/− and IL-2−/− animals present a 

normal peripheral T cell pool (Almeida et al., 2002). Additionally, in steady-state 

conditions, the establishment of a fully sized and functional Treg cell population that is 

capable of preventing development of autoimmune syndromes only occurs in the 

presence of IL-2-competent αβ T cells (Almeida et al., 2006b), pointing out that αβ T cells 

(particularly activated CD4+ T cells) represent the major source of the IL-2 required for the 

survival of a functional population of Treg cells in the peripheral pools (Curotto de Lafaille 

et al., 2004); (Setoguchi et al., 2005); (Almeida et al., 2006b). Moreover, the reconstitution 

of irradiated Rag2−/−IL-2−/− hosts with mixes of IL-2-sufficient and IL-2-deficient BM cells 

showed a direct correlation between the numbers of IL-2-competent cells and CD4+ Treg 

cells (Almeida et al., 2006b). These observations together with the Treg cells inability to 

produce IL-2 (Shevach, 2000), due to active FOXP3-dependent repression of the il2 gene 

(Wu et al., 2006); (Ono et al., 2007), suggested that Treg cells are reliant on other IL-2p T 

cells for survival. In summary, the size of the Treg cell niche corresponds to the available 

quantity of IL- 2, meaning that the number of CD4+CD25+ Treg cells is tied to the number 
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of IL-2p CD4+ T cells, solving the mystery of why the relative proportion of the two 

populations is stably maintained. This mechanism of homeostasis implies that the survival 

of a given Treg cell and the capacity for expansion will be dependent on the amounts of 

IL-2 produced by other T cells and, thus, Treg cells are capable of extended expansion 

and renewal when faced with an empty Treg cell niche. Indeed, when very low numbers of 

Treg cells are co-transferred with IL-2p CD4+ T cells into lymphopenic animals, they 

expand considerably and tend to occupy the vacant CD4+ Treg cell niche (Almeida et al., 

2006b); (Komatsu et al., 2009), similar to the situation occurring in the first days of life, as 

the first wave of Treg cells expand considerably between days 3 and 7 (Bayer et al., 

2005). 

 Additionally, IL-2 may influence not only on Treg cell differentiation, but also the 

differentiation and fate of CD4+ T helper (TH) cells engaged in a immune response by 

strong IL-2 signals via STAT5, as summarized on the Figure 2. IL-2 signals result in the 

production of TH1 cells by increasing the levels of the IL-12 receptor β2subunit (IL‐12Rβ2) 

and of T‐bet, and the subsequent interferon (IFN)γ production. For TH2 cells, IL‐2 signals 

induce the up-regulation of IL‐4Rα by these cells and enhance the production of IL‐4, IL‐5 

and IL‐13. In contrast, TH17 cell differentiation, resulting in IL-17 secretion and the 

expression of the transcription factor retinoic acid receptor-related orphan receptor-γt 

(RORγt), is inhibited by IL‐2 signals, since IL‐2‐mediated activation of STAT5 limits the 

responsiveness of these cells to IL‐6 by down-regulating the expression of IL‐6Rβ and 

competes with STAT3 for binding to the Il17 gene locus (Littman and Rudensky, 2010); 

(Pandiyan et al., 2011); (Yang et al., 2011);  (Chen et al., 2011b); (Liao et al., 2011); 

(Boyman and Sprent, 2012). 

 

 

 

 

 

 

 

 

 

 

Figure 2. Illustrative summary of IL-2 signals via STAT5 influence on the differentiation and 

fate of CD4+ T helper (TH) cell subsets engaged in an immune response (Boyman and 

Sprent, 2012).  



 

 

	  
Chapter I: General introduction 

	  
	   	  

41 

Another subset of effector CD4+ T cells resides in germinal centers and help the 

process of antibody affinity maturation and class switching of antibody-producing B cells, 

the follicular helper CD4+ T cells (TFH) (Crotty, 2011). These are IL-21 producers and 

users and known to express high levels of inducible T cell co-stimulator (ICOS), CXC-

chemokine receptor 5 (CXCR5) and transcriptional repressor B cell lymphoma 6 (BCL-6) 

(Vogelzang et al., 2008); (Crotty, 2011). Poor IL-2 signaling and the consequent CD25low 

expression may induce differentiation of antigen-specific CD4+ T cells into distinct 

subsets, namely, BCL-6hiCXCR5hiTFH cells or CXCR5hiCCR7hiT-betlow precursors of 

central memory in an BCL-6 and ICOS-dependent manner (Pepper et al., 2011); (Choi et 

al., 2011). Despite the fact that a strong stimulation via TCR combined with early ICOS 

signals seems to favor the generation of TFH cells, other factors influencing these cell 

differentiation remain unclear (Pepper et al., 2011). 

The strength and duration of both autocrine and paracrine IL-2 signals during a 

primary immune response have been shown to affect the differentiation of naïve CD8+ T 

cells into either short-lived effector (Obar et al., 2010) or long-lived memory T cells; and 

subsequently control the secondary expansion of the antigen-specific CD8+ T cell 

population (Boyman and Sprent, 2012). 

Mature DC, both in mice and human, and Langerhans cells, in mice, are 

characterized by a low CD25 expression and production of low, but significant, amounts of 

IL-2, following stimulation by pathogens or microbial products (Crowley et al., 1989); 

(Steiner et al., 1986); (Freudenthal and Steinman, 1990); (Kronin et al., 1998); (von 

Bergwelt-Baildon et al., 2006); (Driesen et al., 2008). Nevertheless, the biological function 

of CD25 expression by DC has been controversial (Kronin et al., 1998). Indeed, these 

cells have been suggested to sequester IL-2 and consequently diminish T cell proliferation 

and contribute to the immunosuppression phenomena (von Bergwelt-Baildon et al., 2006). 

Accordingly, in vitro studies showed that IL-2Rα-expressing-mature DC can also trans-

present IL-2 facilitating high-affinity IL-2R signaling, and consequently promote inhibition 

of antigen-specific T cell activation. Furthermore, this IL-2 trans-presentation has been 

reported to diminish brain inflammation in multiple sclerosis patients treated with 

daclizumab, a humanized antibody of IL-2Rα (Wuest et al., 2011), in a system analogous 

to the one of the IL-15 and IL-15Rα molecules expressed on DCs (Boyman and Sprent, 

2012). 
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 5.4. Peripheral suppressor mechanisms so far: a spotlight over Treg cells’ 

talent featuring IL-2 and APC 

 

 Treg cells have been shown to have suppressive effects not only on CD4+ (Th1, Th2 

and Th17) and CD8+ T cells, but also on macrophages, DCs, NK, NKT cells, mast cells, 

osteoblasts and B cells (Shevach, 2009); (Chaudhry et al., 2009). Numerous studies have 

tried to explore the mechanisms behind the suppressive function of Treg cells and 

although it is still not clear, several mechanisms have been proposed. In order to 

suppress, Treg cells need to be activated via their TCR in the presence of IL-2, while co-

stimulation via CD28 is dispensable. However, once they are activated with their specific 

antigen the suppressive effector function seems completely antigen-independent 

(Takahashi et al., 2000). Concerning suppression of CD4+ conventional T cell 

proliferation, it can occur directly, upon cell–cell contact by inhibition of TCR-induced 

proliferation and IL-2 transcription, involving immunosuppressive cytokines or other 

factors (Schmidt et al., 2012). However, Tregs can also inhibit CD4+ T cells indirectly by 

influencing the activation status of APC (Schmidt et al., 2012). Different mechanisms have 

been described according to the experimental system used generating controversy; yet 

later studies have shown that both direct and indirect mechanisms may occur in vivo 

depending on the target cell type and activation status, as well as the location, cytokine 

and microorganism milieu of the immune reaction (Schmidt et al., 2012).  

 It has been shown that FOXP3 can interact with different transcription factors, e.g. 

NFAT (Wu et al., 2006); (Torgerson et al., 2009), AML-1/Runx1 (Ono et al., 2007), 

HAT/HDAC (Li and Greene, 2007) and NF-kB (Bettelli et al., 2005), bearing important 

roles in regulating T cell activation and differentiation of effector T cells (Rao et al., 1997); 

(Taniuchi et al., 2002). A model has been proposed in which binding of foxp3 to these 

transcription factors blocks their ability to transcribe cytokines, such as IL-2 and IFN-γ, 

while at the same time increasing the transcription of Treg-associated molecules, such as 

CD25, CTLA-4 and GITR, a glucocortocoid induced TNF family-related gene/receptor. 

This process mediates suppression of responder T cells and renders Treg cells highly 

dependent on exogenous IL-2, which is mainly produced by activated responder T cells. 

In contrast, in the absence of foxp3 expression, the transcriptional complex transcribes IL-

2 and IFN-γ and represses Treg cell associated molecules (Sakaguchi et al., 2008). A 

hallmark feature of CD4+FOXP3+ Treg cells is the expression of CD25, therefore, it has 

also been proposed that the suppressive function of Treg cells could be due to their higher 

ability to use available IL-2 and mediate suppression as a result of direct cytokine 

consumption, preventing its utilization by other naive or effector cells (Barthlott et al., 
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2003); (de la Rosa et al., 2004). The concept of suppression via IL-2 consumption was 

based on different ideas: first, IL-2 is critical for T cell expansion and responses in vitro 

(de la Rosa et al., 2004); and secondly, the dissociation kinetics, the directionality of IL-2 

production within the immunological synapse and the TCR-dependency of both IL-2 

production and IL-2R expression suggested a requirement for proximity between IL-2 

producers and users (Malek and Castro, 2010). However, IL-2-/-, IL-2Rα-/- and IL-2Rβ-/- 

mice develop lymphoproliferative syndromes associated with a strong activation state of T 

cells leading towards autoimmunity and immunodeficiency scenarios (Kundig et al., 1993); 

(Suzuki et al., 1995); (Willerford et al., 1995); (Almeida et al., 2006a). Moreover, in the IL-

2R-deficient mice, disease can be prevented by Treg cell transfer (Almeida et al., 2002); 

(Malek et al., 2002). The increased lymphocyte proliferation and progressive accumulation 

of considerable numbers of T cells argues against their alleged strict requirement of IL-2 

for expansion in vivo. Indeed, the IL-2Rβ-/- mice showed that other γc-chain dependent 

cytokines, i.e., IL-15 and IL-7 or IL-7 alone, were able to induce T cell expansion in vivo. 

Nevertheless, CD4+ T cell expansion in response to antigen can occur in the absence of 

IL-2Rγc expression (Lantz et al., 2000). Furthermore, STAT5-deficient mice develop 

extensive lymphoproliferation (Snow et al., 2003); (Burchill et al., 2007); (Yao et al., 2007). 

Since this is the transcription factor downstream of the IL-2R signaling, critical for 

lymphocyte cell cycle progression in vitro (Moriggl et al., 1999), one can assume that TCR 

signals alone or associated with other γc-independent cytokines are sufficient for T cell 

expansion in vivo. Together, these observations demonstrate that TCR signals can 

bypass IL-2 requirements for CD4+ T cell proliferation and expansion in vivo, in opposition 

to in vitro studies. Although IL-2 may not be essential for T cell proliferation and primary 

responses in vivo (Malek, 2008), it seems critical in secondary responses, namely in what 

concerns the differentiation and development of CD8+ T cell memory cells (Williams et al., 

2006). Yet, its precise contribution for CD4+ T cell proliferation in vivo is still unknown. 

Actually, different STAT-family transcription factors have been implied in a negative 

feedback of IL-2 on IL-2 mRNA and protein expression (Villarino et al., 2007). These 

results argue with different suppression mechanisms for proliferation and cytokine 

transcription. Moreover, some observations indicate that suppression can occur in 

absence of IL-2: in vitro FOXP3+ Treg cells lacking the CD25 receptor keep their 

suppressive capacities (Fontenot et al., 2005b); and, the foxp3 transgene expression is 

able to restore Treg cell function, reversing autoimmunity onset in IL-2Rβ-/- mice (Soper et 

al., 2007). Thus, suppression can act both by inhibition of T cell activation and IL-2 

production and might also act by influencing the immune response via IL-2 consumption 

(Chen et al., 2011a); (Pandiyan et al., 2011). Another possible interpretation of these 
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studies is that Tregs are able to modify environmental factors and immune responses 

favoring specific Th17 mimicking suppression of other T cell fates. Other studies, using 

non-IL-2 related mechanisms of Treg-mediated suppression, namely IL-10-mediated 

regulation of gut IL-17 responses (Chaudhry et al., 2011); (Huber et al., 2011) 

demonstrated that not all Treg cell function is translated into Th17 responses by the 

suppressed effectors. Together, these differences in the effect of IL-2 on IL-2 expression 

and CD4 T cell proliferation may depend on time point, species, amount of IL-2 and 

cellular activation status. 

 Alternatively, APC have been suggested as targets of Treg cells mediated 

suppression in both mice and humans. Treg cells were shown to down-regulate the 

expression of the co-stimulatory molecules CD80/86 on APC in vitro, depending on both 

CTLA-4 and the adhesion molecule LFA-1 (CD11a/CD18), expressed at higher levels on 

Treg cells when compared to naïve T cells (Onishi et al., 2008). The interaction between 

CTLA-4 and CD80/86 also mediates the ability of Treg cells to condition DC to produce 

indolamin 2,3-dioxgenase (IDO), an enzyme that has been implicated in immune 

suppression and tolerance induction (Fallarino et al., 2003); Munn et al., Science, 2002). 

Blockade of CTLA-4, with a specific antibody, abrogates suppression both in vivo and in 

vitro, resulting in IBD and autoimmune diseases similar to those induced by Treg cell 

depletion (Takahashi et al., 2000); (Read et al., 2000). More importantly, mice with a 

specific deficiency in CTLA-4 expression on Treg cells develop autoimmune and 

inflammatory diseases similar to those produced by Treg cell depletion or FOXP3 

deficiency (Wing et al., 2008). Thus, CTLA-4 is required for in vivo and in vitro Treg cell 

suppression of immune responses by disrupting the ability of APC to activate other cells 

(Wing et al., 2008), in part mediated by CTLA-4 dependent down-regulation of CD80 and 

CD86 on APC. Indeed, the existence of a cell-extrinsic model of CTLA-4 function has 

been demonstrated to operate by the removal of co-stimulatory ligands, CD80 and CD86, 

from APC via trans-endocytosis (Qureshi et al., 2011). Furthermore, FOXP3 directly 

controls the expression of CTLA-4, (Wu et al., 2006); (Ono et al., 2007). Owing to the 

above mentioned findings, CTLA-4 dependent suppression seems to be a key mechanism 

of Treg cell mediated suppression. Moreover, other molecules and mechanisms have also 

been suggested to be involved in Treg cell mediated modification of APC function and 

effector T cells activation, i.e. lymphocyte activation gene 3 (LAG-3), which is a 

transmembrane protein preferentially expressed by Treg cells (Wing et al., 2008). LAG-3 

is a CD4 homolog that binds to MHC-class-II molecules with very high affinity and has 

been shown to inhibit DC maturation and activation (Wing et al., 2008). In fact, mice 

lacking LAG-3 showed reduced regulatory activity (Huang et al., 2004), once again 
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demonstrating the importance of APC on Treg cell function. Finally, manipulation of DC 

numbers through provision of fms-like tyrosine kinase 3 ligand (Flt3L) or inactivation of 

Flt3L or flt3 genes suggested that the size of the DC population and of IL-2p activated 

effector T-cell subsets control the size of Treg cell population (Darrasse-Jeze et al., 2009); 

(Swee et al., 2009). Thus, autoregulatory feedback loops maintain a fine balance between 

suppressive Treg cells, DCs, and activated effector T cells (Rudensky, 2011). 

 

6. The dawn of the quorum-sensing idea – the skeleton of this thesis 

 

 It is believed that control of lymphocyte numbers may be determined by cellular 

competition for a limited amount of resources, like trophic factors required for survival 

(Freitas and Rocha, 2000). However, the mechanisms controlling expansion of 

lymphocyte numbers in situations where resources are not limiting, for example during 

immune responses or an excess of self- antigens or cytokines, remain unsolved. Many 

species of bacteria use quorum-sensing mechanisms to coordinate their gene expression 

according to their population density (Miller and Bassler, 2001); (Diggle et al., 2007). They 

produce and detect small signal molecules with a specificity that allows them to 

distinguish and count their own and outsiders. When their receptors detect enough of a 

particular signal, indicating that sufficient cells are present, they trigger a response 

cascade, turning on or off a set of genes (Surette et al., 1999); (Bassler and Losick, 2006). 

A similar quorum-sensing-like mechanism may play a critical role in lymphocyte 

homeostasis, if lymphocytes can assess the number of molecules with which they interact 

and respond accordingly, once a threshold number of molecules is detected, homeostasis 

could be achieved by the ability of lymphocytes to perceive their own population density 

(de Freitas, 2009). The previously described correlation between the numbers of Treg 

cells and of activated IL-2p T cells indeed suggests the presence of a quorum-sensing-like 

mechanism. In this case, CD4+ T cell populations use the Treg cell subset expressing the 

high-affinity IL-2Rα-chain to monitor the number of activated CD4+ T cells by sensing the 

quantities of IL-2 produced, and they adapt their collective behavior according to the 

quantities of IL-2 sensed. In this manner, CD4+ T cells may be able to control not only the 

number of activated IL-2p CD4+ T cells, but also the size of the total CD4+ T cell pool, 

preventing uncontrolled lymphocyte proliferation. Thus, according to the quorum-sensing 

hypothesis, IL-2, rather than being a mere growth factor required for the proliferation of 

some T cells, represents a key molecule playing a central role in CD4+ T cell homeostasis. 

The failure of this quorum-sensing mechanism by the inability of CD4+ T cells to detect IL-

2 – due to defects of IL-2R expression (Willerford et al., 1995); (Malek et al., 2000) or IL-2 
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signaling (Burchill et al., 2007), or due to failure to produce IL-2 (Schorle et al., 1991) – 

results in uncontrolled CD4+ T cell activation leading to lymphoid hyperplasia and lethal 

autoimmune disease, as revised on Chapter II: Quorum-sensing in CD4+ T cell 

homeostasis: a hypothesis and a model (Almeida et al., 2012). 

All the experimental work performed in order to explore the proposed quorum-

sensing mechanism as responsible for CD4+ T homeostasis is described on Chapter III: 

Quorum-sensing controls the size of the IL-2-producing CD4+ T cell pool (paper under 

review in The Journal of Experimental Medicine) 

 Feedback loops between interacting effector and regulatory cells have been 

proposed to occur in the course of immune responses (Knoechel et al., 2005); (Fehervari 

et al., 2006); (Carneiro et al., 2007). However, these previous models did not take into 

consideration the protagonist role of IL-2 and Treg cells in the overall lymphocyte 

homeostasis. The quorum-sensing hypothesis (Almeida et al., 2012) extends beyond the 

scope of specific immune responses and predicts the behavior of the global T cell pool, 

including maintenance of the naïve pool and control of the size of the activated T cell pool. 

Indeed, the effects of the absence of IL-2 and/or of the Treg cell subset extend to all 

subpopulations on the CD4+ T cell pool suggesting that this homeostatic mechanism acts 

to maintain total T cell numbers rather than the size of effector and regulatory T cells only. 

Additionally, the quorum-sensing hypothesis (Almeida et al., 2012) also embodies a 

feedback mechanism to control T cell activation while allowing immune responses to 

occur, since it likely plays a part in the contraction phase of the CD4+ T cell responses. In 

the initial stages of an immune response, the presence of antigen perturbs the immune 

system equilibrium and incites proliferation of antigen-specific cells. Upon activation, the 

number of IL-2p cells (T and non-T) and the IL-2 concentrations increase; Treg cells 

respond with proliferation, and eventually re-establish a steady-state by suppressing 

further T cell activation and proliferation, thus decreasing the number of IL-2p cells. The 

preliminary experimental findings aiming to explore the quorum-sensing hypothesis 

(Almeida et al., 2012) in the context of the regulation of immune responses are compiled 

on Chapter IV: Additional results – Treg cells in LDP and immune responses. Finally, A 

mathematical perspective on CD4+ T cell quorum sensing is annexed to this thesis, a 

paper recently submitted and written in collaboration with Carmen Molina-Paris, Joseph 

Reynolds and Grant Lythe, experts from the School of Mathematics from the University of 

Leeds, UK. 
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 “(…) Because I am the size of what I see 

And not the size of my height…” 

Alberto Caeiro (Fernando Pessoa)  in Guardador de rebanhos (1888-1935)  

 

English translation from the original: 

“ (...) Porque eu sou do tamanho do que vejo 

E não do tamanho da minha altura...” 
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Chapter II 

Quorum-sensing in CD4+ T cell 

homeostasis: a hypothesis and a model   
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Homeostasis of lymphocyte numbers is believed to be due to competition between cellular
populations for a common niche of restricted size, defined by the combination of interac-
tions and trophic factors required for cell survival. Here we propose a new mechanism:
homeostasis of lymphocyte numbers could also be achieved by the ability of lymphocytes
to perceive the density of their own populations. Such a mechanism would be reminiscent
of the primordial quorum-sensing systems used by bacteria, in which some bacteria sense
the accumulation of bacterial metabolites secreted by other elements of the population,
allowing them to “count” the number of cells present and adapt their growth accordingly.
We propose that homeostasis of CD4+ T cell numbers may occur via a quorum-sensing-like
mechanism, where IL-2 is produced by activated CD4+T cells and sensed by a population of
CD4+Treg cells that expresses the high-affinity IL-2R!-chain and can regulate the number of
activated IL-2-producing CD4+ T cells and the total CD4+ T cell population. In other words,
CD4+ T cell populations can restrain their growth by monitoring the number of activated
cells, thus preventing uncontrolled lymphocyte proliferation during immune responses.We
hypothesize that malfunction of this quorum-sensing mechanism may lead to uncontrolled
T cell activation and autoimmunity. Finally, we present a mathematical model that describes
the key role of IL-2 and quorum-sensing mechanisms in CD4+ T cell homeostasis during
an immune response.

Keywords: CD4+ T cells, regulatory T cells, IL-2, autoimmunity, immune-therapy, homeostasis, quorum sensing,
mathematical modeling

INTRODUCTION TO CD4+ T CELL HOMEOSTASIS
As in other organs and tissues of the body, the number of cells of
the immune system is typically maintained throughout the adult
life of an individual. This type of control is akin to the mecha-
nisms that act to maintain nutrient levels or temperature, which
were first identified by Bernard (1865) and later termed home-
ostasis (Cannon, 1932). T cell numbers are essentially maintained
at a stable level throughout adult life, despite their daily produc-
tion and export from the thymus and their peripheral division.
The contribution of the thymus to the establishment and mainte-
nance of T cell numbers in peripheral pools has been quantified
(Metcalf, 1965; Miller, 1965; Leuchars et al., 1978; Berzins et al.,
1998; Almeida et al., 2001). The degree of thymus restoration is
determined by the availability of competent precursors, but the
number of peripheral T cells is largely independent of the number
of thymus precursor cells, for example, mice with reduced thymus
production showed replete peripheral compartments (Almeida
et al., 2001). These experimental findings have indicated that
T cell numbers are controlled by peripheral mechanisms, and
lead to the suggestion that competition is an important factor
in maintaining T cell homeostasis. Indeed, in normal mice with

full thymus production, if the generation of new T cells exceeds the
minimal requirements to fill the peripheral pools and their overall
peripheral number is kept constant, it follows that each newly gen-
erated cell must compete for survival with other newly produced
or resident cells (Freitas et al., 1996; Freitas and Rocha, 2000).
Therefore, lymphocyte survival in peripheral pools is not a pas-
sive phenomenon, but rather a continuous active process driven
by highly selective environmental cues (Freitas et al., 1996; Freitas
and Rocha, 2000). However, all T cells are not equal; the periph-
eral T cell pool is composed of a diverse set of subpopulations
that play different essential roles in establishing immune responses
and immune-competence. Thus, the mechanisms responsible for
guiding the survival and homeostasis of peripheral T cell numbers
must include a qualitative dimension, allowing for the coexistence
of different T cell populations (Almeida et al., 2005). How is this
achieved?

The peripheral !" TCR+ T cell pool can be divided into CD4+

“helper”and CD8+ “cytotoxic”T cells, and each of these two major
subpopulations consists of naïve (not having encountered antigen)
and activated/memory (antigen-experienced) pools. These pop-
ulations represent the potential to react to newly encountered
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antigens, and to provide fast and efficient responses to recurrent
antigens, respectively. For naïve T cells, the trophic survival signals
are contingent on TCR-mediated signals upon interactions with
MHC Class-I or MHC Class-II molecules, and on !c-dependent
cytokines, namely IL-7 (Surh and Sprent, 2008). The roles of TCR
signals and TCR-MHC interactions were demonstrated by transfer
of T cells to MHC-devoid hosts (Takeda et al., 1996; Brocker, 1997;
Kirberg et al., 1997; Tanchot et al., 1997) and by ablation of TCRs
(Labrecque et al., 2001); both approaches resulted in the loss of T
cells. IL-7-dependency was shown upon either transferring T cells
into IL-7-deficient animals (Schluns et al., 2000; Tan et al., 2001) or
treatment of host animals with anti-IL-7 antibodies (Vivien et al.,
2001); again, both approaches resulted in T cell death. IL-7 also
modulates MHC Class-II expression in dendritic cells, establish-
ing a relationship between cytokines and TCR-mediated signals
in naïve CD4+ T cell homeostasis (Guimond et al., 2009). IL-7 is
present in the secondary lymph nodes (LN), where it is produced
by fibroblastic reticular cells (FRCs; Link et al., 2007). Expression
of the CD62L and CCR7 homing receptors allow T cells to fol-
low gradients of CCL19 and CCL21 chemokines made by the LN
stromal cells, and thus access IL-7. Interestingly, the transcription
factor Foxo1 regulates expressions of IL-7R, CD62L, and CCR7
in naïve T cells (Freitas and Rocha, 2009; Kerdiles et al., 2009;
Ouyang et al., 2009), establishing a close link between lympho-
cyte migration and survival. Migration ensures the distribution of
lymphocytes between different environments and allows the cells
to find the appropriate niche for survival.

Memory T cells have less stringent requirements for survival.
CD8+ memory T cells can survive in absence of the restricting
MHC Class-I element (Tanchot et al., 1997), while the survival of
CD4+ memory T cells is MHC Class-II independent (Swain et al.,
1999; Polic et al., 2001). Thus, memory T cell survival seems mostly
dependent on IL-7 and IL-15 (Surh and Sprent, 2008). While there
is some degree of overlap in survival signals, naïve, and memory T
cells do not seem to compete, allowing for the coexistence of these
populations. This was shown in studies where animals manipu-
lated to have only naïve CD8+ T cells showed halved total CD8+ T
cell numbers, as well as in studies where animals with only mem-
ory T cells were unable to fill up the entire T cell pool (Tanchot
and Rocha, 1995; Freitas and Rocha, 2000). Coexistence of these
populations is ensured through a mechanism of niche segrega-
tion; separated control of these populations ensures that both are
maintained, and avoids competition between them (Tanchot et al.,
1997; Freitas and Rocha, 2000; Almeida et al., 2005).

The above-described division, however, fails to fully account
for the complexity of peripheral T cell pools. Several other major
subpopulations should be considered, including populations of
CD4+FOXP3+ regulatory T cells (Sakaguchi, 2004), CD4+ and
CD8+ effector T cells, and the division of memory pools into
central-memory and effector-memory, which relies on differences
in migratory behavior and T cell differentiation status (Sallusto
et al., 2004).

REGULATORY CD4+CD25+FOXP3+ T CELLS: AN ESSENTIAL
POPULATION OF THE PERIPHERAL T CELL POOLS
The physiologic function of regulatory CD4+ T (Treg) cells is cen-
tral in establishing self-tolerance and in controlling autoimmune

diseases. These cells were initially identified in models of autoim-
mune disease or inflammatory bowel disease (IBD) following the
adoptive transfer of naïve T cells into lymphopenic animals, due
to their ability to prevent the provoked autoimmune manifesta-
tions (Powrie et al., 1993; Sakaguchi et al., 1995; Asano et al.,
1996; Sakaguchi, 2000; Maloy and Powrie, 2001). Treg cells specif-
ically express the transcription factor FOXP3, which is strictly
required for their development (Fontenot et al., 2003; Hori et al.,
2003). Indeed, carriers of spontaneous FOXP3 mutations – e.g.,
the IPEX (immunodysregulation, polyendocrinopathy, enteropa-
thy, x-linked) syndrome in humans (Wildin et al., 2001) and scurfy
mice (Blair et al., 1994; Bennett et al., 2001) – develop rapid and
lethal autoimmune syndromes that can be rescued upon transfer
of Treg cell populations (Fontenot et al., 2003; Hori et al., 2003).
Similar results were obtained in FOXP3-deficient animals gen-
erated by homologous recombination (Fontenot et al., 2003) or
upon the selective ablation of Treg cells in adult mice (Kim et al.,
2007a; Lahl et al., 2007). However, CD4+ Treg cell actions can also
counter-productively suppress immune responses against tumors
and viral infections (Antony et al., 2005; Belkaid and Rouse, 2005),
indicating that regulatory T cells are capable of influencing all T
cell-mediated responses (Sakaguchi, 2004).

Others and we have shown that CD4+ Treg cells can prevent
IBD and autoimmune diseases caused by transfer of naïve CD4+

T cells into lymphopenic animals, as well as control the expan-
sion and regulate the total number of these T cells (Annacker
et al., 2000; Almeida et al., 2002). The critical role of CD4+ Treg
cells on peripheral T cell homeostasis was further demonstrated in
experiments with mouse chimeras reconstituted with bone mar-
row cells from CD25!/! (Almeida et al., 2002) or FOXP3!/!

(Fontenot et al., 2003) donors; the co-transfer of small numbers of
CD4+CD25+ Treg cells rescued these mice from massive lympho-
proliferation, autoimmunity, and death. Importantly, the rescued
chimeras exhibited normal absolute numbers of recovered T cells,
and relative proportions of naïve, memory, and effector CD4+

and CD8+ T cells were restored (Almeida et al., 2002; Fontenot
et al., 2003). These observations demonstrated that the lymphoid
hyperplasia observed in CD25!/! or FOXP3!/! mice was not cell
autonomous, and that restoring the CD4+ Treg population suf-
ficed to restore the equilibrium of the total peripheral T cell pool.
Furthermore, mice transgenic for FOXP3 overexpress the“scurfin”
protein and show an increased fraction of Treg cells within reduced
numbers of peripheral T cells (Khattri et al., 2001). We conclude
from these studies that the presence of CD4+ Treg cells is essen-
tial to the homeostasis of naïve, memory, and effector T cells.
Two important questions arise: (1) what mechanisms do regula-
tory T cells use to control CD4+ T cell numbers, and (2) how is
homeostasis of these regulatory T cells achieved?

FUNCTION OF CD4+ Treg CELLS: THE POSSIBLE ROLE OF IL-2
Previous studies have identified a vast number of putative mech-
anisms of suppression used by CD4+ Treg cells (Shevach, 2009).
Notably, these include both cell-contact dependent and indepen-
dent mechanisms, and while initial studies pointed to a segregation
into those categories according to the experimental system used,
with in vitro studies falling into the first category and in vivo stud-
ies in the second, later studies have shown that both direct and
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indirect mechanisms may occur in vivo (Shevach, 2000). Indeed,
strong experimental evidence indicates that in vivo the suppressive
activity of Treg cells may be cell-contact dependent and APC-
mediated. Treg cells from mice deficient in LAG-3 (a CD4-related
molecule that binds MHC Class-II) show reduced regulatory activ-
ity (Huang et al., 2004). More importantly, recent findings using
Treg cells with a specific CTLA-4 deficiency indicate that CTLA-4
is required for Treg cells to suppress immune responses by dis-
rupting the ability of antigen-presenting cells to activate other T
cells (Wing et al., 2008). A hallmark feature of CD4+FOXP3+ Treg
cells is the expression of CD25, the !-chain of the high-affinity IL-2
receptor (Nelson and Willerford, 1998); therefore, it has also been
proposed that the suppressive function of Treg cells could be due
to their higher ability to use available IL-2, which could prevent
IL-2 utilization by other naïve or effector cells that lack expression
of the high-affinity IL-2 receptor (Barthlott et al., 2003; de la Rosa
et al., 2004).

This concept of suppression via IL-2 consumption was based
on the belief that IL-2 is a critical essential factor for T cell
responses and expansion, as supported by in vitro evidence (de
la Rosa et al., 2004). The dissociation kinetics, the directional-
ity of IL-2 production within the immunological synapse, and
the TCR-dependency of both IL-2 production and IL-2R expres-
sion all contributed to the notion of a requirement for proximity
between producers and users of IL-2, suggesting a role of IL-2
consumption in the mechanism of suppression (Malek and Cas-
tro, 2010). However, the view that IL-2 acts as a major growth
factor for in vivo T cell proliferation has since been challenged.
Indeed, IL-2!/!, IL-2R!!/!, and IL-2R"!/! mice develop lym-
phoproliferative syndromes associated with both autoimmunity
and immunodeficiency (Kundig et al., 1993; Suzuki et al., 1995;
Willerford et al., 1995; Almeida et al., 2006b). In these mice the
strong activation state of T cells renders them refractory to further
in vitro stimulation and is responsible for an “immunodeficiency”
state. In IL-2R-deficient mice disease can be prevented by the trans-
fer of relatively small numbers of Treg cells (Almeida et al., 2002;
Malek et al., 2002). The increased lymphocyte proliferation and
the progressive accumulation of considerable numbers of T cells
observed argue against the strict requirement of IL-2 for T cell
expansion in vivo. It also suggests that other #c-chain dependent
cytokines, i.e., IL-15 and IL-7 or IL-7 alone in the case of the IL-
2R"!/! mice, could induce extensive T cell proliferation in vivo.
Nevertheless, it has also been shown that CD4+ T cell expansion
in response to antigen can occur in the absence of IL-2R#-chain
(#c) expression (Lantz et al., 2000). Moreover, mice deficient in
STAT5, the transcription factor downstream of the IL-2R signal-
ing that has been reported to be critical for lymphocyte cell cycle
progression in vitro (Moriggl et al., 1999), also develop extensive
lymphoproliferation (Snow et al., 2003; Burchill et al., 2007; Yao
et al., 2007), suggesting that TCR signals alone or associated with
other #c-independent cytokines suffice to elicit T cell expansion
in vivo. Overall these observations make apparent the discrepan-
cies between in vitro and in vivo studies and clearly demonstrate
that in vivo, TCR signals can bypass IL-2 requirements for CD4+

T cell proliferation and expansion. It should be pointed out that
although IL-2 does not seem to be strictly required for T cell prolif-
eration and primary responses in vivo, as T cell responses have been

shown to resolve infection in the absence of IL-2 (Malek, 2008),
it appears to be critical in secondary responses, in particular for
the differentiation and development of CD8 T cell memory cells
(Williams et al., 2006) hinting to an impact of IL-2 in the quality
of the immune response rather than to an absolute requirement
for IL-2 in T cell responses. Thus the precise quantitative contri-
bution of IL-2 for CD4 T cell proliferation in vivo remains yet to
be established.

The observations that in vitro FOXP3+ Treg cells lacking CD25
retain intact suppressive capacities (Fontenot et al., 2005a) and,
more importantly, that a FOXP3 transgene restored Treg cell
function and protected against the onset of autoimmunity in IL-
2R"!/! mice (Soper et al., 2007), indicate that the suppressive
activity of Treg cells can occur in the complete absence of IL-
2 signals. Thus, it is likely that the suppressive activity of Treg
cells can occur both by inhibiting naïve T cell activation and
IL-2 production and possibly by influencing the response via
IL-2 consumption. Indeed, recent reports have suggested sup-
pression via IL-2 consumption by CD4+CD25+ Treg cells as a
mechanism of controlling immune responses in vivo (Chen et al.,
2011; Pandiyan et al., 2011). These studies may also be interpreted
as suggesting that Treg cells modify environmental factors and
immune responses to favor specific TH17 mimicking suppres-
sion of other T cell fates. Nevertheless, there exists a vast body
of evidence demonstrating other non-IL-2 related mechanisms
of Treg-mediated suppression, including IL-10-mediated regula-
tion of gut IL-17 responses (Chaudhry et al., 2011; Huber et al.,
2011), implying that not all Treg function is translated into TH17
responses by the suppressed effectors. It remains to be established
if these effects can occur simultaneously and what cues determine
the triggering of these diverse mechanisms.

HOMEOSTASIS OF REGULATORY CD4+ T CELLS: THE ROLE OF
IL-2
Our investigation of CD4+ Treg cell homeostasis revealed that the
absolute number of Treg cells and the ratio of non-Treg/Treg CD4+

T cells are tightly regulated under steady-state in vivo conditions
(Almeida et al., 2006b). Adoptive transfer of a limited number
of CD25+ T cells rescues CD25!/! bone marrow (BM) chimeras
(Almeida et al., 2002), neonatal FOXP3sf mice (Fontenot et al.,
2003), and IL-2R"!/! mice (Malek et al., 2002) by reconstituting
a normal CD4+CD25+ Treg pool that persists indefinitely with-
out new thymus output. Our strategy involved mixed BM chimeras
that were reconstituted with precursor cells from WT donors (that
were competent to generate CD4+CD25+ Treg cells) diluted at
different ratios with precursor cells from CD25!/! donors (that
were incompetent to generate CD4+CD25+ Treg cells). We found
that similar numbers and proportions of peripheral CD4+CD25+

Treg cells were recovered regardless of the fraction of precur-
sor BM cells that were competent to generate CD4+CD25+ Treg
cells (Almeida et al., 2006b). These findings and the constancy
of Treg cell numbers and proportions demonstrated that these
cells occupy a limited and specialized niche in the peripheral T
cell pool. The expression of CD25 (IL-2R!) by the vast major-
ity of CD4+ Treg cells suggests a major role of IL-2 in CD4+

Treg biology. Indeed, mice that are genetically deficient in IL-2
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(Schorle et al., 1991; Sadlack et al., 1995; Wolf et al., 2001), IL-
2R! (Willerford et al., 1995), IL-2R" (Suzuki et al., 1995; Malek
et al., 2000), or STAT5 (the transcription factor downstream of
the IL-2R signaling; Snow et al., 2003; Burchill et al., 2007; Yao
et al., 2007) each lack sizeable populations of CD4+ Treg cells and,
consequently, develop lethal lymphoid hyperplasia and autoim-
mune diseases. Moreover, IL-2-dependent signaling is involved in
the maintenance of FOXP3 expression and in the maintenance
of the FOXP3-dependent gene signature, even at low levels of
IL-2R"-dependent signaling (Gavin et al., 2002; Hill et al., 2007;
Yu et al., 2009). Others and we have shown that IL-2 is essential
for the peripheral survival and expansion of CD4+CD25+ Treg
cells. Thus, Treg cells from IL-2-deficient donors fail to survive
in IL-2!/! hosts (Almeida et al., 2006b) or to accumulate in the
periphery in the absence of IL-2R signals (Almeida et al., 2002,
2006b; Fontenot et al., 2005b), and blocking IL-2R or neutralizing
IL-2 reduces Treg cell numbers (Bayer et al., 2005; Setoguchi et al.,
2005).

The observation that CD4+CD25+ T cell numbers and propor-
tions are remarkably stable does not explain how CD4+CD25+

Treg homeostasis is achieved or the mode of action of IL-2. Par-
simony suggests that the expression of high-affinity IL-2R! and
the dependence on IL-2 for survival are critical and connected
clues to understanding the homeostasis of the Treg cell subpop-
ulation. We showed that expression of high levels of high-affinity
IL-2R! specializes the CD4+CD25+ Treg cells for exploiting the
IL-2 resource in vivo. In fact, in the CD4+ T cell pool of mouse
chimeras reconstituted with a mixture of precursors differing only
in their potential to exploit IL-2, the WT CD4+ T cells that are
able to express CD25 have a noticeable seeding advantage over the
CD25!/!CD4+ cells (Almeida et al., 2006b). Thus, CD25 expres-
sion by Treg cells permits them to occupy a niche defined by the
IL-2 resource, and allows them to avoid direct competition with
other CD4+ T cells that do not express the high-affinity IL-2R!.
This explains how the immune system ensures the presence of this
subpopulation of cells, but it fails to explain their constancy or
their relative proportion.

We have shown that complementation chimeras reconstituted
with a mix of donor BM from CD25!/! and IL-2!/! animals
present a normal peripheral T cell pool, including a normal pro-
portion of CD4+CD25+ Treg cells (Almeida et al., 2002). This
indicates that paracrine IL-2 is sufficient for the peripheral survival
of CD4+CD25+ Treg cells. We also reported that, in steady-state
conditions, establishment of a fully sized and functional Treg cell
population that is capable of preventing development of autoim-
mune syndromes only occurs in the presence of IL-2-competent
!" T cells (Almeida et al., 2006b). This suggests that !" T cells
(particularly activated CD4+ T cells) represent the major source
of the IL-2 required for the survival of a functional population of
Treg cells in the peripheral pools (Curotto de Lafaille et al., 2004;
Setoguchi et al., 2005; Almeida et al., 2006b). We have also used
transgenic mice overexpressing IL-7 to greatly increase periph-
eral T cell numbers recovered at equilibrium time-points, and we
found that the numbers of CD4+CD25+ Treg cells increased pro-
portionally to the absolute number of CD4+ T cells (Almeida
et al., 2006b). Since CD4+ Treg cells are unable to produce IL-2
(Shevach, 2000) due to active FOXP3-dependent repression of the

il2 gene (Wu et al., 2006; Ono et al., 2007), the corollary conclu-
sion from these observations is that Treg cells are reliant on other
IL-2-producing T cells for survival. To demonstrate this point,
we reconstituted irradiated Rag2!/!IL-2!/! hosts with mixes of
IL-2-sufficient and IL-2-deficient BM cells, and we found a direct
correlation between the numbers of IL-2-competent cells and
CD4+ Treg cells (Almeida et al., 2006b). We concluded that the
size of the Treg niche corresponds to the available quantity of IL-
2, meaning that the number of CD4+CD25+ Treg cells is tied to
the number of IL-2-producing CD4+ T cells. This explains why the
relative proportion of the two populations is stably maintained.
Importantly, the size of the IL-2 niche is not fixed by factors exter-
nal to the overall T cell pool; instead, it is mainly dependent on
IL-2 produced by other T cells (Almeida et al., 2006b).

This mechanism of homeostasis implies that the survival of a
given Treg and the capacity for expansion will be dependent on
the amounts of IL-2 produced by other T cells and, thus, Treg cells
are capable of extended expansion and renewal when faced with
an empty Treg niche. Indeed, when very low numbers of Treg cells
are co-transferred with IL-2-producing CD4+ T cells into lym-
phopenic animals, they expand considerably and tend to occupy
the vacant CD4+ Treg niche (Almeida et al., 2006b; Komatsu et al.,
2009). A similar situation occurs in the first days of life, as the
first wave of CD4+ Treg cells expand considerably between days 3
and 7 (Bayer et al., 2005). Interestingly, the capacity of expansion
of “converted” or CD25low-expressing FOXP3+ contaminants in
transfers of CD4+CD25! T cells is greatly affected by the presence
of CD4+CD25+ co-transferred cells, suggesting strong competi-
tion for the occupancy of the Treg niche and further demonstrating
that initial CD25 expression is a major competitive advantage in
IL-2 usage (Almeida et al., 2006a).

QUORUM-SENSING AND CD4+ T CELL HOMEOSTASIS
It is believed that control of lymphocyte numbers may be deter-
mined by cellular competition for a limited amount of resources,
e.g., trophic factors required for survival (Freitas and Rocha, 2000).
However, it is not clear what mechanisms are used to control
expanding lymphocyte numbers in situations where resources are
not limiting, e.g., during immune responses or an excess of self-
antigens or cytokines. It remains unanswered how lymphocyte
populations “count” the number of their individuals and how do
they “know” when to stop growing?

Many species of bacteria use quorum-sensing mechanisms to
coordinate their gene expression according to their population
density (Miller and Bassler, 2001; Diggle et al., 2007). A similar
quorum-sensing-like mechanism may play a critical role in lym-
phocyte homeostasis, if lymphocytes can assess the number of
molecules with which they interact and respond accordingly once
a threshold number of molecules is detected.

We propose that control of lymphocyte numbers could be
achieved by the ability of lymphocytes to perceive their own
population density (de Freitas, 2009). The correlation between
the numbers of CD4+CD25+FOXP3+ Treg cells and of activated
IL-2-producing T cells indeed suggests the presence of a quorum-
sensing-like mechanism. In this case CD4+ T cell populations use
the Treg cell subset expressing the high-affinity IL-2R!-chain to
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FIGURE 1 | (A) Quorum-sensing. The presence of IL-2 and the ability of the
Treg cells to detect its levels are crucial to the homeostasis of the immune
system. Quorum-sensing in this case is defined as an indirect feedback loop
where the IL-2 produced by a subpopulation of activated T cells (among
others) is detected (sensed) by a subpopulation of CD4+ Treg cells expressing
the high-affinity IL-2R!-chain; these cells contribute to controlling the number
of CD4+ T cells. In other words, the overall CD4+ T cell populations sense the

produced quantities of IL-2 and adapt their behavior accordingly. (B) Failure of
quorum-sensing by defective sensor molecule. The inability to detect IL-2
because of defects in IL-2R expression (in IL-2R!!/! or IL-2R"!/! mice) or
signaling (in STAT5!/! mice) leads to lymphoid hyperplasia and autoimmune
disease. (C) Failure of quorum-sensing due to absence of the sensed
molecule. In the absence of IL-2, Treg cells do not survive, which causes
lymphoid hyperplasia and autoimmune pathology.

monitor the number of activated CD4+ T cells by detecting (sens-
ing) the IL-2 produced, and they adapt their collective behavior
according to the quantities of IL-2 sensed (Figure 1A). In this

manner, CD4+ T cells may be able to control not only the num-
ber of activated IL-2-producing CD4+ T cells, but also the size of
the total CD4+ T cell pool. This mechanism prevents uncontrolled
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lymphocyte proliferation and maintains a constant pool size. Thus,
according to the quorum-sensing hypothesis, IL-2, rather than
being a mere growth factor required for the proliferation of some
T cells, represents a key molecule playing a central role in CD4+ T
cell homeostasis.

We hypothesize that failure of this quorum-sensing mechanism
results in uncontrolled CD4+ T cell activation and autoimmune
disease. The inability of CD4+ T cells to detect IL-2 – due to defects
of IL-2R expression (Willerford et al., 1995; Malek et al., 2000) or
IL-2 signaling (Burchill et al., 2007), or due to failure to produce
IL-2 (Schorle et al., 1991) – leads to lymphoid hyperplasia and
lethal autoimmune disease (Figures 1B,C). Other autoimmune
diseases are also linked to defects in the IL-2/IL-2R signal path-
ways. Autoimmunity in NOD mice seems to be dependent on
lower IL-2 production resulting from genetic defects that map to
the il-2 region (Yamanouchi et al., 2007). Polymorphisms linked
to IL-2 receptors, IL-2R! and IL-2R", are associated with several
autoimmune diseases, such as type 1 diabetes, multiple sclerosis,
celiac diseases, and rheumatoid arthritis (Gregersen and Olsson,
2009; Todd, 2010). It has also been reported that Dicer, the enzyme
responsible for generating functional miRNAs, enhances Treg cell
development (Cobb et al., 2006). FOXP3 regulates miR155 expres-
sion and optimizes Treg cell responses to limiting quantities of IL-2
by targeting suppressor of cytokine signaling 1 (SOCS1) expres-
sion (Lu et al., 2009; Stahl et al., 2009). Consequently, the selective
disruption of miRNAs in the Treg cell lineage results in lethal
autoimmunity (Liston et al., 2008; Zhou et al., 2008). However,
it should be noted that genetic risk for autoimmunity might be
more complex than the IL-2 regulation of Treg cell function, as
it may also involve increased responses of the self-reactive clones
to IL-2.

By modifying IL-2 levels it should be possible to increase Treg
cell numbers and control auto-reactive immune responses. How-
ever, IL-2 also contributes to the effector arm of immune responses
by driving CD8+ T cell proliferation and differentiation into effec-
tor functions (Kalia et al., 2010; Pipkin et al., 2010; Zaragoza
et al., 2011) and development of CD8+ T cell memory (Williams
et al., 2006). Treg cells have a major competitive advantage for
IL-2 usage (Almeida et al., 2006b); this is due to the constitutive
expression of the high densities of the IL-2R! chain that confers
a up to 1000-fold increase of affinity of binding to the IL-2R!, ",
# trimer (Feinerman et al., 2010), the fact that even a low level
of IL-2-dependent signaling sufficiently ensures maintenance of
FOXP3 expression (Gavin et al., 2002; Hill et al., 2007; Yu et al.,
2009), and because FOXP3 expression itself optimizes Treg cell
responses to limiting quantities of IL-2 (Lu et al., 2009; Stahl et al.,
2009). Therefore, Treg cells should be particularly susceptible to
small increases in IL-2 availability. Indeed, administration of low
doses of IL-2 (Tang et al., 2008; Grinberg-Bleyer et al., 2010) or
inducible adenovirus bearing IL-2 genes (Goudy et al., 2011) can
reverse disease or prevent diabetes in NOD1 mice by increas-
ing Treg cell numbers in the target organs. Some anti-IL-2/IL-2
immune complexes have been used in vivo to prolong the half-
life of the administered cytokine (Boyman et al., 2006), and can
selectively favor Treg cell expansion by blocking the IL-2 bind-
ing site to the IL-2R" (Boyman et al., 2006; Webster et al., 2009).
Differences in the IL-2R signaling pathways between Treg and T

effector cells may also allow manipulation of responses to either
favor or antagonize Treg function (reviewed by Malek and Castro,
2010).

Feedback loops between interacting effector and regulatory
cells have been proposed to occur in the course of immune
responses (Knoechel et al., 2005; Fehervari et al., 2006; Carneiro
et al., 2007). However, these previous models describing regu-
latory feedback loops between Teff/Treg cells did not take into
consideration the protagonist part of IL-2 and Treg cells in overall
lymphocyte homeostasis. The quorum-sensing hypothesis extends
beyond the scope of specific immune responses and predicts the
behavior of the global T cell pool, including maintenance of the
naïve pool and control of the size of the activated T cell pool.
Indeed, the effects of the absence of IL-2 and/or of the Treg cell
subset extend to all subpopulations on the CD4+ T cell pool sug-
gesting that this homeostatic mechanism acts to maintain total T
cell numbers rather than the size of effector and regulatory T cells
only. The quorum-sensing hypothesis, besides its proposed overall
role on T cell homeostasis, also embodies a feedback mechanism
to control T cell activation while allowing immune responses to
occur; this likely plays a part in the contraction phase of the CD4+

T cell responses. In the initial stages of an immune response,
the presence of antigen perturbs the immune system equilibrium
and incites proliferation of antigen-specific cells. Upon activa-
tion, the number of IL-2-producing cells (T and non-T) and
the IL-2 concentrations increase; Treg cells respond with prolif-
eration, and eventually re-establish a steady-state by suppressing
further T cell activation and proliferation, thus decreasing the
number of IL-2-producing cells. Such a mechanism might have
evolved to control peripheral cross-reactive or auto-reactive T
cell clones, while allowing controlled increases in overall periph-
eral T cell number. This mechanism definitively enables CD4+

T cells to limit their expansion when in presence of an excess of
resources.

In conclusion our quorum-sensing model provides new mech-
anistic insights and has implications for understanding autoim-
mune disease and will create a new way of thinking about the
homeostasis of lymphocyte populations.

PROPOSED MATHEMATICAL MODEL FOR THE ROLE OF
“QUORUM-SENSING” IN CD4+ T CELL HOMEOSTASIS
Based on the suggested quorum-sensing hypothesis we here pro-
pose a mathematical model that is intended to describe in a
quantitative way the role of IL-2 and quorum-sensing mechanisms
in CD4+ T cell homeostasis. This model describes CD4+ T cell
dynamics, that is the time evolution of four different CD4+ T cell
subsets: naïve (n1), IL-2-producing (n2), activated/memory non-
IL-2-producing (n3), and regulatory CD4+ T cells (n4). The model
assumes that cells can divide, differentiate, or die. The assumptions
of the model are as follows.

THYMUS OUTPUT
We model thymus output as occurring at a constant rate, inde-
pendent of the number of cells in the peripheral CD4+ T cell
population. We only consider thymus output for naïve and
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regulatory T cells. These terms take the form

+ vi ,

where i = 1, 4.

NATURAL DEATH
We assume that CD4+ T cells possess a natural death rate and that
this constant death rate depends on the T cell subset. Thus, the
death terms are proportional to the population size of each subset,
namely

!µini ,

where i = 1, 2, 3. We have already discussed the requirement for
IL-2 for the survival of regulatory T cells. This can be encoded as
an IL-2-dependent death term for the subset of regulatory T cells.
We do not directly include a dynamical equation for IL-2 levels,
but we assume that the IL-2 levels are proportional to the number
of IL-2-producing cells. The death term for the regulatory T cells
takes the form

!µ4
!2

!2 + n2
n4,

where !2 is the number of IL-2-producing cells at which the death
rate for regulatory cells is half its value in the absence of any IL-2.

TCR/IL-7-INDUCED PROLIFERATION
We assume that all T cell subsets proliferate in response to TCR-
and/or IL-7-mediated signals; thus, we include them as logistic
growth terms with carrying capacity !. In this way, we impose a
limit on the population size that these signals can sustain, which
is consistent with the idea that T cells must compete for such sig-
nals in the periphery. The proliferation due to TCR and IL-7 takes
the form

+"i TCR ni

!
1 ! ni

!

"

where i = 1, 2, 3.

IL-2-INDUCED PROLIFERATION
In addition to growth terms due to TCR and/or IL-7 stimulus we
also include proliferation terms to model T cell responses to IL-2.
For a given T cell subset (except for naïve T cells), the growth rate
due to IL-2 signals is assumed to be proportional to the number of
IL-2-producing cells. We model IL-2-induced proliferation with
quadratic terms of the form

+"i IL ! 2 n2ni

where i = 2, 3, 4.

DIFFERENTIATION OF NAÏVE T CELLS
Naïve T cells can be activated in response to their specific antigen.
We model this differentiation by assuming naïve T cells become
IL-2-producing cells at a constant rate #12. We also assume naïve

T cells differentiate into memory cells at a constant rate #13. These
assumptions are modeled by terms of the form

±#1in1

where i = 2, 3.

DIFFERENTIATION OF IL-2-PRODUCING CELLS
We assume IL-2-producing cells stop producing IL-2 at a constant
rate #23 and thereafter differentiate to the activated/memory pool.
This term is written as

±#23n2.

REACTIVATION OF MEMORY
We assume that memory T cells can become IL-2-producing cells
in response to further stimulation by their specific antigen. This
assumption is modeled by a term of the form

±#32n3.

SUPPRESSION
We encode regulatory T cell suppression as follows: regulatory T
cells give a signal to activated IL-2-producing T cells that causes
them to stop producing IL-2. We model this as a contact term pro-
portional to the number of regulatory T cells, with the assumption
that IL-2-producing cells may become memory cells after hav-
ing received this signal. The assumption is modeled by a term of
the form

±$n2n4..

SYSTEM OF ODEs
Based on the assumptions introduced above, we can write a system
of ordinary differential equations (ODEs) that fully describes the
model. The ODEs are given by

dn1

dt
= v1 ! µ1n1 + "1TCR n1

!
1 ! n1

!

"
! #12n1 ! #13n1,

dn2

dt
= !µ2n2 + "2TCR n2

!
1 ! n2

!

"
+ "2IL!2 n2n2 + #12n1

! #23n2 + #32n3 ! $n2n4,

dn3

dt
= !µ3n3 + "3TCR n3

!
1 ! n3

!

"
+ "3IL!2 n2n3 + #13n1

+ #23n2 ! #32n3 + $n2n4,

dn4

dt
= v4 ! µ4

!2

!2 + n2
n4 + "4IL!2 n2n4.

We note that a detailed mathematical analysis of this system
of ODEs (existence and stability of steady-states, for example) is
beyond the scope of this paper and will be explored in a separate
publication.

The mathematical model introduced in this section assumes
that the limiting factors mediating the expansion of the CD4+

Treg population are not only the available levels of IL-2, but also
the number of IL-2-producing cells. Implicit in this assumption
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is that upon the encounter of an IL-2-producing T cell and a Treg
cell, the strength of the signal which can be delivered via IL-2 is
non-limiting; indeed the limiting factor is the rate at which such
encounters occur. The quorum-sensing mechanism described here
can be understood as follows: Treg cells “count” and regulate the
numbers of activated T cells through the detection of the IL-2
and the number of interactions between these two populations,
of which a specified proportion (encoded within the parameters
of the model) leads to cellular events such as a division, survival,
or suppression. Previous mathematical models have explored the
consequences of different mechanisms for the action of Tregs
on IL-2-producing cells (usually called effector T cells). In the
model presented here, the suppression mechanism (represented
by the term proportional to !) is mathematically encoded as a
non-linear density dependent term in the equation of motion
for the IL-2-producing cells. Naive T cells, at a rate proportional
to the number of Treg cells and to !, become activated/memory
cells. Such a suppressive mechanism is in contrast to previously
studied mechanisms where the action of Treg cells is to consume
available IL-2, thus limiting the number of survival or prolifera-
tive signals cells within the CD4+ T cell population can receive.
We believe that our approach is more robust since the action
of Treg cells is assumed to limit the number of cells which are
activated and produce the resource IL-2, rather than try to limit
the IL-2 resource itself by consumption of IL-2 post-production.
Whilst it has been extensively shown that Treg cells are critically
dependent on IL-2 for their survival and proliferation, it is not so
clear whether IL-2-producing cells are solely dependent on IL-2
for their own expansion. In our model, we encode two possible
mechanisms of expansion for the IL-2-producing (effector) pop-
ulation, one of which is IL-2 independent. In such a scenario, the
action of Treg cells focused around consumption of IL-2 would
only serve to limit one of these two mechanisms for expansion
of the IL-2-producing T cell population. By assuming that the
suppressive action of Treg cells prevents overall T cell activation
and proliferation, the degree of expansion through either path-
way is controlled, and thus both populations, are indexed to each
other.

PLOTS
We conclude with a series of plots of the deterministic trajectories
of the above system of equations as well as with realizations of
a stochastic version of the deterministic model. It must be noted
that we neglected thymus output terms (v1 = 0 and v4 = 0). Ini-
tial conditions were 100 naïve CD4+ T cells and 10 Treg cells. We
choose parameter values to simulate the dynamics of a clone of
CD4+ T cells in response to antigenic challenge, starting at time
t = 0. The parameter values are given in Table 1. In order to make
the mathematical model more realistic we have also assumed that
naïve T cells differentiate progressively with cell division, i.e., they
differentiate after they have divided at least three times. Addition-
ally, we assumed that IL-2-producing cells only differentiate into
activated/memory cells if they have divided at least three times.
Suppression still acts across every generation of IL-2-producing
cells, and memory cells are free to become IL-2-producing cells
without any requirements for prior division. In the simulations

Table 1 | Parameter values and dimensions for a quorum-sensing
model of CD4T cell homeostasis.

Parameter Value Units

µ1 1 ! 10"3 h"1

µ2 1 ! 10"2 h"1

µ3 1 ! 10"2 h"1

µ4 1 ! 10"2 h"1

"1TCR 2 ! 10"2 h"1

"2TCR 2 ! 10"2 h"1

"3TCR 5 ! 10"2 h"1

"2IL"2 5 ! 10"5 Cell"1 h"1

"3IL"2 2 ! 10"5 Cell"1 h"1

"4IL"2 1 ! 10"4 Cell"1 h"1

# 1 ! 103 Cell
#2 1 ! 101 Cell
$12 1 ! 10"1 h"1

$13 1 ! 10"2 h"1

$23 1 ! 10"2 h"1

$32 1 ! 10"3 h"1

! 2 ! 10"4 Cell"1 h"1

this is achieved by keeping track of the generation each cell belongs
to (by writing an ODE for each respective generation) and keep-
ing parameter values constant across all generations with the
exception of those parameters, which are generation-dependent.
The deterministic solutions were simulated over periods of 2 and
8 weeks, respectively, are shown in Figure 2. We also present real-
izations from a stochastic version of the same deterministic model
(Figure 3), with simulations run over the same time windows as
the deterministic trajectories. The stochastic realizations shown
here were produced using the Gillespie algorithm. The system
of ODEs was solved using a fourth-order Runge–Kutta scheme.
Initially, the model shows slow growth in the number of T cells;
during the first 2 days, the total cell population approximately dou-
bles from around 100 cells to 200 cells, with the immune response
reaching a peak and at around day 7. At days 4–5 there is a sharp
increase in the number of IL-2-producing cells, followed by a sub-
sequent increase in the number of antigen-experienced cells,which
are not producing IL-2. Notably, this leads to a large increase in
regulatory cells around day 7, which is immediately followed by a
sharp contraction phase that lasts around 2 days. A slower contrac-
tion phase that lasts around 3 weeks follows before a homeostatic
equilibrium is reached. We note that for this parameter set the
regulatory T cell subset takes longer to reach equilibrium than the
memory T cell subset.

At equilibrium, the model predicts that the size of the memory
T cell population is limited only by the availability of TCR/IL-7
signals, which is included in the model as the carrying capac-
ity #. This population acts as a source for the population of
IL-2-producing cells, so that there is a small but constant sup-
ply of IL-2-producing cells at equilibrium. This source of IL-2
is then sufficient to maintain a regulatory T cell population,
which in turn keeps the IL-2-producing population from expand-
ing. The deviation away from this ratio of regulatory T cells
and IL-2-producing cells allows the model to reproduce the key
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FIGURE 2 |Trajectories of the deterministic model for the parameter
set given inTable 1, with the following initial conditions: 100 naïve
cells (blue) and 10 regulatory cells (red). (A) Data shown over a time
course of 2 weeks. The immune response peaks at !7 days, then declines

to a homeostatic equilibrium dominated by memory cells. (B) Data shown
over a time course of 8 weeks. The contraction phase occurs over an
extended time period of !20 days for memory cells and !40 days for
regulatory cells.

characteristics of the immune peak and the contraction phase
before settling down to equilibrium. Indeed, it is possible to simu-
late a larger immune peak by specifying a larger ratio between

naïve cells and regulatory cells in the initial conditions, or to
dampen the immune peak by changing the ratio in the opposite
manner.
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FIGURE 3 | Realizations of the stochastic model carried out using the
Gillespie algorithm. All parameters and initial conditions are the same as in
the deterministic model, with (A,B), respectively, correlating to (A,B) from

Figure 2. There is a higher degree of noise at equilibrium for memory cells,
which is due to memory cells repeatedly receiving antigen-mediated signals
to become IL-2-producing, then reverting back to a non-IL-2-producing state.

In our model, we assumed that antigen is constant (encoded
in the proliferation parameter !iTCR ) and non-limiting; however,
an effective immune response should serve to remove antigen.
We could address this issue by either introducing time-dependent

rates for the activation of naïve or memory cells, or by intro-
ducing within the rates a dependence on a number of cells that
would be linked to the antigen-clearance rate, e.g., effector cells.
We have also assumed that naïve T cells may only be activated
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after having proceeded through at least three divisions, and equiv-
alently IL-2-producing cells are assumed to only revert back to a
non-IL-2-producing state if they have gone through three divi-
sions. In reality, the division/proliferation-linked differentiation
program is unlikely to be so clear-cut. We could refine the model
by introducing a probabilistic differentiation based on genera-
tion, where cells are increasingly likely to differentiate as they
progress through more divisions. The model we introduce here
has been applied only to the pool of specific T cells that can play
a part in response to their cognate antigen. The model could be
extended to mirror the effect this immune response would have
on a bystander population of T cells that is not involved in the
immune response. We note that our model can also be applied
to model T cell homeostasis with a different set of parameter
values. However, this is beyond the scope of what we wish to
present here.

Based on single-cell in vitro experiments, Feinerman et al.
(2010) recently developed a quantitative model for the regulation
of immune responses by IL-2 – in particular, for the competition
for IL-2 between effector and regulatory CD4+ T cells during
an immune response. They discuss how binding of IL-2 leads
to IL-2R! up-regulation in both effector and regulatory cells.
Regulatory cells express higher basal IL-2R! levels, which gives
them a distinct advantage over effector cells in the ability to scav-
enge IL-2. This advantage reportedly allows regulatory cells to
critically limit the amount of IL-2 available for consumption by
effector cells. The authors develop a biochemical computational
model of IL-2R and STAT5 signaling, which takes into account
the cell-to-cell variability in IL-2 receptor expression levels, as well
as a dynamical model of IL-2 competition between regulatory
and effector T cells. Similarly, Busse et al. (2010) introduced a
reaction-diffusion model to describe the spatio-temporal dynam-
ics of IL-2, and regulatory and helper T cells. Their model captures
the interplay between IL-2 production, binding, internalization,
degradation, and recycling after antigen stimulation; it is based
on the positive correlation between IL-2 binding and cell-surface
number of IL-2R!. The authors conclude that IL-2-induced up-
regulation of high-affinity IL-2R establishes a positive feedback
loop of IL-2 signaling. Furthermore, under conditions of limit-
ing IL-2, their results indicate that regulatory T cells can deprive
moderately stimulated helper T cells of IL-2 (Busse et al., 2010).
It is important to note, however, that antigen-specific CD4+ T
cells expand in the absence of the IL-2R"-chain (Lantz et al.,
2000) and that a FOXP3 transgene restored Treg cells and pro-
tected against autoimmunity in Il-2R#!/! mice (Soper et al.,
2007), both observations indicating that expansion of effector
cells can occur in the absence of IL-2 and the suppressive activity
of Treg cells can occur in the absence of IL-2 consumption and
signaling.

In contrast, the model that we propose here does not include
competition for IL-2 at the receptor/molecular level; however, in
choosing the parameters, we imposed $4IL-2 > $2IL-2. Implicit
in this inequality is the fact that regulatory T cells are more sensi-
tive to IL-2 than IL-2-producing cells (Gavin et al., 2002; Almeida
et al., 2006b; Hill et al., 2007; Lu et al., 2009; Stahl et al., 2009; Yu
et al., 2009), but we do not assume that this limits the proliferative
capacity of IL-2-producing cells. In our model, the limiting factor

of proliferation for IL-2-producing cells is the number of cells
themselves, for which regulatory cells play a major role through
the suppressive term #.

Recent experimental work by Quiel et al. (2011) and mathe-
matical work by Bocharov et al. (2011) provide a model based
on the observation that the number of antigen-specific cells after
immunization is not proportional to the number of precursors,
and that the factor of expansion decreases as the number of pre-
cursors increases. The authors speculate that this phenomenon is
due to crowding effects, and use a deterministic model with four
CD4+ T cell populations that differ in their maturation and differ-
entiation states (Bocharov et al., 2011). The authors assume that
differentiated non-dividing T cells impose a feedback mechanism
on less mature dividing T cells, which acts to increase the dif-
ferentiation rates of these less mature cells, thereby limiting their
proliferative capacity. This differs from our model, where prolif-
eration will continue “unchecked” in the absence of regulatory
cells.

There is already a large body of work devoted to the devel-
opment of mathematical and computational models to study
the dynamic interactions between the populations of Treg cells
and effector CD4+ T cells. Early work focused on investi-
gating different potential mechanisms of interaction between
Treg cells and effector cells (Leon et al., 2003; Carneiro et al.,
2007), occurring at conjugation sites present on the surface
of antigen-presenting cells (APCs; Tang et al., 2006). Thus,
Treg cells are assumed to be reliant on paracrine cytokines for
their clonal expansion, and it is thought that IL-2 is the criti-
cal cytokine required for this expansion (Almeida et al., 2002,
2006b; Malek et al., 2002; Curotto de Lafaille et al., 2004; de
la Rosa et al., 2004; Setoguchi et al., 2005). The “crossregula-
tion model” explores the mathematical consequences of several
of these assumptions, particularly the mechanisms by which Treg
cells limit the proliferative capacity of effector cells (Carneiro et al.,
2007).

Finally, we should mention other mathematical modeling
efforts that have included bystander T cell activation (Kim et al.,
2007b; Burroughs et al., 2011). Burroughs et al. (2011) make use
of a dynamical systems approach to model a regulatory T cell
population, a population of effector T cells that have received APC-
mediated antigenic stimulus, and a bystander T cell population
that is unresponsive to the antigen. The authors conclude that
autoimmune conditions can arise following a primary immune
response due to a bystander T cell population and that the equilib-
rium of the immune system depends on a balance between effector
and regulatory T cell populations.

In conclusion, we have introduced a quantitative mathemati-
cal model of quorum-sensing for CD4+ T cell homeostasis. The
model includes thymus output, cellular proliferation (TCR/IL-
7 and IL-2-induced), differentiation and suppression, as well as
death, linked to the levels of IL-2-producing cells in the case of
regulatory T cells. The model has been used to explore the dynam-
ics of CD4+ T cells during an immune response. Our results
(Figures 2 and 3) show that there is a sharp increase in the num-
ber of IL-2-producing cells at days 4–5, followed by an increase in
the number of activated/memory non-IL-2-producing cells. This
leads to a large increase, around day 7 (which corresponds to the
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peak of the response) in the number of regulatory T cells, which
is then followed by a sharp contraction phase that lasts around
2 days. Steady-state conditions or homeostasis are reached after a
slower contraction phase that lasts around 3 weeks. Key features
of the model are: (i) IL-2-producing cells, which correlate with
IL-2 levels, dictate the proliferation rate of regulatory T cells and
(ii) regulatory T cells control IL-2-producing cell differentiation to
non-IL-2-producing cells. These two terms guarantee that CD4+

T cells are able to restrain their own proliferation by “sensing” the
number of IL-2-producing cells, and thus preventing unbounded
lymphocyte division as well as controlling the number of activated
T cells and the total CD4+ T cell population.
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Abstract 

We investigated the regulation of the size of IL-2-producing CD4+T-cell (IL-2p) pool using 

different IL-2-reporter mice. We found that in the absence of either IL-2 or regulatory 

CD4+T-cells (Treg) the number of IL-2p-cells increases. Administration of IL-2 decreases the 

number of cells of the IL-2p-cell-lineage and pertinently, abrogates their ability to produce 

IL-2 upon in vivo cognate stimulation, while increasing Treg-cell numbers. We propose that 

homeostasis of the IL-2p-cell lineage occurs via a quorum-sensing-like mechanism, where the 

IL-2 produced is sensed by Treg-cells, which reciprocally regulate cells of the IL-2p-cell-

lineage. In conclusion, Interleukin-2 (IL-2) acts as a master regulator of immune homeostasis 

as CD4+T-cells restrain their growth by monitoring IL-2 levels thus, preventing uncontrolled 

responses and autoimmunity.  

 

 

 

 



 

 68 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

The central role of regulatory CD4+FOXP3+ T (Treg) cells in self-tolerance and in the 

control of auto-immune diseases is well established 1, 2. It has been also demonstrated that IL-

2/IL-2R signalling pathways play a major role in Treg cell biology. Mice genetically deficient 

for IL-2 3-5, IL-2R! 6, IL-2R" 7, 8, or STAT5 (the transcription factor downstream of the IL-

2R signaling) 9-11 lack or have reduced numbers of Treg cells and develop lethal lymphoid 

hyperplasia and auto-immune diseases. In fact, IL-2 is required for the survival and expansion 

of Treg cells: Treg cells from IL-2-deficient donors fail to survive in IL-2-/- hosts 12 or to 

expand in the absence of IL-2R signals 12-14; blocking IL-2R 15 or neutralizing IL-2 16 reduces 

Treg cell numbers. IL-2 also plays a role in the stability of FOXP3 expression and of the 

FOXP3-dependent gene signature 17-19. Although these studies demonstrated that IL-2 is an 

essential resource for Treg cells, the mechanisms regulating the critical cell source providing 

IL-2 remained to be identified.  

Previous observations indicated that !" T cells represent the major source of the IL-2 

required for maintaining normal population size of Treg cells and for the fullfilment of their 

regulatory role 12. Using a strategy of mixed bone marrow (BM) chimeras where IL-2-

deficient hosts (Rag2-/-IL-2-/-) were reconstituted with precursor cells from IL-2-deficient (IL-

2-/-) donors together with precursor cells from either TCR!-/- (providing a non-T cell 

hematopoietic source of IL-2) or CD25-/- IL-2-suficient donors (providing a T cell source of 

IL-2) it was shown that only the chimeras comprising a population of IL-2-suficient T cells 

showed relative frequencies of Treg cells similar to those of normal mice and were protected 

from death 12. The mixed BM chimeras that received precusor cells from the TCR!-/-IL-2+ 

donors and whose T cells were IL-2-deficient, contained a minor population of Treg cells, but 

were not rescued from death. Moreover, BM chimeras obtained by rescuing IL-2 competent 

hosts (Rag2-/-IL-2+) with similar mixes of IL-2-deficient and IL-2-suficient hematopoietic 



 

 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

precursors only survived if they contained populations of IL-2-suficient T cells 12. Thus, IL-2 

produced by the host’s non-hematopoietic cells or by non-T BM-derived cells was not 

sufficient to generate/maintain a fully functional cohort of Treg cells able to prevent auto-

immune disease and death 12.  

At steady-state IL-2 is produced mainly by CD4+ T cells and, to a lesser extent by CD8+ 

T cells, NK and DC 12, 16, 20. Since CD4+ Treg cells themselves are unable to produce IL-2 due 

to FOXP3-dependent repression of the il2 gene 21, 22, the corollary is that Treg cells rely 

mainly on paracrine IL-2 produced by other T cells. Of note, IL-2-deficient Treg cells 

expanded when co-transferred with IL-2+CD4+ T cells but not when alone or together with 

IL-2-/-CD4+ T cells 12. Relevantly, in chimeras containing mixes of IL-2-competent and IL-2-

deficient BM cells, there was a direct correlation between the fraction of IL-2-competent 

hematopoietic cells and the CD4+ Treg cells 12. On the whole, these findings indicate that IL-

2-producing (IL-2p) T cells must play a master role in the immune system homeostasis as 

they are essential for the maintenance of Treg cell populations 12, 23.  

We investigated the mechanisms underlying the control of IL-2p T cells. For this 

purpose we used lines of IL-2-reporter mice and studied the behavior of IL-2-reporter 

expressing (IL-2-GFP+) CD4+ T cells in different experimental conditions: in mouse chimeras 

bearing different proportions of IL-2 competent precursors, in the absence or in the presence 

of excess of IL-2, and in the absence of Treg cells. Our findings suggest that the “lineage” of 

IL-2p T cells is regulated by quorum-sensing-like mechanisms dependent on both IL-2 and 

Treg cell numbers. 
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Results 

IL-2-reporter mice. We here used different lines of IL-2-reporter mice, generated either by 

replacing the IL-2 gene with a single copy of a cDNA coding for green fluorescent protein 

(Ki/Ko.GFP/IL-2) 24 or containing 33 copies of a transgene encoding for GFP under the 

control of an 8.4kb IL-2 promoter (Tg IL-2-GFP) 25. In both lines GFP expression has been 

shown to correlate with T cell activation coupled to IL-2 production 24, 25. Due to the different 

properties of IL-2 and GFP 27 and the different number of GFP gene copies present, the two 

lines show distinct but complementary characteristics and phenotypes. IL-2 is only transiently 

transcribed and since its mRNA is swiftly degraded and the protein secreted it is rapidly lost 

from the cells. In contrast GFP has a half-life of 36-54 hours 27, it accumulates in the cell and 

therefore its expression may last up to 2-3 weeks according to the initial protein levels. 

Consequently, in the Ki/Ko.GFP/IL-2 mice containing a single gene copy GFP expression 

was low and short lasting and, hence about <2% of the CD4+ T cells were GFP+ (Fig. 1A); in 

contrast, in the Tg IL-2-GFP mouse, transcription of 33 copies lead to higher levels of GFP 

produced/accumulated and therefore expression of GFP was strong and about 10% of the 

CD4+ T cells were GFP+ (Fig. 1B). In conclusion, according to the mouse strain, GFP 

expression acts either as a short-term gene-reporter (in Ki/Ko mice) or as a tracer (in Tg IL-2-

GFP mice) of a lineage of IL-2p cells including all cells having activated the IL-2 locus. In 

support of this notion, it should be pointed out that upon re-challenge in vivo with anti-CD3 

administration or following in vitro stimulation with PMA and Ionomycin, about 15-40% of 

the mouse spleen CD4 T cells could be readily induced into IL-2 secretion (Fig. 1C, 1D).  

Regulation of CD4+IL-2-GFP+ reporter cells. We investigated the parameters controlling 

the number of the CD4+IL-2-GFP+ cells at steady state. CD4+IL-2-GFP+ cells could either be 

an autonomous cell population representing a constant fraction of the total number of CD4+ T 

cells or be modulated by environmental factors fluctuating independently of the number of 
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CD4+ T cells. To discriminate between these alternatives we conducted experiments where 

the fraction of precursor cells competent to produce IL-2 and GFP was varied at the pre-

committed stage. Lethally-irradiated T cell-deficient CD3!-/- hosts were reconstituted with 

combinations of BM precursor cells from IL-2-suficient Ly5b B6.TgIL-2-GFP or Ly5b 

B6.Ki/Ko.GFP/IL-2 donors mixed at different ratios with IL-2-deficient Ly5a B6.IL-2-/- BM 

donors (100:0; 50:50; 20:80% respectively). Control chimeras were reconstituted with mixes 

of progenitor cells from Ly5b B6.TgIL-2-GFP and Ly5a IL-2wt/wt donors. In all these chimeras 

we studied the correlation between the numbers of IL-2-GFP-competent Ly5b CD4+ T cells 

and the actual number of GFP+ cells. In control chimeras, reconstituted with mixes of IL-2 

competent donors only, we observed a high direct linear correlation (r2=0.91) between the 

numbers of GFP+ and Ly5b IL-2-GFP-suficient CD4 T cells (Fig. 2A). In the chimeras that 

received different ratios of Ly5b B6.Ki/Ko.GFP/IL-2 cells diluted among IL-2-deficient cells 

the correlation between the total number of CD4+Ly5b IL-2 competent and IL-2p GFP+ T 

cells was lower (r2=0.59)(Fig. 2B). In the chimeras reconstituted with different proportions of 

Ly5b B6.TgIL-2-GFP cells diluted among IL-2-deficient T cells there was a poor linear 

correlation between the numbers of Ly5b IL-2 competent cells and IL-2p GFP+ cells  

(r2=0.39)(Fig. 2C). The low linear correlation between the cells expressing GFP+ and the IL-

2-GFP-competent cells indicates that the regulation of the number of cells of the IL-2p 

lineage was to a large extent independent of the number of cells capable of producing IL-2 

(Fig. 2C). When diluted among IL-2-deficient T cells, the number of CD4+IL-2-GFP-suficient 

cells that activate the IL-2 locus increased in order to restore the normal number of cells of 

the IL-2p lineage, as more easily observed when using the TgIL-2-GFP lineage tracer model. 

Overall, these results suggest that the IL-2p CD4+ T cell lineage can “adapt” to IL-2 deficient 

environments with the progressive recruitment and accumulation of new IL-2p cells. The 

corollary of these findings is that the immune system is programmed to maintain stable a 
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population of cells committed to IL-2 production that could be promptly induced to secrete 

IL-2 upon short term in vivo cognate stimulation (Fig. 1A).  

In the absence of IL-2 the number of CD4+IL-2-GFP+ reporter cells increases. We could 

speculate that the compensatory increase of GFP-expressing cells when the IL-2-suficient 

cells were diluted among IL-2-deficient cells was triggered by differences in IL-2 levels. To 

investigate the possible role of IL-2 in the control of the IL-2p CD4+ T cell lineage, we 

derived IL-2-deficient B6.Ki/Ko.GFP/IL-2 and B6.TgIL-2-GFP mice. In both IL-2 deficient 

reporter strains the fraction of CD4+GFP+ T cells was significantly increased. Thus, while the 

percentage of IL-2-reporter (GFP+) CD4+ T cells augments from <2% in IL-2 sufficient 

B6.Ki/Ko.GFP/IL-2 mice to about 10-15% in the absence of IL-2 (Fig. 3A), in the B6.TgIL-

2-GFP strain it increases from 5-10% in the presence of IL-2 to about 35-40% in the absence 

of IL-2 (Fig. 3B). These observations suggest that the lack of IL-2 leashes an increased 

activation of CD4+ T cells in an attempt to restore physiological IL-2 levels, which was 

translated in the augmented fraction of IL-2p lineage GFP+ cells. These findings suggest the 

existence of IL-2 mediated feedback loops controlling the IL-2p lineage, which could act 

either directly inhibiting T cell activation or indirectly due to the faulty Treg cell number and 

function described in IL-2 deficient mice 3, 13. 

In mice with reduced Treg cells the number of CD4+IL-2-GFP+ reporter cells increases. 

To discriminate between malfunction of Treg cells from lack of IL-2 per se, we studied IL-2-

reporter GFP expression by CD4+ T cells in mice that have reduced Treg cell numbers, but 

where the ability to produce IL-2 is intact. In IL-2R!-deficient strains 13 the fraction of 

CD4+GFP+ T cell rises from 2% to 5-20% in B6.Ki/Ko.GFP/IL-2 (Fig. 3C) and from about 5-

10 % to 30-50% in B6.TgIL-2-GFP mice (Fig. 3D). We also investigated the effects of the 

conditional ablation of Treg cells in the number of cells of the IL-2p lineage. We crossed 

FOXP3DTR 28 with IL-2.BAC-inThy1.1 (2BiT) reporter mice expressing Thy1.1 under the 
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control of IL-2 26 (Suppl. Fig. 1). The administration of Diphtheria Toxin (DT) depleted Treg 

cells from male mice (Fig. 4A) and correlated with a significant increase in the number of 

Thy1.1+CD4+ reporter T cells (Fig. 4B). In this case we observed a negative linear 

relationship (r2= -0.88) between the numbers of IL-2p (Thy1.1+) and Treg (FOXP3+) T cells: 

decreases in Treg cell numbers correlated with significant increases of the number of IL-2-

reporter+ cells (Fig. 4C). Overall, these findings indicate that the Treg cell population can 

control the number of cells of the IL-2p lineage. The existence of a mutually dependent 

regulation of Treg and IL-2-producing cell populations has been previously suggested 12. In 

fact, in the above-described BM chimeras containing variable numbers of IL-2-GFP-

competent cells (Ly5b B6.TgIL-2-GFP) diluted among IL-2-deficient (Ly5a B6.IL-2-/-) cells 

there was a strong direct linear correlation (r2= 0.84) between numbers of IL-2-GFP+ cells and 

that of Treg cells (Fig. 4D). These findings support the notion that the regulation of the two 

cell populations is tightly linked 12, 23: Treg cell numbers are dependent on the paracrine 

production of IL-2 by other T cells, which are themselves kept under control by Treg cells 23.   

Administration of IL-2 alters the number of CD4+IL-2-GFP+ reporter cells. While the 

above results clearly support a major role of Treg cells, they do not preclude the possibility 

that IL-2 directly affects the IL-2p cell lineage. We next investigated whether we could 

manipulate the number cells of the IL-2p lineage through IL-2 administration. IL-2-reporter 

mice were injected with either soluble recombinant mouse IL-2 or with cytokine antibody 

immune complexes 29, 30. Upon IL-2 treatment we determined numbers of cells of the IL-2p 

lineage. Administration of soluble recombinant mouse IL-2 reduced the frequency of GFP+ 

IL-2-reporter cells (Fig. 5A & 5B), which was accompanied by a marked decrease in the 

percentage of CD4+ T cells committed to IL-2 secretion following in vitro stimulation with 

PMA and Ionomycin (Fig. 5A & 5B). We also observed an increased frequency and number 

of CD4+FOXP3+ Treg cells in both IL-2 reporter lines injected with srIL-2 (Fig. 5A & 5B). 
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Upon administration of IL-2/anti-IL-2 JES6-1A12 complexes the frequency of CD4+GFP+ IL-

2-reporter cells was significantly diminished in the B6.Ki/Ko.GFP/IL-2 mice but remained 

unaltered in the B6.TgIL-2-GFP mice (Fig. 5C & 5D). Notably, in both reporter mice the 

frequency of CD4+ T cell secreting IL-2 after in vitro stimulation was significantly reduced 

(Fig. 5C & 5D). Injection of IL-2/anti-IL-2 complexes also increased the frequency of 

CD4+FOXP3+ Treg cells in both B6.Ki/Ko.GFP/IL-2 and B6.TgIL-2-GFP reporter mice (Fig. 

5C & 5D). Importantly, we have also found that the injection of exogenous IL-2, either 

soluble or in complexes, into WT B6 mice abridged the ability of the CD4 T cells to secrete 

IL-2 upon in vivo anti-CD3 challenge (Fig. 5E). On the whole these findings confirm that IL-

2 plays a critical role in the feedback loops that regulate IL-2p cell numbers either directly 

preventing IL-2 production or by boosting Treg cell numbers.  

These observations lead us to predict changes in IL-2 systemic levels in situations with 

disrupted equilibrium between Treg andIL-2p effector cells. We therefore measured 

circulating IL-2 levels in different experimental settings. While IL-2 levels were increased in 

2w old scurfy mice or in 6-8 w old mice with reduced numbers of Treg cells, i.e. in IL-2R!-/- 

and in FOXP3DTR mice following DT treatment, they were very low or undetectable in age 

matched WT mice (Fig. 6). From these observations we can infer that: 1 - Mice with 

augmented serum IL-2 levels display an increased frequency of IL-2p lineage cells, which 

seems to rule out a direct effect of IL-2 on IL-2 synthesis by CD4+ T cells; 2 - Undetectable 

circulating IL-2 levels indicate that IL-2 must operate at close range by modulating near 

vicinity cell-to-cell interactions.  
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Discussion 
    
Parsimony suggests that inteleukin-2 producer !"CD4+ T cells are at the core of the immune 

system homeostasis since they are the main providers of the IL-2 essential for the survival and 

function of regulatory T cells 12, 13, 15-19, 31. The mechanisms underlying the in vivo regulation 

of this population of IL-2p cells remain, however, largely unknown. Here we used different 

lines of reporter mice to identify a “lineage” of cells committed to IL-2 synthesis (IL-2p). In 

the mice studied, reporter genes act either as short-term (Ki/Ko.GFP/IL-2, 2BiT) 24, 26 or long-

term lineage-tracers (TgIL-2-GFP) 25 of the cells having activated the il-2 locus. In the 

Ki/Ko.GFP/IL-2 and 2BiT mice only about #2% of the CD4+ T cells were reporter positive, 

indicating that at steady state few cells are actually synthetizing IL-2 since after T cell 

activation IL-2 synthesis is transient and rapidly lost 32. In contrast, in the TgIL-2-GFP mice 

25, where GFP expression acts as a long-term lineage-tracer, about 10% of the CD4+ T cells 

were reporter positive. This observation suggests that in normal mice a sizeable fraction of the 

peripheral pool of CD4 T cells belongs to a clade of IL-2p cells that has recently been 

engaged in IL-2 synthesis. Support for this hypothesis stems from the observation that in non-

manipulated mice a significant fraction of splenic CD4+ T cells could be promptly induced to 

IL-2 secretion following either in vivo challenge for 2 hours with anti-CD3 antibodies (15-

20%) or in vitro stimulation with PMA and Ionomycin (30-40%). It is likely that maintenance 

of a stable pool of cells of the IL-2p lineage may be vital to preserve the immune system’s 

homeostasis by controlling Treg cell function while ensuring prompt immune responses by 

helping effector T cell expansion. In our studies we learned that the number of cells of IL-2p 

clade is indeed, tightly regulated. Thus, in the mouse BM chimeras where we varied the 

fraction of cells capable of IL-2 synthesis, we found that the number of T cells expressing 

GFP was regulated independently of the number of IL-2-suficient cells, indicating the 
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existence of compensatory mechanisms that tend to maintain constant the number of cells of 

the IL-2p lineage.  

We report that the regulation of the IL-2p lineage implicates both IL-2 and Treg cells. In IL-

2-deficient mice, there was a marked increase of the number of IL-2-reporter positive CD4+ T 

cells, suggesting that in the absence of IL-2 the immune system attempts to restore 

physiological levels of IL-2. Conversely, administration of mouse rIL-2 either soluble or in 

cytokine antibody complexes reduced the fraction of IL-2-reporter positive cells. Remarkably, 

the injection of IL-2 strongly abridged the ability of CD4+ T cells to secrete IL-2 following 

either in vivo cognate triggering or in vitro strong PMA+ionomycin stimulation. These 

observations could be interpreted to suggest that IL-2 regulates the lineage of IL-2p cells by 

directly inhibiting IL-2 synthesis by CD4+ T cells making them refractory to further 

stimulation. However, it has been shown that in vitro the presence of IL-2 did not modify IL-2 

secretion by stimulated naïve T cells 33. Moreover, CD25-/- mutant mice display increased 

numbers of IL-2-reporter positive cells in spite of their elevated levels of circulating IL-2.  

Our findings demonstrate that IL-2 acts most likely by promoting Treg cell 

survival/expansion and suppression function. Firstly, in IL-2-reporter mice with reduced Treg 

cell numbers, either by genetic defects (IL-2-/-, CD25-/-) or after the in vivo ablation of Treg 

cells, we detected marked increases in the number of IL-2-reporter positive CD4+ T cells. 

Secondly, the effects of IL-2 administration reducing the fraction of IL-2p cells and the ability 

of CD4 T cells to secrete IL-2 after stimulation correlated with an increase in Treg cell 

numbers. Directly, in the mouse bone marrow chimeras containing different numbers of IL-2-

suficient CD4+ T cells diluted among IL-2-deficient CD4+ T cells there was a straight 

correlation between the numbers of IL-2-reporter+ and CD4+FOXP3+ Treg cells. These 

findings suggest the existence of a feedback loop where IL-2 can regulate its own production, 

probably by endorsing Treg cell mediated suppression of CD4+ T cell activation. Indeed, in 



 

 77 

 

 

 

 

 

 

 

 

 

 

 

 

vitro studies have demonstrated that Treg cells inhibit il2 transcription and mRNA stability in 

stimulated naïve CD4+ T cells 26, 34. In conclusion, regulation of the number of Treg and IL-2p 

cell populations is reciprocal: the number of Treg cells is dependent on the amounts of IL-2 

produced by other T cells and in turn Treg cells regulate the number of IL-2p cells. The two 

populations exist in tight equilibrium.  

It is generally believed that control of lymphocyte numbers may be determined by cellular 

competition for trophic survival factors 35. However, it is not clear whether additional 

mechanisms exist to control proliferating lymphocyte populations in situations where 

resources are not limiting, e.g. during immune responses. It remains unanswered if 

lymphocyte populations “count” the number of their individuals and “know” when to stop 

expanding. Our present findings suggest control of lymphocyte numbers could also be 

achieved by the ability of lymphocytes to perceive their own population density. We propose 

that the homeostasis of the IL-2p lineage occurs via a quorum-sensing-like mechanism 23 

where the IL-2 produced by CD4+ T cells is sensed by a sub-population of CD4+ Treg cells, 

expressing the high-affinity IL-2R!-chain, which regulate the number of IL-2-producing 

CD4+ T cells. The quorum-sensing hypothesis 36 implies a feedback control of T cell 

activation that still allows immune responses to occur; this likely plays a part in the 

contraction phase of the CD4+ T cell responses 37. In the initial stages of an immune response, 

the presence of antigen modifies the steady state equilibrium and provokes proliferation of 

antigen-specific cells. Consequently, the number of IL-2p cells and the IL-2 concentrations 

increase: in response Treg cells proliferate to re-establish a steady state by suppressing further 

T cell activation and decreasing the number of IL-2p cells. This mechanism definitively 

enables CD4+ T cell populations to restrain their growth by monitoring the number of IL-2p 

cells, thus preventing uncontrolled lymphocyte proliferation during immune responses 23, 37. 

The observation that circulating concentrations of IL-2 in the serum of WT mice are below 
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detection levels (<1pg/ml) (Suppl. Fig. 3) indicates that the IL-2 mediated regulation must act 

at close range modulating interactions between different intervening cell populations 38, 39. 

We hypothesize that failure of the quorum-sensing mechanism results in uncontrolled CD4+ T 

cell activation and autoimmune disease. The inability of CD4+ T cells to detect IL-2, due to 

defects of IL-2R expression 6, 7 or IL-2 signaling 9, or due to failure to produce IL-2 3, leads to 

lymphoid hyperplasia and lethal autoimmune disease. Moreover, other autoimmune diseases 

have linked defects in the IL-2/IL-2R signal pathways. Autoimmunity in NOD mice seems to 

be dependent on lower IL-2 production resulting from genetic defects that map to the il-2 

region 40 and can be partially prevented by exogenous IL-2 administration 30. Progression of 

atherosclerosis 41 and autoimmune vasculitis 42 can also be thwarted by IL-2 therapy. 

Polymorphisms linked to IL-2 receptors, IL-2R! and IL-2R", are associated with several 

autoimmune diseases, such as type 1 diabetes, multiple sclerosis, celiac diseases, and 

rheumatoid arthritis 43, 44.  

Our results demonstrate that IL-2, rather than being a mere growth factor required for the 

proliferation of some T cells, represents a key molecule playing a master role in CD4+ T cell 

homeostasis. Using IL-2 it should be possible to increase Treg cell numbers and control auto-

reactive immune responses or alternatively to boost effector T cell responses. By modifying 

IL-2 levels we were able to alter the IL-2p/Treg cell equilibrium. While increasing Treg cell 

numbers/function, administration of IL-2 abridged the capacity of T cells to produce IL-2 

upon in vivo or in vitro stimulation. The strong feedback effect of IL-2 abrogating natural IL-

2 production should be considered before its therapeutic use as it repeated usage might 

imbalance the immune system’s steadiness, preclude ongoing or new immune responses and 

prevent natural Treg cell restoration late after interruption of therapy.  Finally, these studies 

suggest that monitoring systemic IL-2 levels might be a relevant indicator in the follow up of 

situations of disrupted equilibrium between Treg and IL-2p effector cells.  



 

 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials and Methods 

Mice. C57Bl/6.Lya and C57Bl/6.Ly5b mice from Charles Rivers France; B6.Rag2-/-, B6.CD3!-

/-, B6.IL-2-/- 3 and B6.IL-2R!-/- 6 mice from the Centre de Développement des Techniques 

Avancées - Centre National de la Recherche Scientifique (Orléans, France); B6.TgIL-2-GFP 

25, B6.Ki/Ko.GFP/IL-2 line 17 24, B6.FOXP3DTR 28 and B6.IL-2.BAC-inThy1.1 (2BiT) 26 

mice; B6.TgIL-2-GFP.IL-2-/-, B6.TgIL-2-GFP.IL-2R!-/-, B6.Ki/KoGFP/IL-2.IL-2-/-, 

B6.Ki/KoGFP/IL-2.IL2R!-/- and FOXP3DTR.IL2.BAC-inThy1.1, B6.FOXP3sf/x/J and B6.IL-

2.BAC-Thy1.1.FOXP3sf/x/J  mice were kept in our animal facilities at the Pasteur Institute. All 

mice were matched for age (6- to 12-wk) and sex. Mice were cared for in accordance with 

Pasteur Institute guidelines in compliance with European animal welfare regulations, and all 

animal studies were approved by the Pasteur Institute Safety Committee in accordance with 

French and European guidelines and by the ethics Committee of Paris 1 (permits 2010-0002, 

2010-0003 and 2010-0004). 

Bone Marrow chimeras. Six to 8-weeks old B6.CD3!-/- mice were lethally irradiated (900 

rad) with a 137Ce source and received i.v. about 1.5x106 T cell-depleted (<0.5%) bone marrow 

cells from different donor mice mixed at different ratios. T cell-depletion was performed by 

auto-MACS (Miltenyi Biotec) magnetic sorting after incubating the bone marrow cells with 

anti-CD3-Biotin (145-2C11) antibody from Becton Dickinson Pharmingen followed by anti-

Biotin microbeads (Miltenyi Biotec). The use of mice with different Ly5 allotype markers 

allowed us to discriminate the T cells originating from the different IL-2+37 and IL-2-/- donors. 

Host mice were sacrificed at 8-wk post-transfer. Spleen, inguinal and mesenteric lymph node 

(LN) cell numbers and phenotype were analyzed being the total peripheral T cell number 

representative of cells recovered in the host’s spleen added to twice the number of cells 

recovered from the host’s inguinal and mesenteric LNs. 
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Flow cytometry analysis. Spleen, inguinal and mesenteric LN single-cell suspensions were 

stained for cell surface and intracellular proteins with appropriate combinations of the 

following monoclonal antibodies conjugated to pacific blue, BD Horizon V500, Qdot-655, 

Alexa-Fluor-700, allophycocyanin, allophycocyanin-eFluor-780 conjugate, fluorescein 

isothiocyanate, peridinin chlorophyll protein–cyanine 5.5, phycoerythrin, phycoerythrin-

cyanine7: anti-CD4 (RM4-5), anti-TCR! (H57-597), anti-CD25 (PC61), anti-CD8" (53-6,7), 

anti-CD3# (500A2), anti-CD19 (6D5), anti-CD45.2 (104), anti-CD45.1 (A20), anti-CD62L 

(MEL-14), anti-CD44 (IM7), anti-B220 (RA3-6B2), anti-IL-2, anti-Helios (C22F6) and anti-

FOXP3 (FJK-16s) purchased from Becton Dickinson Biosciences, Becton Dickinson 

Pharmingen, Invitrogen and eBioscience. Biotinylated antibodies were visualized with Qdot-

605- and allophycocyanin-cyanine7-streptavidin conjugates (Becton Dickinson Pharmingen 

and Invitrogen). Before staining, cells were treated with Fc-Block (CD16/CD32, Becton 

Dickinson Pharmingen). Dead cells were excluded during analysis according to their light-

scattering characteristics and 7AAD staining. All data acquisitions and analyses were 

performed with FACSCanto and LSRFortessa (Becton Dickinson) interfaced with BD 

FACSDiva (Becton Dickinson) and FlowJo (Tree Star) software. 

Administration of IL-2. Mice were injected i.p. for 3 consecutive days with anti-IL-2/IL-2 

immune complexes containing 1µg recombinant murine IL-2 (eBioscience) and 5µg anti-IL-2 

antibody from the JES6-1A12 clone (eBioscience) diluted in 50µL 29. Mice were sacrificed 3 

days following the last injection and cells analysed by flow cytometry. Alternatively mice 

received daily injections of 1µg recombinant murine IL-2 (eBiosciences) i.p. for 5 

consecutive days and were sacrificed 4h following the last injection 30.  

In vivo treatment with anti-CD3. Mice were injected i.p with 50µg/per mouse of anti-CD3# 

mAb (145-2C11, BD Pharmingen) 45. 3h post-injection, spleen cells were labeled with mouse 

IL-2 Catch Reagent from IL-2 detection kit (Miltenyi Biotech) and plated in culture at 1.10! 



 

 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cells/mL in 96 wells culture plates. The IL-2 secretion assay was performed according to the 

manufacturer and cells were analyzed on FACS. 

Detection of IL-2-secreting cells. CD4+ T cells isolated from mouse spleen by using a CD4 

T isolation kit II (Miltenyi Biotech) followed by auto-MACS (Miltenyi Biotec) magnetic 

sorting were cultured in 96 wells-plates at a 1.10
7
 cells/ml concentration with 500ng/mL of 

Phorbol-12-Myristate-13-Acetate (PMA, Sigma-Aldrich) and 50ng/mL of Ionomycin (Sigma 

Aldrich) in RPMI medium and for 4h at 37°C 5%CO2. Following in vivo injection with anti-

CD3 antibodies or in vitro stimulation with PMA/Ionomycin, IL-2-secreting cells were 

detected using a mouse IL-2 secretion assay detection kit (Miltenyi Biotech) and analysed by 

flow cytometry. 

Depletion of FOXP3+ Treg cells. FOXP3DTRThy1.1 male mice were injected i.p. at days 0, 1, 

3, 6, 9 with 4µg/ml of Diphtheria Toxin (DT, Calbiochem) reconstituted according to the 

manufacturer’s protocol. Mice were sacrificed and analysed by flow cytometry at day 10. 

ELISA for IL-2. Circulating IL-2 levels were detected in mouse serum using a Becton 

Dickinson IL-2 Elisa kit following the manufacturer’s protocols. 

Statistical analysis. Sample means were compared using the Student’s t test. Sample means 

were considered significantly different at p < 0.05. 
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Figures and Legends 

 

Figure 1. Representative flow cytometry plots show the expression of GFP by gated !"CD4+ 

T cells in the lymph nodes (LN) from B6.Ki/Ko.GFP/IL-2 (A) and B6.Tg.IL-2-GFP (B) 

reporter mice. C, Shows the fraction of IL-2 secreting cells recovered from the spleen of WT 

B6 mice 3 hours after in vivo injection with 50µg/per mouse of anti-CD3# mAb. D, Shows 

the fraction of IL-2 secreting cells recovered from the spleen of WT B6 mice 4 hours after in 

vitro culture with PMA and Ionomycin. Each point represents a single mouse. The bar 

represents the mean value. Representative flow cytometry histograms of IL-2 secreting cells 

are also shown. 
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Figure 2. Lethally irradiated CD3-/- mice were reconstituted with BM precursor cells from 

congenically-marked B6.IL-2-/- (CD45.1 – Ly5a) and IL-2+GFP+ (CD45.2 – Ly5b) reporter 

mice mixed in different proportions (0:100, 50:50, 80:20, 90:10). Mice were sacrificed 8 

weeks after reconstitution and the peripheral T cell subsets from the different donors analyzed.  

A Shows the correlation between the number of CD4+GFP+Ly5b and total CD4+Ly5b cells in 

control chimeras reconstituted with precursor cells from WT B6.Ly5a and Tg IL-2/GFP. Ly5b; 

B, Shows the correlation between the number of CD4+GFP+Ly5b and total CD4+Ly5b cells in 

the BM chimeras receiving different percentages of IL-2 competent precursor cells from 

Ki/Ko.GFP/IL-2.Ly5b donors diluted among precursors from IL-2 deficient donors; C, Shows 

the correlation between the number of CD4+GFP+Ly5b and total CD4+Ly5b cells in the BM 

chimeras receiving different percentages of IL-2 competent precursor cells from B6.Tg.IL-2-

GFP.Ly5b donors diluted among precursors from IL-2 deficient donors. 
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Figure 3. A, Shows the percentage of CD4+GFP+ T cell observed in heterozygous (IL-2+/-) 

and homozygous (IL-2-/-) B6.Ki/Ko.GFP/IL-2 reporter mice. B, Shows the percentage of 

CD4+GFP+ T cell observed in control IL-2+/+ and IL-2-/- B6.Tg.IL-2-GFP reporter mice. C, 

Shows the percentage of CD4+GFP+ T cell observed in control and IL2R!-/- 

B6.Ki/Ko.GFP/IL-2 reporter mice. D, Shows the percentage of CD4+GFP+ T cell observed in 

control and IL2R!-/- B6.Tg.IL-2-GFP reporter mice. Each point corresponds to different 

individual mice. The bar represents the mean value of the mice studied. Representative flow 

cytometry plots for the GFP expression by gated !"CD4+ T cells from the spleen of the 

different control and mutant mice are shown. 
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Figure 4. FOXP3DTRThy1.1 mice were injected i.p. at days 0, 1, 3, 6, 9 with 4µg/mL of 

Diphtheria Toxin (DT, Calbiochem). Mice were sacrificed and analysed by flow cytometry at 

day 10. A, Shows the percentage of CD4+FOXP3+ T cells recovered in untreated and DT 

treated mice. Note that DT treatment significantly reduced the fraction of FOXP3+ cells. B, 

Shows the fraction of cells expressing the IL-2-Thy1.1-reporter recovered in the same 

untreated and DT treated mice. Note the increase in the number of Thy1.1+ cells after DT 

treatment. C, Shows the correlation between the numbers of FOXP+ and Thy1.1+ cells 

observed in the DT treated mice. D, Shows the correlation between the numbers of FOXP3+ 

and GFP+ cells present in the in the BM chimeras receiving different percentages of IL-2 

competent precursor cells from Tg.IL-2-GFP.Ly5b donors. Left using B6.Ki/Ko.GFP/IL-2, 

right using B6.Tg.IL-2-GFP reporter mice diluted among precursors from IL-2 deficient 

donors. 
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Figure 5. A, B, Mice received daily injections of 1µg recombinant murine IL-2 i.p. for 5 

consecutive days and were sacrificed 4h following the last injection. A, Shows the fraction of 

CD4+GFP+ cells (left panel), the fraction of IL-2 secreting cells 4 hours after in vitro culture 

with PMA and Ionomycin (middle panel) and the fraction of CD4+FOXP3+ cells (right panel) 

recovered from the spleen of control and IL-2 treated B6.Ki/Ko.GFP/IL-2 reporter mice. Each 

point represents a single mouse. The bar represents the mean value. B, As in A, but for 

B6.Tg.IL-2-GFP reporter mice.  C, D, Mice were injected i.p. for 3 consecutive days with 

anti-IL-2/IL-2 immune complexes containing 1µg recombinant murine IL-2 and 5µg anti-IL-2 

antibody from the JES6-1A12 clone and sacrificed 3 days after the last injection C, Shows the 

fraction of CD4+GFP+ cells (left panel), the fraction of IL-2 secreting cells 4 hours after in 

vitro culture with PMA and Ionomycin (middle panel) and the fraction of CD4+FOXP3+ cells 

(right panel) recovered from the spleen of B6.Ki/Ko.GFP/IL-2 reporter mice untreated and 

treated with anti-IL-2/IL-2 immune complexes. Each point represents a single mouse. The bar 

represents the mean value. D, As in C, but in B6.Tg.IL-2-GFP reporter mice. E, Shows the 

fraction of IL-2 secreting cells recovered from the spleen of WT B6 mice 3 hours after in vivo 

injection with 50µg/per mouse of anti-CD3! mAb. WT B6 mice were treated with either 

soluble mouse IL-2 or cytokine antibody immune complexes or left untreated. Each point 

represents a single mouse. The bar represents the mean value. Representative histograms of 

IL-2 secreting cells are also shown. 
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Figure 6. Shows serum IL-2 levels in WT, IL2-/-, FOXP3DTR mice after Treg cell depletion 

following Diphtheria Toxin treatment, CD25-/- and foxp3sf/sf B6 mice. All mice were 6-8 

weeks old except the scurfy mouse (2w old). Each dot represents an individual mouse. 
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Suppl. Figure 1. Representative flow cytometry plots show the expression of Thy1.1 by 

gated !"CD4+ T cells in the lymph nodes (LN) from non-manipulated B6.IL-2.BAC-

inThy1.1 (2BiT) reporter mice. In these mice Thy.1.1 acts as a short-term gene-reporter for 

the cells having activated the IL-2 locus. In the peripheral pool about <2% of the CD4+ T cells 

were Thy1.1+.  
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“A lot of people never use their initiative because no-one told them to.” 

Bansky in Wall and Piece (2005) 
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 The quorum-sensing hypothesis (Almeida et al., 2012) predicts a role for IL-2p and 

Treg CD4+ T cells in the contraction phase of an immune response. In the initial stages of 

an immune response, the presence of antigen perturbs the immune system equilibrium 

and incites proliferation of antigen-specific cells. Upon activation, the number of IL-2p cells 

(T and non-T) and the IL-2 concentrations increase; Treg cells respond with proliferation, 

and eventually re-establish a steady-state by suppressing further T cell activation and 

proliferation, thus decreasing the number of IL-2p cells. We plan to make use of two 

models of response to explore this possibility in vivo: (1) Lymphopenia-driven proliferation 

(LDP) and (2) antigen-specific immune response. 

 

1. Quorum-sensing kinetics in LDP 

 

As previously described, mature single positive cells, either CD4+ or CD8+, are 

exported from the thymus and migrate to the peripheral organs giving rise to the 

peripheral αβ TCR+ cell pool. In the periphery, each one of these cell subpopulations may 

be divided into two major phenotypically and functionally distinguishable pools: naïve, 

consisting of cells not having encountered antigen; and activated/memory, antigen-

experienced cells able to provide fast and efficient responses to recurrent antigens. Other 

major subpopulations – included or not in the previously described ones – should be 

considered to fully account for the complexity of the peripheral T cell pool: CD4+ 

regulatory T cells, CD4+ and CD8+ effector T cells and central- versus effector-memory 

subsets. Coexistence of this diverse set of populations is ensured by niche segregation 

and independent homeostatic control mechanisms avoiding competition between them 

(Almeida et al., 2005); (Almeida et al., 2012). Within the same cell pool the story is 

different, the limited space and resources assigned for each subset favors competition. 

Several studies confirmed that in a T cell deficiency scenario (Piguet et al., 1981); (Rocha 

et al., 1983); (Stutman, 1986) or upon transfer into athymic or thymectomized mice, 

peripheral T cells are capable of proliferating and reach a plateau respecting the ratios 

between the different cell subsets (Freitas et al., 1986); (Pereira and Rocha, 1991); 

(Rocha et al., 1989); (Sprent et al., 1991). Thus, the constant number of the peripheral T 

cell pools is maintained throughout an individual’s adult life by thymic-independent 

mechanisms (Almeida et al., 2001). Accordingly, the ability to follow T cell fate upon 

adoptive transfer into T cell deficient hosts (Miller and Stutman, 1984); (Freitas et al., 

1986); (Rocha et al., 1989) together with the enormous expansion potential of peripheral T 

cells (Pereira and Rocha, 1991); (Rocha et al., 1989) further suggested that, in the 

physiological situation, T cells were able to “sense” T cell deficiency and engage in 
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proliferation in order to refill the empty space in an attempt to reestablish the normal 

peripheral pool. This phenomenon of T cell proliferation in a lymphopenic environment 

without intentional immunization is known as homeostatic proliferation (Jameson, 2002); 

(Williams et al., 2007) or more correctly, lymphopenia-induced proliferation (LIP) or 

lymphopenia-driven proliferation (LDP) (Bender et al., 1999); (Ernst et al., 1999); 

(Goldrath and Bevan, 1999); (Kieper and Jameson, 1999). It includes an initial activation 

phase of naïve or activated/memory T cells, followed by a process of proliferation and 

differentiation until the reach of a plateau accounting for cells that have switched into a 

memory-like phenotype. The relevance of this phenomenon as been linked with the first 

wave of migrating lymphocytes in neonatal mice (Le Campion et al., 2002), a situation 

where the migrating T cells are confronted with an empty peripheral T cell pool. Although, 

the mechanisms underlying proliferation restrain and the consequent homeostasis 

achievement remain obscure, several important players have been pointed out. The 

activation phase seems to be triggered by TCR signaling via peptide-MHC interactions 

(Kassiotis et al., 2002); (Kieper et al., 2004); (Leitao et al., 2009), coming from either self-

peptides or from commensal intestinal bacteria for both CD4 (Min et al., 2005) and CD8 

(Kieper et al., 2005) T cells. In turn, the presence of commensal bacteria antigens has 

been accounted responsible for the proliferation rhythm of T cells, since slower 

proliferation rates have been described upon transfer of T cells into irradiated or antibiotic 

treated lymphopenic hosts (Kieper et al., 2005); (Min et al., 2005) and confirmed by the 

fact that IBD cannot be induced in hosts kept under germ-free conditions (Rath et al., 

2001); (Jiang et al., 2002). Additionally, the number of DCs (Ge et al., 2002) and the 

presence of co-stimulatory molecules, namely CD28, shown to confer better fitness to 

CD4+ T cells in LDP (Hagen et al., 2004). Furthermore, other cytokines, like IL-7 and IL15, 

and chemokines, like CCL21 and CCL19, have been implicated in the survival and 

migration signals for T cells (Almeida et al., 2012). The inhibition of homeostatic 

proliferation by other T cells seems to be independent of TCR mediated interactions, as 

CD4+ T cells were able to inhibit homeostatic proliferation of CD8+ T cells in MHC-Class-II- 

hosts (Dummer et al., 2001). Thus, inhibition does not seem to be derived from 

competition for MHC-peptide ligands on APC, favoring the competition for other factors 

(soluble or not) in the APC’s vicinity as the most viable possibility. 

As discussed in the previous chapters, another cytokine became worthy to be 

mentioned, since its involvement in the peripheral homeostatic control mechanisms, 

especially concerning CD4+ T, cells seems relevant: IL-2. Lethal T cell hyperplasia 

characteristic of mice defective for IL-2R expression, for IL-2 signaling or for IL-2 

production correlates with a paucity of IL-2-dependent CD4+CD25+FOXP3+ Treg cells 
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putting in evidence their role in this process (Almeida et al., 2012). Furthermore, the 

findings presented on Chapter III suggest the presence of a quorum-sensing-like 

mechanism (Almeida et al., 2012) as responsible for the homeostasis of CD4+ T cells, in 

which the quantities of IL-2 produced mainly by the activated subset of CD4+ T cells are 

the trigger for Treg cells reciprocal homeostatic control of not only the IL-2p CD4+ T cell 

number, but also the size of the total CD4+ T cell pool. Forasmuch as LDP conditions 

seem to mostly depend on peripheral control mechanisms, in this chapter follows the 

compilation of preliminary results obtained with the aim to further explore the proposed 

mechanism of quorum-sensing. 

For this purpose we used two lines of IL-2-reporter mice previously described: 

Ki/Ko.GFP/IL-2 (Almeida et al., 2012) and Tg IL-2-GFP (Yui et al., 2001) generated either 

by replacing the IL-2 gene with a single copy of cDNA coding for GFP or containing 33 

copies of a transgene encoding for GFP under the control of an 8.4kb IL-2 promoter, 

respectively.  
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1.1. Do CD4+ T cells from IL-2-reporter mice efficiently reconstitute the peripheral 

cell pool in LDP? 

 

We transferred different numbers of purified CD4+ T cells from both IL-2-reporter 

mice in T cell deficient hosts and their expansion capacity was investigated (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Expansion capacity of different numbers of purified CD4+ cell 

populations of Ki/Ko.GFP/IL-2 (panel A) and TgIL-2-GFP (panel B) mice 6 weeks 

post-transfer into CD3-/- host mice. The number of total CD4+ (top row); 

CD4+GFP+ (middle row) and CD4+CD25+FOXP3+ Treg (bottom row) cells are 

shown. Each point represents one adoptive host. 
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In LDP, purified CD4+ T cells from both IL-2-reporter mice were efficiently capable 

of reach a plateau of ≅ 10x106 cells, mostly independent of initial number of CD4+ T cells 

injected. Although the adoptive hosts injected with the lower number of CD4+ T cells (104 

cells) seem to reach less efficiently the same plateau as the other groups of mice 6 weeks 

post-transfer (Figure 1), it should be considered that this was a limiting condition and 

probably cells needed some additional time to reach the same cell number for each 

subset, as previously observed in the lab (unpublished data). Nevertheless, the ratios of 

the different cell subsets were kept as in unmanipulated normal IL-2-reporter mice. Thus, 

the CD4+GFP+ cells recovered represent ≤1% of the total number of CD4+ T cells 

recovered in the case of the Ki/Ko.GFP/IL-2 mouse (Figure 1, panel A, middle row) and 

≈10% for the Tg IL-2-GFP mouse (Figure 1, panel B, middle row); in turn, the 

CD4+CD25+FOXP3+ Treg cells recovered represent ≈10% of the total number of CD4+ T 

cells recovered (Figure 1, bottom row).  
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1.2. Does the proposed quorum-sensing control mechanism of IL-2p CD4+ T cells 

play a role in the establishment of peripheral CD4+ T cell homeostasis in LDP? 

 

In order to investigate the behavior of IL-2p CD4+ T and FOXP3+ Treg cell subsets 

and their contribution to the homeostatic process controlling the number of CD4+ T cells, 

the kinetic changes of these cell populations were analyzed during LDP.  

Firstly, aiming to better perceive changes in numbers of IL2-p CD4+ T cells, 

purified CD4+ T cells originate from Tg IL-2-GFP mice – the reporter mouse allowing a 

higher detection of GFP+ cells as IL-2p – were adoptively transferred into T cell deficient 

hosts and the numbers of the different cell subsets quantified for a period of 6 weeks, 

during which the establishment of the CD4+ T cell pool was achieved (Figure 2).  

 

 

 

Figure 2. LDP of CD4+ T cells from TgIL-2-GFP mice. 2x104 purified CD4+ cells from 

TgIL-2-GFP mice were injected i.v. into CD3ε–/– hosts and kinetics changes of total 

number of CD4+ T cells (blue line plotted on the left Y axis); number of CD4+GFP+ T cells 

(green line plotted on the left Y axis) and percentage of CD4+CD25+FOXP3+ Treg cells 

(red line plotted on the right Y axis) evaluated each week post-transfer in total of 6 weeks. 

Each time point represents the analysis of 3-5 adoptive hosts with the respective error 

bars. 
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We observed a marked expansion of CD4+ T cells (Figure 2, blue line) and CD4+GFP+ as 

reporter for IL-2p T cells (Figure 2, green line) between the first and second weeks-post-

transfer into T cell-devoid hosts. This plateau is coincident with a marked increase on the 

fraction of CD4+CD25+FOXP3+ Treg cell subset (Figure 2, red line), suggesting the 

existence of an inverse relation between the fraction of Treg cells and both total number of 

CD4+ and CD4+GFP+ T cells. In the light of the proposed quorum-sensing mechanism, it 

seems that during LDP, CD4+ T are able to expand in order to refill the empty peripheral 

organs until achievement of homeostasis making use of a control mechanism in which IL-

2, a product of its activation, acts as the factor triggering the action of Treg cells that will in 

turn inhibit excessive proliferation and settle homeostasis within the CD4+ T cell pool. 

Furthermore, only upon restoration of the initial values of the CD4+CD25+FOXP3+ Treg 

cells on week 4, is the number of total CD4+ T cells and its IL-2p subset able to slightly 

increase in number again.  

 Secondly, the same experiment was repeated but this time reducing the interval 

between the time points of analysis in an attempt to more efficiently detect slight kinetic 

changes that might occur especially during the first weeks of LDP (Figure 3). Although the 

Tg IL-2-GFP reporter mice, holder of 33 copies of GFP, is characterized by a stronger 

GFP expression among CD4+ T cells, due to differences in half-life between IL-2 and GFP 

proteins, previously discussed on Chapter III, the GFP+ pool of these mice includes all 

cells having activated the IL-2 locus and consequently accumulated GFP, i.e. cells that 

are no longer producing IL-2 but still express GFP. The alternative reporter mouse, the 

Ki/Ko.GFP/IL-2, containing a single copy of GFP seems more representative of the 

physiological IL-2 production by CD4+ T cells acting as a short-term gene-reporter, 

therefore it was used in the following set of experiments presented (Figure 3). In this 

kinetic analysis of LDP (Figure 3), the CD4+ T cells dramatically increase their number in 

the first 12 days following adoptive transfer and its stabilization was once again inversely 

coincident with an increase on CD4+CD25+FOXP3+ Treg cell fraction followed by a 

plateau kept until day 40 post-transfer.  
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Figure 3. LDP of CD4+ T cells from Ki mice. 2x104 purified CD4+ cells from 

Ki/Ko.GFP/IL-2 mice were injected i.v. into CD3ε–/– hosts and kinetics changes of total 

number of CD4+ T cells (blue line plotted on the left Y axis); number of CD4+GFP+ T cells 

(green line plotted on the left Y axis) and percentage of CD4+CD25+FOXP3+ Treg cells 

(red line plotted on the right Y axis) evaluated each 4-5 days until day 40 post-transfer. 

Each time point represents the analysis of 3-5 adoptive hosts with the respective error 

bars. 
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A third LDP experiment was launched in same conditions including later time 

points of analysis to verify if the homeostasis of these cells was kept (Figure 4). 

 

 

Figure 4. Later LDP of CD4+ T cells from TgIL-2-GFP mice. 2x104 purified CD4+ cells 

from Ki/Ko.GFP/IL-2 mice were injected i.v. into CD3ε–/– hosts and kinetics changes of 

total number of CD4+ T cells (blue line plotted on the left Y axis); number of CD4+GFP+ T 

cells (green line plotted on the left Y axis) and percentage of CD4+CD25+FOXP3+ Treg 

cells (red line plotted on the right Y axis) evaluated each 4-5 days starting from day 25 to 

60 post-transfer. Each time point represents the analysis of 3-5 adoptive hosts with the 

respective error bars. 

 

 

 

 Although, slight variations were detected in terms of CD4+ T and CD4+GFP+ T cell 

numbers and on the fraction of CD4+CD25+FOXP3+ Treg cells (Figure 4), the overall 

homeostasis is kept until day 60 post-transfer. It should be taken into account that these in 

vivo experiments are performed in mice, kept in controlled animal facilities where they are 

still subjected to different variables most likely responsible for this small kinetic variations: 

male fights; opportunistic infections; food, noise and circadian rhythm alterations. 
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 In summary, these preliminary results seem to favor the possible existence of a 

feedback loop quorum-sensing-like mechanism involved in the establishment of peripheral 

CD4+ T cell pool, which restrain their growth by monitoring IL-2 levels via the Treg cell 

subset also in LDP conditions. Further experiments are crucial in order to increase the 

significance of these results, as well as a deep mathematical evaluation of the correlations 

between CD4+ T cells and its subsets for the validation of this hypothesis (ongoing in 

collaboration with Carmen Molina-Paris, Joseph Reynolds and Grant Lythe, experts from 

the School of Mathematics from the University of Leeds in UK). 

Besides the general belief that the control of lymphocyte numbers may be 

determined by cellular competition for trophic survival factors (Freitas and Rocha, 2000), it 

remains unclear whether additional mechanisms exist to control proliferating lymphocyte 

populations in situations where resources are not limiting, e.g. during immune responses. 

Hence, preliminary experiments were performed to evaluate the role of IL-2 as a master 

regulator of lymphocyte homeostasis in an antigen-specific immune response scenario. 
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2. Antigen-specific immune response from a quorum-sensing point-of-view 

 

In the initial stages of an immune response, the presence of antigen modifies the 

steady state equilibrium and provokes activation and proliferation/differentiation of 

antigen-specific cells. The following contraction phase is responsible for the death of  

>90% of the effector cells (Ahmed and Gray, 1996) via activation-induced cell death 

(AICD) upon antigen clearance. From this contraction phase a minor fraction of cells 

persists as memory T cells. 

 IL-2 has been implicated in the differentiation of TH cell subsets (including TH1, TH2 

and TH17 cells) as well as the homeostasis of Treg cells, via STAT5 (Boyman and Sprent, 

2012). Moreover, IL-2R signaling seems to be a prerequisite for effective generation and 

maintenance of memory CD4+ T cells (Dooms et al., 2007). Furthermore, this cytokine has 

been assumed to have a crucial role in vivo during antigen-driven clonal expansion of T 

cells (Keene and Forman, 1982). It’s ability to promote AICD of T cells (Lenardo, 1991); 

(Refaeli et al., 1998); (Zheng et al., 1998) (Dai et al., 1999) revealed its role in down-

regulating antigen-specific T-cell numbers after the clonal expansion phase of an immune 

response (Kneitz et al., 1995); (Khoruts et al., 1998) (Ku et al., 2000). The lack of the IL-

2Rα was believed to impair AICD in vivo (Willerford et al., 1995); (Van Parijs et al., 1997), 

more specifically by the modification of the balance between clonal expansion and cell 

death, resulting in the deregulation of both the size and content of the peripheral lymphoid 

compartments. However, posterior findings have shown that when in a normal 

environment, TCR Tg CD25-/- T cells exhibited a significant reduction in antigen-induced 

expansion due to normal AICD (Leung et al., 2000), indicating that the regulatory role of 

IL-2Rα signals was mediated through the control of bystander T cell activation (Leung et 

al., 2000). Alternatively, IL-2Rα could be required for the development and/or the function 

of a subpopulation of T cells capable of regulating peripheral T cell homeostasis. Finally, 

posterior studies have shown that antigen-induced expansion of TCR Tg IL-2-deficient T 

cells could be controlled by CD25+ Treg cells (Wolf et al., 2001). Since the exact role of IL-

2 in effector and memory T cell responses is still under debate (Malek, 2008), the analysis 

of the role of the previously proposed quorum-sensing mechanism (Almeida et al., 2012) 

in this context became an attractive idea. 

 The quorum-sensing hypothesis (de Freitas, 2009) implies a feedback control of T 

cell activation that still allows immune responses to occur; therefore it is likely to be 

involved in the contraction phase of the CD4+ T cell responses (Fehervari et al., 2006). 

Thus, in this phase both the increased number of IL-2p cells and IL-2 concentrations will 

trigger Treg cell response, which will in turn proliferate to re-establish a steady state by 
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suppressing further T cell activation and decreasing the number of IL-2p cells (Almeida et 

al., 2012); (Fehervari et al., 2006). Failure of the quorum-sensing mechanism, as a 

consequence of CD4+ T cells inability to detect IL-2 in defective conditions of IL-2R 

expression, IL-2 signaling or IL-2 production, results in uncontrolled CD4+ T cell activation 

and autoimmune disease (Almeida et al., 2012), as previously discussed.  

To investigate this, the TgIL-2-GFP reporter mouse was crossed with an 

ovalbumin (OVA)-specific MHC class II-restricted Vα2Vβ5 TCR transgenic mouse (OT-II) 

(Barnden et al., 1998). In these mice, the OVA-specific CD4+Vα2+Vβ5+ cells producing IL-

2 could be quantified by the expression of GFP (Figure 5). In normal conditions, these 

mice are characterized by 1% of GFP expression among CD4+Vα2+Vβ5+ cells and very 

poor CD4+FOXP3+ Treg cell population (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The adoptive transfer of CD4+ T cells from the TgIL-2-GFP.OT-II mouse into a 

normal C57Bl/6 mouse, making use of different allotypic markers, allowed the analysis of 

the kinetic changes of CD4+ Vα2+Vβ5+; CD4+ Vα2+Vβ5+ GFP+ T cells and CD4+FOXP3+ 

Treg cell populations upon immunization for a period of 12 days (Figure 6). This analysis 

was performed for a maximum period of 12 days post-immunization, since afterwards the 

reconstitution of the host BM cells would mask the results. The initial proliferation phase of 

both CD4+ Vα2+Vβ5+ and CD4+ Vα2+Vβ5+ GFP+ T cells, following challenge with Ova and 

Alu adjuvant, observed in the first 6 days is coincident with a burst on the fraction of 

CD4+FOXP3+ Treg cells. This burst results in a posterior contraction of both CD4+ 

Figure 5. Phenotype of TgIL-2-

GFP.OT-II mice. Representative 

flow cytometry plots showing the 

expression of GFP (1%) and 

FOXP3 (1%) by CD4+Vα2+Vβ5+ T 

LN cells of TgIL-2-GFP.OT-II mice. 
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Vα2+Vβ5+ and CD4+ Vα2+Vβ5+ GFP+ T cell numbers restoring steady-state equilibrium 

suggesting a tight feedback control between CD4+ T and Treg cells via IL-2 production. 

Remarkably, the paucity of Treg cells characteristic of OT-II transgenic mice was 

overcome upon adoptive transfer into normal C57Bl/6 hosts. The functional host-Treg 

cells were clearly the majority (Figure 7) and were capable to respond to paracrine IL-2 

production by the responder antigen-specific cells, consequently restraining the 

proliferation of CD4+ T cells. In this experimental system, the action of Treg cells seems to 

occur in the first week following immunization. 

 

 

 

Figure 6. Kinetics of monoclonal CD4+ T cells from TgIL-2-GFP.OT-II mice upon 

antigen-specific stimulation. Kinetics changes of total number of CD4+Vα2+Vβ5+ T cells 

(blue line plotted on the left Y axis); number of CD4+ Vα2+Vβ5+ GFP+ T cells (green line 

plotted on the left Y axis) and percentage of CD4+FOXP3+ Treg cells (red line plotted on 

the right Y axis) evaluated each 3 days until day 12 after immunization. Each time point 

represents the analysis of 3 adoptive hosts with the respective error bars. 
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The preliminary results concerning the implication of the proposed feedback loop 

quorum-sensing mechanism in the re-establishment of peripheral CD4+ T cell 

homeostasis upon antigen-specific immune response seems worthy of further 

investigation. As previously suggested, a deep mathematical analysis of the correlations 

between CD4+ T cells and its subsets in these experiments seems relevant for the 

validation of this hypothesis (ongoing).  

Moreover, to further explore the veracity of this hypothesis it would be interesting 

to include in the previous LDP analysis proliferation, cell death and TH cell differentiation 

profiles; and kinetically analyze the role of the proposed quorum-sensing mechanism in 

the controlled expansion of the peripheral CD4+ T cell pool upon BM reconstitution. 

Concerning antigen-specific immune responses, although this is still a subject 

under discussion (Malek, 2008); (Boyman and Sprent, 2012) it would be valuable to 

investigate and elucidate the presence of this peripheral control mechanism in the 

following contexts:  

- secondary response, when memory CD4+ T cells are re-transferred into another 

host and are able to undergo secondary expansion upon antigen re-encounter, since IL-2-

a 

b 

Figure 7. Origin of CD4+ and FOXP3+ Treg 

cell populations following antigen-

specific immune response in a C57Bl/6 

host. Comparison of CD45 expression: 

CD45.1 expressed by C57Bl/6 host cells 

(blue) and CD45.2 expressed by TgIL-2-GFP 

donor cells (green) among total number of 

CD4+ (a) and CD4+CD25+FOXP3+ Treg cells 

(b) evaluated each 3 days until day 12 after 

immunization. 



 

 

	  
Chapter IV: Additional results 

	  
	   	  

113 

deficient CD4+ T cells showed poor survival and yield during the recall response (Dooms 

et al., 2007); (Dai et al., 2000). 

- and, upon viral infection, e.g. lymphocytic choriomeningitis virus (LCMV), since 

some studies using IL-2-deficient and IL-2R-deficient mice with LCMV infection models 

showed to affect secondary responses (Bachmann et al., 1995); (Kundig et al., 1993); 

(Bachmann et al., 2007); (Williams et al., 2006); (Malek, 2008). This investigation could 

help to enlighten the poorly understood regulation of contraction of CD4+ T cell effector 

populations following the resolution of immune responses, and therefore be prove useful 

in the generation of more effective targeted therapy strategies in human disorders. 
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3. Material & Methods 

 

Mice. C57Bl/6.Lya and C57BL/6J.OT-II (Barnden et al., 1998) mice were 

purchased from Charles Rivers France; B6.CD3ε-/- (Malissen et al., 1995) mice from the 

Centre de Développement des Techniques Avancées - Centre National de la Recherche 

Scientifique (Orléans, France). B6.TgIL-2-GFP (Yui et al., 2001), B6.Ki/Ko.GFP/IL-2 line 

17 (Naramura et al., 1998), B6.TgIL-2-GFP.OT-II, B6.Ki/KoGFP/IL-2.OT-II mice were bred 

and kept in our animal facilities at the Pasteur Institute. All mice were matched for age (6- 

to 12-wk) and sex. 

 

Cell sorting and LPD adoptive transfers. LN and spleen cells from donor mice 

were enriched for CD4+ T cells using a CD4+ T cell mouse isolation kit II (Miltenyi Biotec) 

followed by auto-MACS (Miltenyi Biotec) magnetic sorting. After selection ≥90% of the 

remaining population was CD4+. After labeling with appropriate combinations of anti-CD4 

(L3T4), anti-CD45RB (363.16A), anti-CD25 (PC61) monoclonal antibodies conjugated to 

phycoerythrin, phycoerythrin-cyanine7 tandem and allophycocyanin anti-CD4 (L3T4), anti-

CD45RB (363.16A), anti-CD25 (PC61) (Becton Dickinson Pharmingen and eBioscience), 

these cells were further purified using a FACSAria II (Becton Dickinson) from cytometer to 

obtain populations of ≥99% CD4+ T cells. Non-irradiated B6.CD3ε–/– hosts were injected 

i.v. with purified CD4+ T cell populations from either Ki GFP/IL-2 or Tg IL-2-GFP donors. 

Host mice were sacrificed either 4- to 6-wk or each 4-5 days post-transfer. Spleen, 

inguinal and mesenteric LN cell numbers and phenotype were analyzed being the total 

peripheral T cell number representative of cells recovered in the host’s spleen added to 

twice the number of cells recovered from the host’s inguinal and mesenteric LNs. 

 

Adoptive transfer and antigenic stimulation. C57Bl/6.Lya mice were irradiated 

(600 rad) with a 137Ce source and injected i.v. the following day with 1x106 CD4+Vα2+Vβ5+ 

LN cells either from B6.TgIL-2-GFP.OT-II. Lyb or B6.Ki/KoGFP/IL-2.OT-II.Lyb mice. 

Adoptive hosts were immunized i.p. with 100µg OVA323-339 peptide from Polypeptide group 

(Pinkoski et al., 2002) in 1mg de alu-gel-s suspension 1,3% adjuvant from SERVA (Kool 

et al., 2008) and analyzed each 3 days until day 21 post-immunization (Hataye et al., 

2006). The use of mice with different Ly5 allotype markers, allowed the discrimination of 

the T cells originating from the hosts and donors. Spleen, inguinal and mesenteric LN cell 

numbers and phenotype were analyzed as described above. 
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Flow cytometry analysis. Spleen, inguinal and mesenteric LN single-cell 

suspensions were stained for cell surface and intracellular proteins with appropriate 

combinations of the following monoclonal antibodies conjugated to pacific blue, BD 

Horizon V500, Qdot-655, Alexa-Fluor-700, allophycocyanin, allophycocyanin-eFluor-780 

conjugate, fluorescein isothiocyanate, peridinin chlorophyll protein–cyanine 5.5, 

phycoerythrin, phycoerythrin-cyanine7: anti-CD4 (RM4-5), anti-TCRβ (H57-597), anti-

CD25 (PC61), anti-CD45.2 (104), anti-CD45.1 (A20), anti-B220 (RA3-6B2), anti-Vα2 TCR 

(B20.1), anti-Vβ5.1/5.2 TCR (MR9-4), Ki67 and anti-FOXP3 (FJK-16s) purchased from 

Becton Dickinson Biosciences, Becton Dickinson Pharmingen, Invitrogen and 

eBioscience. Biotinylated antibodies were visualized with Qdot-605- and allophycocyanin-

cyanine7-streptavidin conjugates (Becton Dickinson Pharmingen and Invitrogen). Before 

staining, cells were treated with Fc-Block (CD16/CD32, Becton Dickinson Pharmingen). 

Dead cells were excluded during analysis according to their light-scattering characteristics 

and 7AAD staining. All data acquisitions and analyses were performed with FACSCanto 

and LSRFortessa (Becton Dickinson) interfaced with BD FACSDiva (Becton Dickinson) 

and FlowJo (Tree Star) software. 
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“Whatever a speaker is missing in depth he will compensate for in length.”  

Montesquieu in Mes pensées (1689-1755) 

 

 

 

English translation from the original: 

“Ce qui manque aux orateurs en profondeur, ils vous le donnent en longueur.” 
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Discussion 

 

The immune system can be defined as a collection of defense mechanisms 

working together to protect the integrity of the organism. The success of these regulatory 

mechanisms relies on their capacity to maintain homeostasis (Cannon, 1932) by 

controlling lymphocyte numbers.  The stability of lymphocyte numbers is believed to 

stimulate cellular competition for a limited amount of resources, like trophic factors 

required for survival (Freitas and Rocha, 2000). Similarly to many species of bacteria 

(Miller and Bassler, 2001); (Diggle et al., 2007), the ability to use quorum-sensing 

mechanisms allowing lymphocytes to perceive their own population density (de Freitas, 

2009) has been proposed. Thus, lymphocyte homeostasis is achieved by assessing the 

number of molecules with which they interact and the consequent response once a 

threshold number of molecules is detected. Recently, B cell populations were shown to 

assess the density of activated B cells by sensing their secreted IgG via FcγRIIB, a low-

affinity IgG B cell receptor, acting as a negative regulator of B cell activation through a 

signaling pathway mediated by its intracellular effector, the inositol phosphatase SHIP 

(Montaudouin et al., 2013). The engagement of this inhibitory pathway keeps the number 

of activated IgM-secreting B cells under control, an example of quorum-sensing 

(Montaudouin et al., 2013). Another example has been proposed, concerning the 

homeostasis of CD4+ T cells via a quorum-sensing mechanism orchestrated by IL-2 and a 

subset of regulatory CD4+ T cells (Almeida et al., 2012). 

Treg cells specifically express the transcription factor FOXP3, which is strictly 

required for their development and regulatory function (Fontenot et al., 2003); (Hori et al., 

2003). Their critical role in the control of the peripheral T cell homeostasis has been 

emphasized. Indeed, mice transgenic for FOXP3, overexpressing the “scurfin” protein, 

show an increased fraction of Treg cells within reduced numbers of peripheral T cells 

(Khattri et al., 2001). Furthermore, Treg cells have the ability to prevent rapid and lethal 

autoimmune syndromes upon transfer into lymphopenic animals in models of autoimmune 

disease or IBD (Powrie et al., 1993); (Sakaguchi et al., 1995); (Asano et al., 1996); 

(Sakaguchi, 2000); (Maloy and Powrie, 2001) and in scurfy mice, carriers of spontaneous 

FOXP3 mutations (Maloy and Powrie, 2001); (Hori et al., 2003). Similar autoimmune 

disease was found upon the selective ablation of Treg cells by chronic administration of 

DT in knockin mice harboring human DTR expressed under control of the foxp3 locus 

(Kim et al., 2007); (Lahl et al., 2007). Moreover, previous reports from our lab shown that 

Treg cells can, not only, prevent IBD and autoimmune diseases caused by transfer of 

naïve CD4+ T cells into lymphopenic animals, but also control the expansion and regulate 
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the total number of these T cells (Annacker et al., 2000); (Almeida et al., 2012). Together 

these findings support the idea that Treg cell population is crucial to the homeostasis of 

peripheral CD4+ T cells. Nevertheless, the mechanisms behind Treg cells control over 

CD4+ T cell numbers, and the achievement of Treg cells homeostasis remained an 

unsolved puzzle. 

IL-2 is required for both survival and expansion of Treg cells (Malek and Castro, 

2010); (Yu et al., 2009); (Fontenot et al., 2005b); (Barron et al., 2010). Studies using mice 

deficient for IL-2 (Schorle et al., 1991); (Wolf et al., 2001); (Sadlack et al., 1995), IL-2Rα 

(Willerford et al., 1995), IL-2Rβ (Malek et al., 2000); (Suzuki et al., 1995) or STAT5 

(Burchill et al., 2007); (Snow et al., 2003); (Yao et al., 2007) lack or show dramatically 

reduced numbers of Treg cells, resulting in lethal lymphoid hyperplasia and auto-immune 

diseases. It has been reported that Treg cells from IL-2-deficient donors fail to survive in 

IL-2-/- hosts (Almeida et al., 2002) or to expand in the absence of IL-2R signals (Almeida 

et al., 2002); (Fontenot et al., 2005b); (Bayer et al., 2005). Moreover, blocking IL-2R 

(Setoguchi et al., 2005) or neutralizing IL-2 results in an impaired number of FOXP3+ 

Tregs (Gavin et al., 2002) and lower level of FOXP3 expression on these cells (Rubtsov et 

al., 2010). Additionally, IL-2 is also involved in the maintenance of FOXP3 expression and 

in the FOXP3-dependent gene signature even at low levels of IL-2Rβ-dependent signaling 

(Hill et al., 2007); (Hill et al., 2007); (Malek, 2008). Together these studies demonstrated 

that IL-2 is an essential resource for Treg cells.  

Occam’s razor suggests that the expression of high-affinity IL-2Rα and the 

dependence on IL-2 for survival are critical and connected clues to understanding the 

homeostasis of the Treg cell subpopulation. Treg cells have been reported as unable to 

produce IL-2 (Shevach, 2000); (Shevach, 2000); (Ono et al., 2007), so the mystery of the 

IL-2 source remained. In fact, paracrine IL-2 has been reported as sufficient for the 

peripheral survival of Treg cells (Almeida et al., 2002); and the establishment of a fully 

sized and functional Treg cell pool only occurs in the presence of IL-2-competent αβ T 

cells, particularly, activated CD4+ T cells (Curotto de Lafaille et al., 2004); (Setoguchi et 

al., 2005); (Almeida et al., 2006b). Moreover, the reconstitution of irradiated Rag2−/−IL-2−/− 

hosts with mixes of IL-2-sufficient and IL-2-deficient BM cells showed a direct correlation 

between the numbers of IL-2-competent cells and CD4+ Treg cells (Almeida et al., 2006b). 

Finally, these findings suggest the presence of a quorum-sensing mechanism in which 

CD4+ T cell populations use their Treg cell subset expressing the high-affinity IL-2Rα to 

monitor the number of activated CD4+ T cells by sensing the quantities of IL-2 produced, 

adapting their collective behavior according to the quantities of IL-2 sensed. In this 

manner, CD4+ T cells may be able to control, not only the number of activated IL-2p CD4+ 
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T cells, but also the size of the total CD4+ T cell pool, preventing uncontrolled lymphocyte 

proliferation (Almeida et al., 2012). 

Aiming to explore the mechanisms underlying the in vivo regulation of IL-2p CD4+ 

T cells and to provide experimental evidence demonstrating the quorum-sensing 

hypothesis (Almeida et al., 2012), we designed and performed several sets of 

experiments using different lines of IL-2-reporter mice allowing the identification of cells 

committed to IL-2 synthesis. In the mice studied, cells having activated the il-2 locus 

express reporter genes that can act either as short-term or long-term tracers. The first 

category includes mice exhibiting only about ≤2% of reporter positive CD4+ T cells: the 

Ki/Ko.GFP/IL-2, generated by replacing the IL-2 gene with a cDNA coding for GFP 

(Naramura et al., 1998) and the 2BiT, containing an IL-2 BAC transgene coding for the 

Thy1.1 cell surface molecule (Luther, 2009). Indeed, at steady state, few cells are actually 

synthetizing IL-2 since after T cell activation IL-2 synthesis is transient and rapidly lost 

(Sojka et al., 2004). In contrast, the second category includes a mouse line showing about 

10% of reporter positive CD4+ T cells, the TgIL-2-GFP, containing 33 copies of a 

transgene encoding for GFP under the control of the 8.4kb IL-2 promoter region (Yui et 

al., 2001). The percentage of GFP expression found in these reporter mice, suggests that 

in normal mice a sizeable fraction of the peripheral CD4 T cells belongs to a clade of IL-2p 

cells recently engaged in IL-2 synthesis. Indeed, in non-manipulated mice a significant 

fraction of splenic CD4+ T cells could promptly secrete IL-2 either in vivo upon 2 hours 

challenge with anti-CD3 antibodies (15-20%) or in vitro upon PMA and Ionomycin 

stimulation (30-40%). Interestingly, gene array profiles performed using cells originate 

from TgIL-2-GFP mice revealed that CD4+FOXP3-GFP+ cells are characterized by higher 

expression of genes related with an activated cell status, e.g., involved in the MAP kinase 

cascade; whereas, the CD4+FOXP3+GFP- cells prominently express apoptosis-related 

genes (data not shown). The proliferation profiles of these cell subsets are currently under 

analysis following LDP, by transfer of purified cells of each subset into T cell deficient 

hosts (data not shown). It is likely that maintenance of a stable pool of cells of the IL-2p 

cellular subset may be vital to preserve the immune system’s homeostasis by controlling 

Treg cell function while ensuring prompt immune responses by helping effector T cell 

expansion. Furthermore, in mouse BM chimeras, where we varied the fraction of cells 

capable of synthetizing IL-2, we found that the number of GFP-expressing T cells was 

regulated independently of the number of IL-2-suficient cells. Thus, indicating the 

existence of compensatory mechanisms that tend to maintain a constant number of IL-2p 

cells, under tight control.  
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The marked increase of the number of IL-2-reporter positive CD4+ T cells found in 

IL-2-deficient mice suggests that, in the absence of IL-2, the immune system attempts to 

restore its physiological levels. Conversely, administration of mouse recombinant IL-2 

either soluble or in cytokine antibody complexes reduced the fraction of IL-2-reporter 

positive cells. Remarkably, the injection of IL-2 strongly abridged the ability of CD4+ T 

cells to secrete IL-2 following either in vivo cognate triggering or in vitro PMA and 

Ionomycin stimulation. These findings may reveal that IL-2 regulates the IL-2p cellular 

subset by directly inhibiting IL-2 mRNA and protein expression by CD4+ T cells making 

them refractory to further stimulation (Villarino et al., 2007). However, it has been shown 

that in vitro the presence of IL-2 did not modify IL-2 secretion by stimulated naïve T cells 

(Thornton et al., 2004). Additionally, IL-2Rα-/- mutant mice display increased numbers of 

IL-2-reporter positive cells in spite of their elevated levels of circulating IL-2. Although 

different control mechanisms may occur in vivo, here we compiled several evidences 

implicating both IL-2 and Treg cells in the regulation of the IL-2p cellular subset. 

Firstly, in the IL-2-reporter mice with reduced Treg cell numbers, either by genetic 

defects (IL-2-/-, IL-2Rα-/-) or after the in vivo ablation of Treg cells, we detected marked 

increases in the number of IL-2-reporter positive CD4+ T cells. Accordingly, in scurfy mice 

that have been crossed with the TgIL-2-GFP reporter, we found a 2-fold increase on IL-2-

reporter positive CD4+ T cells (data not shown). Secondly, the effects of IL-2 

administration reducing the fraction of IL-2p cells and the ability of CD4+ T cells to secrete 

IL-2 after stimulation correlated with an increase in Treg cell numbers. Moreover, in the 

mouse BM chimeras containing different numbers of IL-2-suficient CD4+ T cells diluted 

among IL-2-deficient ones, we found a straight correlation between the numbers of IL-2-

reporter and Treg cells. Together, these findings indicate that IL-2 may also act by 

promoting Treg cell survival/expansion and suppression function, suggesting the 

existence of a feedback loop where IL-2 can regulate its own production, probably by 

endorsing Treg cell mediated suppression of CD4+ T cell activation. Accordingly, in vitro 

studies have demonstrated that Treg cells are able to inhibit il2 transcription and mRNA 

stability in stimulated naïve CD4+ T cells (Luther, 2009); (Thornton et al., 2004). The 

observation that circulating concentrations of IL-2 in the serum of WT mice are below 

detection levels (<1pg/ml) and the increase in scenarios of IL-2R- or FOXP3-deficiency 

support the involvement of both IL-2p and Treg cells, suggesting that IL-2-mediated 

regulation must act at close range modulating interactions between the different 

intervening cell populations (Thornton et al., 2004); (Wing et al., 2008). 

In summary, we found evidence of a reciprocal regulation of the numbers of Treg 

and IL-2p cell populations that exist in tight equilibrium. The number of Treg cells is 
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dependent on the amounts of IL-2 produced by other CD4+ T cells and, in turn, Treg cells 

regulate the number of IL-2p cells. Thus, we propose that the maintenance of 

homeostasis of the IL-2p cellular subset and, consequently, of the total CD4+ T cell 

population, occurs via a quorum-sensing mechanism (Almeida et al., 2012).  

The quorum-sensing hypothesis (de Freitas, 2009) implies a feedback control of T 

cell activation that still allows immune responses to occur; this likely plays a part in the 

contraction phase of the CD4+ T cell responses (Fehervari et al., 2006). In the initial 

stages of an immune response, the presence of antigen modifies the steady state 

equilibrium and provokes proliferation of antigen-specific cells. Consequently, the number 

of IL-2p cells and the IL-2 concentrations increase, in response Treg cells proliferate to re-

establish a steady state by suppressing further T cell activation and decreasing the 

number of IL-2p cells. This mechanism definitively enables CD4+ T cell populations to 

restrain their growth by monitoring the number of IL-2p cells, thus preventing uncontrolled 

lymphocyte proliferation during immune responses (Almeida et al., 2012); (Fehervari et 

al., 2006). Preliminary evidences here presented, seem to favor the involvement of the 

quorum-sensing in the establishment of peripheral CD4+ T cell pool in both LDP 

conditions and during antigen-specific immune responses.  The analysis of the kinetics 

changes experienced by the CD4+ T cells and its subset of Treg cells following transfer of 

IL-2/GFP reporter CD4+ T cells into T cell deficient hosts emphasized the tight correlation 

between IL-2p and Treg cells, probably. Accordingly, the same analysis performed in the 

context of an antigen-specific immune response using an OVA-specific MHC class II-

restricted Vα2Vβ5 TCR transgenic OT-II (Barnden et al., 1998) mice containing GFP as a 

reporter for IL-2, also suggested a tight feedback control between CD4+ T and Treg cells 

via IL-2 production. Yet, these results require a deep mathematical analysis for the 

validation of the suspected correlations.  

We hypothesize that failure of the proposed quorum-sensing mechanism results in 

uncontrolled CD4+ T cell activation and autoimmune disease. The inability of CD4+ T cells 

to detect IL-2, due to defects of IL-2R expression (Willerford et al., 1995); (Malek et al., 

2000) or IL-2 signaling (Burchill et al., 2007), or due to failure IL-2 production (Schorle et 

al., 1991), leads to lymphoid hyperplasia and lethal autoimmune disease. Moreover, other 

autoimmune diseases have been linked with defects in the IL-2/IL-2R signal pathways. 

Autoimmunity in NOD mice, for example, that seems to be dependent on lower IL-2 

production resulting from genetic defects that map to the il2 region (Yamanouchi et al., 

2007); the progression of atherosclerosis (Dinh et al., 2012) and autoimmune vasculitis 

(Saadoun et al., 2011) have been reported to benefit of therapy by exogenous IL-2 

administration (Grinberg-Bleyer et al., 2010). Due to its capacity to stimulate T and NK 
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cells, IL-2 also became a potential therapy for the metastatic cancer treatment 

(Rosenberg, 2001), namely: metastatic melanoma (Smith et al., 2008) and metastatic 

renal cell carcinoma (Klapper et al., 2008). Different IL-2-related strategies have been 

reported to have a positive impact in the treatment or prevention of several autoimmune 

diseases, including: allergic airway disease (Wilson et al., 2008); type 2 diabetes by 

increasing the number of Treg cells in adipose tissue (Feuerer et al., 2009); T1D, by 

preventing the rejection of allogeneic pancreatic islets (Tang et al., 2008); (Bluestone et 

al., 2010); experimental myasthenia (Liu et al., 2010); experimental autoimmune 

encephalomyelitis (EAE) (Webster et al., 2009); chronic graft‐versus‐host disease or 

hepatitis C virus‐induced vasculitis (Koreth et al., 2011); (Saadoun et al., 2011). 

Polymorphisms linked to IL-2Rα and IL-2Rβ, are associated with several autoimmune 

diseases, such as T1D, multiple sclerosis, celiac diseases, and rheumatoid arthritis 

(Gregersen and Olsson, 2009); (Gregersen and Olsson, 2009). 
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Conclusion 

 

Our results demonstrate that IL-2, rather than being a mere growth factor required 

for the proliferation of some T cells, represents a key molecule playing a master role in 

CD4+ T cell homeostasis. Using IL-2 it should be possible to increase Treg cell numbers 

and control auto-reactive immune responses or alternatively to boost effector T cell 

responses. By modifying IL-2 levels we were able to alter the IL-2p/Treg cell equilibrium. 

While increasing Treg cell numbers/function, administration of IL-2 abridged the capacity 

of T cells to produce IL-2 upon in vivo or in vitro stimulation. The strong feedback effect of 

IL-2 abrogating natural IL-2 production should be considered before its therapeutic use as 

it repeated usage might imbalance the immune system’s steadiness, preclude ongoing or 

new immune responses and prevent the Treg cell restoration late after interruption of 

therapy.  Finally, the monitoring of systemic IL-2 levels might be a relevant indicator in the 

follow up of situations of disrupted equilibrium between Treg and IL-2p effector cells. The 

quorum-sensing model provides new mechanistic insights impacting in our understanding 

of autoimmune diseases and will create a new way of thinking about the homeostasis of 

lymphocyte populations. 
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Future perspectives 

 

As previously described, preliminary evidences seem to favor the involvement of 

the quorum-sensing in the establishment of peripheral CD4+ T cell pool in both LDP 

conditions and during antigen-specific immune responses. To further investigate and 

elucidate this hypothesis it would be interesting to analyze the presence of the quorum-

sensing in the context of a secondary response, when memory CD4+ T cells are re-

transferred into another host and are able to undergo secondary expansion upon antigen 

re-encounter, since IL-2-deficient CD4+ T cells showed poor survival and yield during the 

recall response (Dooms et al., 2007); (Dai et al., 2000); and, upon viral infection, e.g. 

lymphocytic choriomeningitis virus (LCMV), since some studies using IL-2-deficient and 

IL-2 receptor-deficient mice with LCMV infection models showed to affect secondary 

responses (Bachmann et al., 1995); (Kundig et al., 1993); (Bachmann et al., 2007); 

(Williams et al., 2006); (Malek, 2008). However, these results require a deep 

mathematical analysis for the validation of the suspected correlations. In order to do so, a 

collaboration with experts from the School of Mathematics from the University of Leeds in 

UK has been established: Carmen Molina-Paris and her team. Together, we are also 

currently constructing a stochastic mathematical model (in Annexes) to further explore the 

possible interactions and dynamics of the populations involved in the proposed quorum-

sensing mechanism, as an extension of the previously presented one (Almeida, Amado et 

al., 2012). 

Finally, additional preliminary results obtained upon crossing of the TgIL-2-GFP 

(Yui et al., 2001) reporter mice with a knock-in FOXP3-Ires-mRFP (monomeric Red 

Fluorescent Protein) (Wan and Flavell, 2005) reporter mouse, allowed the identification of 

a mRFP+GFP+ Treg cell population, representing approximately 30% of the CD4+RFP+ 

cells. Since Treg cells have been reported as unable to produce IL-2 (Shevach, 2000); 

(Wu et al., 2006); (Ono et al., 2007), this observation led to the assumption that IL-2 

production upon CD4+ T cell activation, its paracrine action, and positive regulation loop 

involving IL-2Rα expression in response to IL-2, possibly contribute to a phenotypic 

conversion of CD4+ IL-2p into Treg cells, probably upon achievement of a certain 

thereshold of activation status. In order to test this hypothesis, we are currently performing 

a transcriptomic analysis of the different CD4+ T cell subsets originate from the IL-

2/GFP.FOXP3-IRES-mRFP reporter mice. Moreover, we began the construction of  

transgenic mice expressing IL-2-Cre inducer which when crossed with a Rosa-YFP 

reporter will become a permanent IL-2 reporter mouse model. This new model will allow 
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the further investigation on the evaluation of the relationship between Treg and IL-2p 

CD4+ T cellular subsets, including imaging analysis. 
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Abstract

We construct a stochastic mathematical model of the peripheral CD4
+

T cell pool based on a recently

proposed quorum-sensing mechanism. The quorum-sensing hypothesis has been proposed as a possible

mechanism by which CD4
+

regulatory T cells perceive the density of activated CD4
+

T cells, following

which the CD4
+

regulatory T cell pool adjusts its own density thereby tuning the degree of suppressive

activity mediated against the population of activated CD4
+

T cells. A deterministic approximation to the

stochastic model is presented, from which we conduct a steady state analysis of the ODEs describing the

model under several differing assumptions on the local environment of the CD4
+

T cell pool. Using the

stochastic model we explore possible trajectories of the population dynamics and discuss the probabilities

and expected time to traverse such trajectories.

Regulatory CD4+ T cells typically make up about 5-10% of the peripheral CD4+ T cell pool in humans and mice
and are characterised by expression of Foxp3 [3]. These cells play an essential role in regulating homeostasis of
the CD4+ T cell population, indeed, their absence in the periphery has been shown to result in the development
of autoimmune disorders [27] caused by uncontrolled proliferation of CD4+ T cells. Regulatory T cells have
been shown to mediate homeostatic control by limiting the proliferative capabilities of non-regulatory CD4+ T
cells [4]. Freitas et al [2] propose a quorum-sensing mechanism whereby regulatory CD4+ T cells perceive the
density of the IL-2 producing CD4+ population and in turn adjust the degree of the suppressive activity against
this population. Such a mechanism bares resemblance to those observed in species of bacteria [11, 22] where
gene expression is regulated in response to the density of the population. Sufficient numbers of regulatory cells
are required to prevent the onset of autoimmune disorders [25, 26, 28], whilst conversely, regulatory cells have
been shown to suppress beneficial immune responses against tumours and viral infections [6,7]. Based on these
findings it follows that there exists an optimal size to the regulatory T cell pool which allows both prevention of
autoimmunity whilst additionally allowing effective immune responses. The quorum sensing hypothesis suggests
a mechanism whereby an optimal ratio between activated effector cells and regulatory cells can be maintained.
Regulatory T cells express CD25, the α-chain of the high affinity IL-2 receptor [23], experiments have shown
that regulatory T cells are critically dependent on IL-2 for survival and proliferation in the periphery [5], thus
it seams reasonable to expect that regulatory T cells are tuned to exploit the IL-2 resource via expression of
CD25. Activated T cells have been found to be the major source of the IL-2 critical for maintenance of the
regulatory population [5,10,31]. It follows then that the amount of IL-2 available for consumption by regulatory
T cells is proportional to the size of the population of activated cells. This forms the basis for the mathematical
description of the quorum-sensing mechanism. We assume survival and proliferation of regulatory CD4+ T cells
is dependent on the numbers of activated T cells which produce IL-2, in turn we further assume that the size of
the activated population is dependent on the number of regulatory T cells which may exert suppressive activity.
In this paper we construct a mathematical model built around these assumptions and explore the consequences
from examining the population dynamics.
The model presented here is an extension of the model previously presented by Freitas et al [2].. The CD4+ T
cell pool is assumed to be partitioned into four subsets of T cells of differing classes. The first subset considered
is that of CD4+ naive T cells, such cells are defined as having not yet encountered their specific antigen and
throughout the course of this paper will be referred to as population 1 cells. The second subset considered
(population 2) is that of CD4+ T cells which have encountered their specific antigen and exhibit effector/helper
functions, such as the production of various cytokines to promote immune responses, we assume that all effector
cells produce the cytokine interleukin-2 (IL-2) [33] and throughout the course of this paper we refer to this
population as either the effector or IL-2 producing population. The third subset (population 3) is that of CD4+

memory T cells, these cells are assumed to have encountered their specific antigen but are quiescent in the sense
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that they do not perform effector functions. The fourth subset (population 4) we will consider is that of CD4+

regulatory T cells, these cells are assumed to suppress the activity of the effector T cell population [5], but
are critically dependent on the IL-2 produced by the effector T cell population for their own survival [9, 20].
Specific assumptions regarding the interactions of these populations are introduced as transition probabilities
of a stochastic Markov model.

1 Stochastic model

In this section we introduce the biological assumptions from which the model will be formulated. The model
will be defined in terms of the transition probabilities of a multivariate Markov process. The state space of this
Markov process is defined on a four-dimensional lattice and the transition probabilities of the process denote
the jumps the process may take on this lattice in a small time ∆t.
Formally, we let {X(t)} be a four-dimensional Markov process where each sub-chain {Xi(t)}, i = 1, 2, 3, 4, is a
univariate Markov chain modelling each of the four subsets of the CD4+ T cell population. We let the four-
dimensional vector n(t) be the realisation of the Markov chain at time t and assume the chain starts at N, that
is,

Prob{X(0) = N} = 1. (1)

The state probabilities of the Markov process are denoted by pn(t) and are defined as

pn(t) = Prob{X(t) = n | X(0) = N}. (2)

The transition probabilities of the Markov process are derived from the assumed possible interactions between
the four subsets of cells. We describe these interactions and the associated transition probabilities in the
following section.

1.1 Transition probability assumptions

The transition probabilities are denoted by pm,n(∆t) defined as

pm,n(∆t) = Prob{X(t+∆t) = m | X(t) = n}. (3)

We shall adopt the following notation to simplify the expressions for the transition probabilities; let the vector
n = (n1, n2, n3, n4). By writing {n : ni± k} we refer to the vector n where the element ni is replaced by ni± k.
For example, {n : n1 − 1} = (n1 − 1, n2, n3, n4). In a similar manner, if we refer to changes in two entities of n,
we shall write, for example {n : n1 − 1, n2 + 1} = (n1 − 1, n2 + 1, n3, n4).

Specific antigen presentation We do not consider specific foreign antigen as a dynamical variable. We will
assume an analytic function to represent a measure of presentation of specific antigen by APCs. Such a function
will be described by f(t) where t denotes time. To simulate successful immune responses we impose that this
function must tend to zero as t → ∞, that is, following a successful immune response, antigen is effectively
cleared from the system.

Thymic production We assume both naive T cells and regulatory T cells develop in the thymus and upon
maturation migrate to the periphery [3]. We assume this occurs at a constant rate. In a small time ∆t the
transition probability encoding the influx of recent thymic emigrants is given by

p{n:ni+1},n(∆t) = νi∆t+ o(∆t), i = 1, 4. (4)

Death In a small time ∆t, it is assumed that for each subset of CD4+ T cells, a cell belonging to that subset
may die. The probability of a natural death event occurring for all subsets, with the exception of the regulatory
subset, is assumed to be proportional to the number of cells in that subset. The expression for the transition
probability for such a death event is given by

p{n:ni−1},n(∆t) = µini∆t+ o(∆t), i = 1, 2, 3. (5)

The survival of regulatory T cells is assumed to be dependent on the available levels of IL-2 and thus the number
of IL-2 producing cells [9, 20]. The transition probability modelling the death of regulatory T cells is assumed
to be given by

p{n:n4−1},n(∆t) = µ4
κ4

κ4 + n2
n4∆t+ o(∆t), (6)

where κ4 is the number of IL-2 producing cells at which the probability of death of a regulatory T cell is half
the value of the probability when there are zero IL-2 producing cells.
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Homeostatic proliferation We assume cells from the first three subsets may proliferate in response to home-

ostatic signals. A number of different signals constitute the full set of signals a cell requires under homeostatic

conditions, the main signals regulating homeostasis of T cell numbers are believed to be self-peptide/MHC

signals mediated via the T cell receptor (TCR) and the cytokine interleukin-7 (IL-7) [30]. We assume these

signals are limiting in the sense that as a population of T cells of subset i grows larger than a carrying capacity

κi, i = 1, 2, 3, the probability of a cell receiving a signal to divide decreases. For subsets smaller than κi we

assume the probability of a proliferation event occurring in that subset is an increasing function of the subset

size. We encode these assumptions into the transition probabilities as follows,

p{n:ni+1},n(∆t) = λiHnie
−ni/κi∆t+ o(∆t). (7)

Specific antigen/IL-2 induced proliferation We assume all T cells, except naive T cells, may proliferate

in response to recognition of specific antigen mediated via TCR:APC interactions. Furthermore, we assume

these same T cell subsets may proliferate in response to other cytokine derived signals such as IL-2. It has been

shown naive T cells proceed through a small number of divisions before exhibiting markers typical of effector T
cells [16], we simplify the model by assuming antigenic stimulation of naive T cells causes them to differentiate
into effector T cells without proliferating first. It is assumed IL-2 derived cytokine signals may be transmitted

via contact with an IL-2 producing cell. CD4
+

effector T cells upregulate IL-2Rα in response to their specific

antigen [12]. Therefore it is reasonable to assume effector cells are more sensitive to IL-2 following antigenic

stimulation. We also assume this is the case for CD4
+

memory cells. For IL-2 producing and memory cells,

we assume the IL-2 derived signals are only of sufficient strength to induce proliferation when antigen is being

presented, hence, the transition probabilities for IL-2 induced proliferation for these two subsets will depend

on the function f introduced above. Regulatory T cells upregulate the α-chain of the IL-2 receptor in larger

numbers at the basal (pre-antigen stimulated) level and, unlike IL-2 producing cells and memory cells, are

critically dependent on IL-2 for their survival and proliferation [21]. For this reason, the introduced transition

probability for proliferation of regulatory T cells is defined such that it does not depend on f . The transition

probabilities for antigen/IL-2 induced proliferation are given by

p{n:ni+1},n(∆t) = λiAf(t)n2ni∆t+ o(∆t), i = 2, 3, (8)

p{n:n4+1},n(∆t) = λ4An2n4∆t+ o(∆t). (9)

Differentiation of naive T cells We assume naive T cells may become activated and start exhibiting

effector/helper functions in response to signals resulting from interaction with their specific antigen [17]. The

transition probability encoding this assumption is then dependent on f and is given by

p{n:n1−1,n2+1},n(∆t) = α12f(t)n1∆t+ o(∆t). (10)

We additionally assume naive T cells can differentiate directly into memory cells through homeostatic-driven

proliferation, this assumption is considered to be independent of recognition of specific antigen [13]. The

transition probability for this further assumption is given by

p{n:n1−1,n3+1},n(∆t) = α13n1∆t+ o(∆t). (11)

Differentiation of IL-2 producing T cells We assume IL-2 producing cells may stop producing IL-2 and

become memory cells [24]. The transition probability is given by

p{n:n2−1,n3+1},n(∆t) = α23n2∆t+ o(∆t). (12)

Activation of memory T cells We assume memory T cells can become activated and start producing IL-

2 in secondary responses to their specific antigen [8]. The transition probability for this assumption is then

dependent on the function f and is given by

p{n:n2+1,n3−1},n(∆t) = α32f(t)n3∆t+ o(∆t). (13)

Suppression of IL-2 producing T cells We assume regulatory T cells suppress the ability of IL-2 producing

T cells to produce IL-2 [27,32]. This assumption is introduced as a contact term; an IL-2 producing T cell will

become a memory T cell if it receives a suppressive signal from a regulatory T cell. The transition probability

encoding this assumption is given by

p{n:n2−1,n3+1},n(∆t) = βn2n4∆t+ o(∆t). (14)
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Remaining probabilities In a small time ∆t it is possible that none of the above transitions may occur.

The probability of no event occurring within a time interval ∆t is given by

pn,n(∆t) = 1−
�
ν1 + ν4 +

3�

i=1

µini + µ4
κ4

κ4 + n2
n4 +

3�

i=1

λiHnie
−ni/κi +

3�

i=2

λiAf(t)n2ni + λ4An2n4

+α12f(t)n1 + α13n1 + α23n2 + α32f(t)n3 + βn2n4]∆t+ o(∆t). (15)

The probability of any other transition occurring within the Markov chain in a small time ∆t is assumed to be

o(∆t).

2 Deterministic Approximation

Throughout this paper we assume the CD4+ T cell population being modelled is the set of all T cells specific

to a given foreign antigen. Furthermore, we assume that no other foreign antigen has effects within the model.

We write down a system of ordinary differential equations which approximate the average behaviour of the

stochastic model, that is, we let mi(t) be an approximation to the expectation of the Markov chain {Xi(t)}.
The system of ODEs governing the average behaviour of the process is then assumed to be given by

dm1

dt
= ν1 − µ1m1 + λ1Hm1e

−m1/κ1 − α12f(t)m1 − α13m1, (16)

dm2

dt
= −µ2m2 + λ2Hm2e

−m2/κ2 + λ2Af(t)m
2
2 + α12f(t)m1 − α23m2 + α32f(t)m3 − βm2m4, (17)

dm3

dt
= −µ3m3 + λ3Hm3e

−m3/κ3 + λ3Af(t)m2m3 + α13m1 + α23m2 − α32f(t)m3 + βm2m4, (18)

dm4

dt
= ν4 − µ4

κ4

κ4 +m2
m4 + λ4Am2m4. (19)

2.1 Absence of specific antigen

In this section we analyse the model in the case when specific antigen is not being presented by APCs. Con-

sequently, we neglect terms dependent on f(t); that is, we assume f(t) = 0. The system of ODEs under this

assumption is then given by

dm1

dt
= ν1 − µ1m1 + λ1Hm1e

−m1/κ1 − α13m1, (20)

dm2

dt
= −µ2m2 + λ2Hm2e

−m2/κ2 − α23m2 − βm2m4, (21)

dm3

dt
= −µ3m3 + λ3Hm3e

−m3/κ3 + α13m1 + α23m2 + βm2m4, (22)

dm4

dt
= ν4 − µ4

κ4

κ4 +m2
m4 + λ4Am2m4, (23)

with initial conditions m(0) = M where m(t) = (m1(t),m2(t),m3(t),m4(t)).

2.1.1 Population establishment in the periphery

Suppose that at time t = 0 no CD4+ T cell for the population in question has emigrated from the thymus into

the periphery. We set the initial conditions to be M = 0 and analyse the steady states of the model described

by equations (20)-(23). Since the model assumes no feedback on the naive T cell population, the dynamical

equation for population m1(t) can be treated independently of the remaining equations . Let

g(m1) = ν1 − (µ1 + α13)m1 + λ1Hm1e
−m1/κ1 , (24)

then the steady state solution m∗
1 is found from solving g(m1) = 0. As a consequence of the exponent in the

proliferation term an analytical solution for m∗
1 cannot be expressed, however existence and stability of such

a solution can be proved irrespective of the fact the solution cannot be expressed in terms of regular analytic

functions. The proof of existence and stability follows.

Existence In the limit m1 → ∞ we have g(m1) → −∞, also, at m1 = 0 we have g(m1) = ν1 > 0. Since g
is a continuous function, by the intermediate value theorem there exists at least one solution m∗

1 ∈ (0,∞) such

that g(m∗
1) = 0. That is, there exists a steady state solution for the population of naive T cells, m∗

1 > 0.
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Uniqueness Consider the function g�(m1) = − (µ1 + α13) + λ1H

�
1− m1

κ1

�
e
−m1/κ1 , let m̂ be the solution to

h(m̂) = 0, that is,

e
−m̂/κ1 =

λ1Hκ1

(µ1 + α13) (κ1 − m̂)
. (25)

Introduce h1(m) = e
−m/κ1 and h2(m) =

λ1H
κ1

(µ1+α13)(κ1−m̂) . We have h1(m) > 0 for all m ∈ (−∞,∞), additionally

h2(m) < 0 for all m ∈ (κ1,∞). Therefore there exists no solution m̂ ∈ (κ1,∞). For all m in the interval

(−∞,κ1) we have h�
1(m) < 0 and h�

2(m) > 0; therefore there exists at most one solution m̂ to equation (25).

Further considering that g(0) = ν1 > 0 and limm1→∞ g(m1) = −∞, it follows that there exists a unique solution

m∗
1 which satisfies g(m∗

1) = 0 such that m∗
1 > 0.

Stability The steady state m∗
1 > 0 is asymptotically stable if and only if

g�(m∗
1) < 0. (26)

Taking the first derivative of g we have

g�(m1) = − (µ1 + α13) + λ1H

�
1− m1

κ1

�
e
−m1/κ1 (27)

and m∗
1 satisfies

ν1 − (µ1 + α13)m
∗
1 + λ1Hm

∗
1e

−m1/κ1 = 0. (28)

Rearranging equation (28) we have

ν1 +m∗
1

�
λ1He

−m1/κ1 − µ1 − α13

�
= 0, (29)

but since m∗
1, ν1 > 0 the following inequality must hold,

e
−m1/κ1 <

µ1 + α13

λ1H

. (30)

Now consider

g�(m∗
1) = − (µ1 + α13) + λ1H

�
1− m∗

1

κ1

�
e
−m∗

1
/κ1 , (31)

if m∗
1 > κ1 then clearly g�(m∗

1) < 0 and under this condition m∗
1 is stable. However, suppose m∗

1 < κ1, then

using the inequality in (30) we have

g�(m∗
1) = − (µ1 + α13) + λ1H

�
1− m∗

1

κ1

�
e
−m∗

1
/κ1 < − (µ1 + α13) + λ1H

�
1− m∗

1

κ1

�
µ1 + α13

λ1H

= − (µ1 + α13)m∗
1

κ1

< 0.

Therefore m∗
1 > 0 is stable for all parameter values.

IL-2 producing T cells Consider equation (21) with the initial condition m2(0) = 0. There are no source

terms for the population of IL-2 producing cells and since the population starts with zero cells there can be no

growth, thus m2(t) = 0 for all t ≥ 0.

Memory T cells In a similar manner to the naive T cells, the exponent in equation (22) implies that an

analytical solution for m∗
3 cannot be found. However, setting the derivative equal to zero in (22) gives an

equation for m∗
3 which is of exactly the same form as the equivalent equation for m∗

1, by the same arguments

used above, it can can be shown that m∗
3 > 0 not only exists but is also unique and unconditionally stable.

Regulatory T cells We discussed above how the solution m2(t) = 0 for all t ≥ 0. Under this condition the

dynamical equation for the subset of regulatory T cells is then given by

dm4

dt
= ν4 − µ4m4. (32)

Thus the steady state solution for the population of regulatory T cells is given by

m∗
4 =

ν4
µ4

(33)

and it is easy to show this solution is stable for all parameter values given m2(t) = 0.
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Summary The above analysis shows that the model predicts a non-zero homeostasis of T cells which have
migrated from the thymus will be established in the periphery. At equilibrium there exist non-zero populations
of naive T cells, memory T cells and regulatory T cells. The equilibrium level of naive T cells is determined by a
balance between cell death, proliferation, loss due to differentiation and an influx of new thymic emigrants from
the thymus. Similarly the equilibrium level of memory T cells is determined by a balance between cell death,
proliferation and a source of new memory cells from the naive population, which we have assumed here to be due
to specific-antigen independent homeostatic proliferation. The equilibrium level of regulatory T cells is entirely
dependent on the production of new regulatory cells in the thymus. The model predicts that when thymic
output for this CD4+ population ceases the regulatory T cell population will eventually become extinct. Since
we have neglected terms dependent on specific antigen presentation we assume there can be no differentiation
into IL-2 producing T cells. Assuming that we start with no IL-2 producing cells this population will always
be equal to zero. The above steady states represent a simplified scenario of T cell homeostasis prior to specific
antigen challenge. T cells in the periphery under normal conditions will always have spMHC, such signals are
necessary for survival of these T cells. It may also be the case that these same signals can on rare occasions
promote activation of naive T cells to exhibit effector functions. Additionally, IL-2 is produced by effector cells
of other clonotypes, such IL-2 is likely to be sufficient to promote the survival of regulatory T cell populations
of differing specificities from the specificity of the T cells producing IL-2.

2.1.2 Homeostasis of CD4+ T cells following antigenic challenge

In this section we explore a scenario in which an antigenic challenge has taken place. Furthermore we assume
antigen specific to the CD4+ population being modelled is no longer being presented. Furthermore we assume
there is no thymic output for this population of cells, that is, we assume sufficient time has passed for all cells
of this CD4+ subset to have left the thymus. This scenario is described by imposing initial conditions such that
all T cell subsets at time t = 0 have non-zero populations, additionally we set ν1 = ν4 = 0 and f(t) = 0, that
is, antigen has been fully cleared. Under the assumption that thymic output is zero the model is described by
the following set of ODEs,

dm1

dt
= −µ1m1 + λ1Hm1e

−m1/κ1 − α13m1, (34)

dm2

dt
= −µ2m2 + λ2Hm2e

−m2/κ2 − α23m2 − βm2m4, (35)

dm3

dt
= −µ3m3 + λ3Hm3e

−m3/κ3 + α13m1 + α23m2 + βm2m4, (36)

dm4

dt
= −µ4

κ4

κ4 +m2
m4 + λ4Am2m4, (37)

with initial conditions mi(0) �= 0, i = 1, .., 4.

Naive T cells The steady state solution of population m1(t) is denoted by m∗
1 and is found by solving

0 = −µ1m
∗
1 + λ1Hm

∗
1e

−m∗
1
/κ1 − α13m

∗
1. (38)

Solving (38) reveals two possible solutions for m∗
1, the first of which is the trivial solution m∗

1 = 0 and the second

of which is given by m∗
1 = κ1 log

�
λ1H

µ1 + α13

�
. The trivial solution exists unconditionally and is stable provided

λ1H < µ1 +α13, whereas the non-zero solution exists and is stable provided λ1H > µ1 +α13. For the analysis of
the remaining populations we will assume λ1H > µ1 but λ1H < µ1 + α13, such that without any differentiation
into memory T cells, the naive population can sustain itself in the periphery, but that with differentiation, all
naive T cells will eventually become memory cells, that is, we assume m∗

1 = 0.

IL-2 producing T cells and regulatory T cells The steady state solutions for populations m2 and m4

are found by solving the following pair of coupled equations,

0 = −µ2m
∗
2 + λ2Hm

∗
2e

−m∗
2
/κ2 − α23m

∗
2 − βm∗

2m
∗
4, (39)

0 = −µ4
κ4

κ4 +m∗
2

m∗
4 + λ4Am

∗
2m

∗
4. (40)

There exists three sets of solutions (m∗
2,m

∗
4) where m∗

2,m
∗
4 ≥ 0. The first of which is the trivial solution

m∗
2 = m∗

4 = 0 which always exists and is stable provided λ2H < µ2 + α23. The second set of solutions is given
by

(m∗
2,m

∗
4) =

�
κ2 log

�
λ2H

µ2 + α23

�
, 0

�
(41)
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which exists provided λ2H > µ2 + α23 and is stable provided

µ2 + α23 < λ2H < (µ2 + α23) e

κ4

2κ2

��

1 +
4µ4

κ4λ4A

− 1

�

= λ2SC . (42)

The third set of solutions is given by

(m∗
2,m

∗
4) =

�
κ4

2

��

1 +
4µ4

κ4λ4A

− 1

�
,
λ2He

−m∗
2
/κ2 − µ2 − α23

β

�
(43)

which exists and is stable provided

(µ2 + α23) e

κ4

2κ2

��

1 +
4µ4

κ4λ4A

− 1

�

< λ2H . (44)

The bifurcation diagram in Figure 1 illustrates the steady state analysis for the populations of IL-2 producing

and regulatory T cells.

Figure 1: Bifurcation diagram for the IL-2 producing and regulatory T cell subsets under the assumptions of

no thymic output and that an antigenic challenge has taken place. For proliferation capacities (λ2H) above the

value indicated the equilibrium number of IL-2 producing cells is held constant by a non-zero population of

regulatory cells. Further increasing the proliferative capacity of IL-2 producing cells serves to increase linearly

the number of regulatory cells at equilibrium.

Memory T cells The steady state solution for the population of memory T cells is found by solving

0 = −µ3m
∗
3 + λ3Hm

∗
3e

−m∗
3
/κ3 + α23m

∗
2 + βm∗

2m
∗
4. (45)

An analytical solution for m∗
3 cannot be found from the above equation. However (assuming m∗

2 > 0, m∗
4 > 0)

such a solution can be proved to exist, be unique and be unconditionally stable in an identical manner to the

proof of the existence, uniqueness and stability of m∗
1 in Section 2.1.1.

Discussion We have neglected analysing the steady states of the non-naive populations when m∗
1 �= 0, we

justify this by assuming that during an immune challenge, most, if not all naive T cells specific to the antigen

presented will be activated and as far as the model is concerned become IL-2 producing T cells. Under the

assumption that thymic output for the subset of T cells responding to the challenge is zero, we assume that

there are no naive T cells which have not been activated. This population is then unable to reconstitute itself

following the challenge.
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Considering the equilibrium number of IL-2 producing and regulatory T cells, we shall assume that when m∗
2 > 0

is constant due to the presence of a regulatory T cells, the system is tolerant. By tolerant, we refer to a system
in which the number of effector cells is regulated at an equilibrium less than the higher equilibrium governed by
the carrying capacities of the system. Given that effector T cells may promote the activity of innate immune
components (which, when is excess may be detrimental to self-tissues), limiting the effector population density
is presumably desirable.
The analysis suggests that when the proliferative capability of IL-2 producing T cells is relatively poor (cor-
responding to stability of the middle region in Figure 1), the equilibrium number of IL-2 producing cells is
less than the regulated equilibrium for proliferation rates λ2H > λ2SC . This suggests that a population of IL-2
producing cells with poor proliferative capabilities does not need regulation for its population density to be
tolerant.
Another interesting feature of the analysis is a consideration of varying the term β which encodes the rate at
which regulatory T cells elicit suppressive functions. Varying β has no effect on either the stability conditions
or the equilibrium number of IL-2 producing cells, indeed, varying β only affects the equilibrium number of
regulatory cells. This suggests that at equilibrium, regulatory T cells compensate for either diminished or en-
hanced ability to suppress IL-2 producing cells by increasing or decreasing their population sizes accordingly.
For values of λ2H > λ2SC the steady state of the form m∗

2 > 0, m∗
4 > 0 is globally stable. From a deterministic

perspective, unless initial conditions are such that m4(0) = 0, we will always observe a regulated number of IL-2
producing cells less than the carrying capacity of IL-2 producing cells. However, from a stochastic perspective,
there exists the possibility of a fluctuation causing the regulatory T cell population to become extinct. In the
following section we explore the probabilities of such an event occurring and discuss the waiting time for such
an event under the assumption it will occur.

3 Extinction

In this section we analyse the stochastic model under the assumptions that specific antigen is not being pre-
sented (f(t) = 0) and thymic output is zero (ν1 = ν4 = 0). Our aim is to make use of the stochastic model
to evaluate the probability of observing regulatory T cell extinction conditioned on non-extinction of the IL-2
producing population. Furthermore, assuming such an event will occur, we aim to estimate the length of time
one must wait before it does. We will show that the ultimate fate of the system is extinction of all the cells
in the CD4+ subset. Of interest is the order in which this extinction occurs, in particular, whether the system
visits the regime in which there exist unregulated numbers of IL-2 producing T cells which are typically at
numbers greater than the typical number when regulated.
We first present some results for general birth and death processes. We then apply these results to our stochastic
model.

For a regular birth and death process {X(t)} we have

pji(∆t) = Prob{X(t+∆t) = j | X(t) = i} (46)

=






λi∆t+ o(∆t) if j = i+ 1
µi∆t+ o(∆t) if j = j − 1
1− (λi + µi)∆t+ o(∆t) if j = i
o(∆t) otherwise

(47)

where λi > 0 for i ≥ 1, µi > 0 for i ≥ 1 and λ0 = µ0 = 0. For such a process the state defined by i = 0 is an
absorbing state.
Karlin and McGregor [18] provide conditions for guaranteed absorption of a birth and death process of the form
above, as well as giving conditions for absorption in finite time. Define

rn =
λ1λ2 · · ·λn−1

µ2µ3 · · ·µn
for n ≥ 1, (48)

a sufficient condition for guaranteed absorption of the process at the state n = 0 is that the series

∞�

n=1

1

λnrn
(49)

diverges. A birth and death process with guaranteed absorption will be absorbed in finite time if the series

∞�

n=1

λnrn (50)
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converges. For a proof of the above results the reader is invited to read Karlin and McGregor [18].

Let a birth and death process be defined by the transition rates

λn = λne−n/κ, (51)

µn = µn for n ≥ 0. (52)

We prove that for such a process, absorption at the state n = 0 is certain and occurs in finite time.

Absorption is certain For the birth and death process defined by (51) and (52) we have

rn =
λn−1(n− 1)! exp

�
−
�n−1

i=1 i/κ
�

µn−1n!
. (53)

Then
1

λnrn
=

µn−1n!

λn exp (−
�n

i=1 i/κ)
(54)

and by the ratio test we have

lim
n→∞

λnrn
λn+1rn+1

= lim
n→∞

µ exp ((n+ 1)/κ)

λ
= ∞. (55)

Thus the series
∞�

n=1

1

λnrn
diverges and hence the process is absorbed with certainty.

Time to absorption is finite We have

λnrn =
λn exp (−

�n
i=1 i/κ)

µn−1n!
(56)

and again by the ratio test we have

lim
n→∞

λn+1rn+1

λnrn
= lim

n→∞

λ

µ exp ((n+ 1)/κ)
= 0. (57)

Thus the series
∞�

n=1

λnrn converges and so the process is absorbed in finite time.

The Markov chain {X1(t)} can be considered a birth and death process with transition rates of the type given
by (51) and (52), for the population of naive T cells we have

λ = λ1H , (58)

µ = µ1 + α13, (59)

κ = κ1. (60)

Thus, the population of naive T cells will become extinct with certainty in finite time.

Borrowing ideas from Iglehart [14] we can bound the Markov chain {X2(t)} by a birth and death process with
transition rates of the form (51) and (52) which ‘travels to infinity’ faster than {X2(t)}. For such a process we
have

λ = λ2H , (61)

µ = µ2 + α23, (62)

κ = κ2, (63)

which is absorbed at n = 0 in finite time. Since this process bounds the Markov chain {X2(t)}, it follows that
the population of effector T cells will also become extinct with certainty in finite time.

If sufficient time has passed for the population of effector T cells to become extinct, that is, n2 = 0, the
transition probabilities for the Markov chain {X4(t)} are dependent on n4 only, indeed, the only non-zero
transition probability for {X4(t)} is given by

pn4−1,n4
(∆t) = Prob{X4(t+∆t) = n4 − 1 | X4(t) = n4} = µ4n4∆t+ o(∆t). (64)
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Such a process is a simple death process and if not already at the unique absorbing state n4 = 0 before extinction
of the effector T cell population, the process will be absorbed in finite time.

Lastly, suppose sufficient time has passed for the naive and effector T cell populations to become extinct.
Following extinction of these populations, the Markov chain representing the memory T cell population can be
considered a birth and death process of the form given by (51) and (52) with

λ = λ3H , (65)

µ = µ3, (66)

κ = κ3. (67)

It therefore follows the memory T cell population will become extinct in finite time, given populations 1 and 2
have already become extinct.

Suppose the process starts in a general state (n1, n2, n3, n4) where ni ≥ 1 for i = 1, . . . , 4. By virtue of the fact
population 1 will become extinct in finite time independently of the remaining three populations, the process
is guaranteed to reach the region R1 defined as

R1 = {(0, n2, n3, n4) : ni ≥ 0 for i = 2, 3, 4} . (68)

Equivalently we have shown that population 2 will become extinct in finite time independently of the other
populations, thus the process is guaranteed to reach the region R2 defined as

R2 = {(n1, 0, n3, n4) : ni ≥ 0 for i = 1, 3, 4} . (69)

Since both R1 and R2 are reached with certainty in finite time, it follows that the intersection of these regions,
R3, defined as

R3 = {(0, 0, n3, n4) : ni ≥ 0 for i = 3, 4} (70)

is reached with certainty in finite time. Given that enough time has passed for the populations of naive and
effector T cells have become extinct, we have shown that the population of memory T cells will become extinct,
therefore supposing the process is in R3, the region R4 defined as

R4 = {(0, 0, 0, n4) : n4 ≥ 0} (71)

is reached with certainty in finite time. Equivalently we have shown that following extinction of the population
of effector T cells, the population of regulatory T cells will become extinct, thus, the region R5 defined as

R5 = {(0, 0, n3, 0) : n3 ≥ 0} (72)

is reached with certainty in finite time for a process starting in R3. Finally, considering that R4 and R5 are both
reached with certainty, the intersection of these regions, namely the state (0, 0, 0, 0) is reached with certainty
in finite time from the region R3. It therefore follows the entire process becomes extinct in finite time from an
arbitrary state (n1, n2, n3, n4) where ni ≥ 0 for i = 1, .., 4.

3.1 Extinction of populations 2 and 4

We have shown that the populations of effector T cells and regulatory T cells will both become extinct in
finite time. In this section we present a numerical method to approximately calculate the probability that the
regulatory T cell population will be absorbed in the absorbing region defined by

R = {(n2, n4) : n2 �= 0, n4 = 0} (73)

before the population of the effector T cells becomes extinct. In such an event that the population of regulatory
T cells becomes extinct before the effector T cell population, the system is at risk from unregulated proliferation
of the effector T cell population following a possible increase in the proliferative capability of the effector T
cells, which for example could be induced by presentation of specific antigen. In this scenario the likelihood of
autoimmune conditions arising is increased.
We let {X(t)} = {(X2(t),X4(t))} be the bivariate Markov process representing populations 2 and 4, the transition
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probabilities for such a process are given by

pm,n(∆t) = Prob{X(t+∆t) = m | X(t) = n} (74)

=






(µ2 + α23 + βn4)n2∆t+ o(∆t) if m = (n2 − 1, n4)

µ4
κ4

κ4 + n2
n4∆t+ o(∆t) if m = (n2, n4 − 1)

λ2Hn2e−n2/κ2∆t+ o(∆t) if m = (n2 + 1, n4)
λ4An2n4∆t+ o(∆t) if m = (n2, n4 + 1)

1−
�
(µ2 + α23 + βn4)n2 + µ4

κ4

κ4 + n2
n4 + λ2Hn2e−n2/κ2 + λ4An2n4

�
∆t+ o(∆t) if m = n

o(∆t) otherwise.
(75)

To calculate the probability that population 4 becomes extinct before population 2, we first impose that the
state space of the Markov process {X(t)} is finite, such that the maximum number of cells for population 2 is
N2 and the maximum number of cells for population 4 is N4. Imposing a finite state space implies that the
calculated probabilities will be an approximation to the true probabilities, however since the process typically
does not grow to infinity (due to the carrying capacities of the system), for an increasing Ni, i = 2, 4, the
likelihood of any realisation (for a given parameter set) reaching either Ni decreases. Thus we can increase the
accuracy of the calculation to arbitrary precision by increasing N2 and N4, this however comes at a further
computational cost which we discuss below.

Let Pn be the probability of reaching the region R above from an arbitrary state (n2, n4). By definition we
have P(n2,0) = 1, P(0,n4) = 0, P(0,0) = 0 and 0 < P(n2,n4) < 1 where n2, n4 > 0. We define

qm,n =






(µ2 + α23 + βn4)n2 if m = (n2 − 1, n4)

µ4
κ4

κ4 + n2
n4 if m = (n2, n4 − 1)

λ2Hn2e−n2/κ2 if m = (n2 + 1, n4)
λ4An2n4 if m = (n2, n4 + 1)

(µ2 + α23 + βn4)n2 + µ4
κ4

κ4 + n2
n4 + λ2Hn2e−n2/κ2 + λ4An2n4 if m = n,

(76)

and using qm,n above define

ρm,n =
qm,n

qn,n
. (77)

Let Sn be the set of states which can be reached in a single transition from the state n, then Sn is given by

Sn = {(n2 − 1, n4), (n2 + 1, n4), (n2, n4 − 1), (n2, n4 + 1)} (78)

for 0 < n2 < N2 and 0 < n4 < N4. When n2 = N2 we have Sn = {(n2 − 1, n4), (n2, n4 − 1), (n2, n4 + 1)},
when n4 = N4 we have Sn = {(n2 − 1, n4), (n2 + 1, n4), (n2, n4 − 1)} and when n2 = N2, n4 = N4 we have
Sn = {(n2 − 1, n4), (n2, n4 − 1)}. If the process reaches either the region defined by R or the region R̄ defined
by

R̄ = {(n2, n4) : n2 = 0} (79)

we let Sn = ∅, the empty set, thus the process stops if either of these two regions are reached.
By a first step analysis argument, for which a justification can be found in [1], we write

Pn −
�

m∈Sn

ρm,nPm = σ. (80)

When n ∈ R we set σ = 1 and set σ = 0 if n /∈ R. We express (80) in the form

AP = a (81)

where A is a (N2N4)×(N2N4) matrix composed of the quantities ρm,n, P is a vector composed of the quantities
Pn and a is a vector composed of the quantities σ. To construct A, P and a first construct a bijection h from
the set {0, . . . , N2} × {0, . . . , N4} → {0, . . . , (N2 + 1)(N4 + 1) − 1} = K such that an ordering for all states
(n2, n4) can be created in one-dimensional space k. We note that the ordering of the states in K defined by the
bijection is irrelevant to the calculation, therefore any choice of bijection h will suffice. Let h(n2, n4) = k be the
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index of K and A = (Ai,j), then we define

Ai,j = 1 if i = j, (82)

Ai,j = −ρh−1(i),h−1(j) if h−1(i) ∈ Sh−1(j), (83)

ak = 1 if h−1(k) ∈ R, (84)

ak = 0 if h−1(k) /∈ R, (85)

Pk = Ph−1(k). (86)

Since the matrix A is such that Ai,i = 1, A is non-singular and thus invertible, then the numerical solution to
the problem is given by

P = A−1a. (87)

One immediate drawback to this method is with the computational time it takes to invert A. As one increases
the size of state space, N2, N4, the length of A increases with the square of N2N4, it therefore follows that the
computational time to invert A grows like (N2N4)2 as N2 and N4 increase.

3.2 Expected time to extinction

In a similar manner to calculating the probability of the process reaching the region R, we can also calculate
the expected time to extinction of the populations of effector and regulatory T cells. Let τn be the expected
time to reach an arbitrary set of states Ω from n /∈ Ω. Then by a first step analysis argument we have

τn −
�

m∈S�
n

ρm,nPm = in, (88)

where in is the mean time the process stays in the state n and from Allen [1] we have in = 1
qn,n

. Equation (88)

is defined for n /∈ Ω where pm,n(τ) �= 0 for m ∈ Ω and τ < ∞ (that is, m can be reached from n in finite time);
for n ∈ Ω we impose τn = 0 and in is undefined. Here note that S�

n is the set of all states that can be reached
from the state n in a single transition but is only defined for states n /∈ Ω. It follows that S�

n is non-empty
given that a state in Ω can be reached from all states n /∈ Ω. Clearly if Ω cannot be reached from a state n /∈ Ω
then τn is infinite.
We solve the above equation by setting it up as a linear algebra problem as we did for calculating the probability
of the process reaching R. Define a bijection g from the set {0, . . . , N2}×{0, . . . , N4}\Ω → {0, . . . , (N2+1)(N4+
1) − 1 − |Ω|}. Let B = (Bi,j), b = (b0, b1, . . . , b(N2+1)(N4+1)−1−|Ω|)

T and τ = (τ0, τ1, . . . , τ(N2+1)(N4+1)−1−|Ω|)
T

and define

Bi,j = 1 if i = j, (89)

Bi,j = −ρg−1(i),g−1(j) if g−1(i) ∈ S�
g−1(j), (90)

bk = ig−1(k) (91)

τk = τg−1(k). (92)

The solution for the expected time to absorption into the set Ω is then given by

τ = B−1b. (93)

3.3 Discussion

In Section 2.1.2 we stated that observing steady populations of IL-2 producing cells of sizes comparable with
the unregulated equilibrium (dashed line in Figure 1) requires extinction of the regulatory T cell population.
The stochastic analysis suggests that if parameter values of chosen such that the regulatory T cell population
has a significant probability of becoming extinct before the population of IL-2 producing cells (significant being
a probability not close to zero), then the expected time to extinction of the IL-2 producing population is short
(timescales of the order of hours).
The process in this description is stochastic and therefore there exists a non-zero probability of regulatory T
cell extinction, conditioned on non-extinction of the IL-2 producing population, when the parameter values
satisfy the stability conditions of the deterministic steady state in the last third of the bifurcation diagram in
Figure 1. However, as the middle right plot in Figure 2 shows, the probability that extinction events occur in
this order is close to zero. Extinction of both populations of CD4+ T cells is however certain, for the same
parameter set, the expected time to extinction of both populations is around 35 years, a timescale comparable
with the lifetime of a human. Figure 3.3 shows that for the same parameter sets introduced in Figure 2, for
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Figure 2: Top left: Gillespie realisation of populations 2 and 4 for the parameter set µ2 = 10−2 h−1, µ4 = 10−2

h−1, λ2H = 3 × 10−2 h−1, λ4A = 8 × 10−5 cells−1h−1, κ2 = 6 × 102 cells, κ4 = 10 cells, α23 = 10−2 h−1 and
β = 10−4 cells−1h−1. For this parameter set the deterministic steady state of the form (n∗

2 > 0, n∗
4 = 0) is

stable. Initial conditions were chosen such that the realisation begins with 30 effector T cells and 300 regulatory
T cells and is run for two weeks. Top right: Gillespie realisation for the same initial conditions with a time
interval of two years and the same parameter set except λ2H = 8× 10−2 h−1, corresponding to stability of the
deterministic steady state of the form (n∗

2 > 0, n∗
4 > 0). Typically the populations do not exceed 100 effector

T cells or 500 regulatory T cells, we impose these values for N2 and N4 respectively. Middle left: Probability
of reaching the region R from a general state (n2, n4) with a maximum state space N2 = 100 effector cells
and N4 = 500 regulatory cells with parameter set the same as top left. Middle right: Probability of reaching
the region R from a general state (n2, n4) with a maximum state space N2 = 100 effector cells and N4 = 500
regulatory cells with parameter set corresponding to top right. Clearly for this parameter set the probability
of population 4 going extinct before population 2 is small. Bottom left: Expected time to absorption in the
region defined by R ∪ (0, 0) with a maximum state space of N2 = 100 effector T cells and N4 = 500 regulatory
T cells with parameter set corresponding to above two plots. Bottom right: Expected time to reach R ∪ (0, 0)
with parameter set the same as top two right plots.
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Figure 3: Probability of population n2 becoming extinct before population n4 with N2 = 100 and N4 = 500.

Left: parameter set corresponding to left plots in Figure 2. Right: parameter sets corresponding to right plots

in Figure 2. Lighter areas indicate the states from which it is more likely that the effector T cell population

will become extinct before the regulatory T cell population.

most initial conditions the effector T cell population is likely to become extinct first, followed by the regulatory

population. We conclude that the likelihood of observing IL-2 producing cells at numbers similar in magnitude

to the unstable deterministic solutions is small.

Research has shown that regulatory T cells may be induced from naive T cells within the periphery [29],

this suggests one possible mechanism by which the immune system ensures it does not lose its populations of

regulatory T cells, however, in the scenario described above the number of naive T cells was assumed to be zero

and thus the possible number of induced regulatory T cells is small, if not zero.

In reality, due to cross-reactivity between T cell clonotypes, it may be the case that IL-2 producing T cells

can be suppressed by regulatory T cells of differing specificities. Interclonal suppression would limit the degree

of expansion this effector population could undergo. Additionally, regulatory T cells may be able to receive

IL-2 producing by effector T cells of differing specificities, an assumption we have neglected in this analysis. In

this scenario, the likelihood of observing a steady state corresponding to a non-zero population of effector T

cells and zero regulatory T cells would presumably be smaller than the likelihoods characteristic of the analysis

presented here. Considering regulation between T cell clones of differing specificities is a possible avenue for

future mathematical modelling.

We conclude this section by summarising the results of the analysis of the model in the context of no presentation

of specific antigen. From the deterministic viewpoint, we do not observe unregulated numbers of IL-2 producing

cells greater than the regulated equilibrium unless initial conditions are such thatm4(0) = 0 (assuming no thymic

output post challenge). It is possible for such a scenario to be reached from a stochastic viewpoint, however, the

probability of this happening is small. Therefore, assuming no thymic output and no presentation of specific

antigen, we conclude that the system is robust with respect to controlling the number of IL-2 producing T

cells. In the next section we show that the system loses this robustness when specific antigen is presented at a

constant level.

4 Constant specific antigen presentation

Throughout the course of this paper we have restricted ourselves to looking at our model under the assumption

that antigen specific for the CD4
+
T cells under consideration is not presented, mathematically this assumption

holds when the introduced function f(t) = 0.

Antigen is presented to T cells by antigen-presenting cells (APCs), of which the predominant cell types are

dendritic cells [15]. APCs collect antigen in the lymph and tissue via phagocytosis. Inside the APC, antigen is

broken down further into peptides which are subsequently displayed on the surface of the cell as peptide-MHC

complexes (MHC class II complexes are presented to CD4
+

T cells). A naive CD4
+

T cell, upon successful

binding with a dendritic cell presenting antigen of the correct specificity will become activated. After activation

the naive T cell will undergo a phenotypic change and elicit effector functions. For CD4
+
T cells these effector

functions serve to promote the functional ability of CD8
+

effector T cells and boost the innate components of

the immune response by methods such as releasing pro-inflammatory cytokines. During a successful immune

response the target cells (foreign bodies or cells infected by a virus) are destroyed and cleared from the body.

In a typical response the elimination of infected cells and foreign bodies leads to a decrease in the amount of
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Figure 4: Example trajectory illustrating existence of solutions of the form m∗
2,m

∗
3,m

∗
4 > 0. Trajectories tend

to positive equilibria when initial conditions are within the stability basin. For initial conditions outside the

stability basin trajectories tend to infinity.

antigen available for uptake and presentation by APCs. Kim et al [19] introduce a comprehensive model of the

immune response, included in this model are populations of CD4
+
T cells, CD8

+
T cells, APCs, virus infected

cells, antigen and other cells and processes which have a part in the immune response. The authors present a

set of literature derived parameters and investigate the numerical behaviour of the model in detail.

In this work we have considered only a single specificity of CD4
+

T cells and looked at the behaviour of this

population under the assumption that antigen specific for this population is not being seen. To simulate CD4
+

T cell behaviour during an immune response we could give an explicit form for the function f(t) introduced

previously. However, since we are not considering other cell types involved in the immune response, any analysis

would fail to provide more insight than the analysis of Kim et al.
In the final section of this work we consider the equilibrium behaviour of a clonotype of CD4

+
T cells when

antigen specific to this clonotype is presented at a constant level, mathematically this implies the assumption

f(t) = c where c is constant. We further assume thymic output is zero and that consequently there are no naive

CD4
+

T cells, that is, all naive T cells have been activated due to the presentation of specific antigen. The

deterministic equations describing such a model, where c is absorbed into the relevant parameters are given by

dm2

dt
= −µ2m2 + λ2Hm2e

−m2/κ2 + λ2Am2m2 + α32m3 − α23m2 − βm2m4, (94)

dm3

dt
= −µ3m3 + λ3Hm3e

−m3/κ3 + λ3Am2m3 + α23m2 − α32m3 + βm2m4, (95)

dm4

dt
= −µ4

κ4

κ4 +m2
m4 + λ4Am2m4. (96)

For this model there exist several possible equilibrium solutions found by solving
dm2

dt =
dm3

dt =
dm4

dt = 0,

however, most of these steady states cannot be expressed analytically. Furthermore, several possible sets of

solutions are characterised by negative T cell numbers and as such do not represent the biology. We focus our

attention on one solution of the form m∗
2,m

∗
3,m

∗
4 > 0 which can be numerically shown to exist and be locally

stable for a chosen set of parameters (see Figure 4). For an equilibrium solution of this form we have m∗
4 > 0

and so m∗
2 can be found from (96). Doing so gives,

m∗
2 =

κ4

2

��

1 +
4µ4

κ4λ4A

− 1

�
. (97)

This solution for m∗
2 is the same as the solution for m∗

2 in (43), found under the assumption that specific antigen

is not presented. The model predicts the number of IL-2 producing cells at equilibrium is the same irrespective

of whether antigen specific to this population is presented or not.

Since m∗
2 is given by (97), from (94) we can write down an expression for m∗

4 which is dependent on m∗
2 and

m∗
3, such an expression is given by

m∗
4 =

λ2He
−m∗

2
/κ2 − µ2 − α23

β
+

λ2A (m∗
2)

2
+ α32m∗

3

βm∗
2

. (98)

15



 

 

	  
Annexes 

 
	    

 

 

 

We note that this solution for m∗
4 is greater than the solution for m∗

4 when f(t) = 0 (given by equation (43)).

The model predicts that when antigen specific to the CD4
+

T cell population is presented at a constant level,

the number of regulatory T cells at equilibrium is greater than the number required to maintain homeostasis

is the absence of antigen. This analysis suggests that at equilibrium, even with antigen being presented at a

constant rate, the system will be tolerant in the sense that the number of IL-2 producing cells is the same,

however, a larger number of regulatory T cells are required to maintain this state.

The equilibrium solutions found under the assumption that antigen is not presented are globally stable, that

is, trajectories from any initial conditions (except some very specific initial conditions such m2(0) = 0 or

m4(0) = 0) will tend to the steady states shown in Figure 1. The same cannot be said for these trajectories

when f(t) = c, numerical analysis (details omitted) shows equilibrium solutions are locally stable. Local stability

is a consequence of the quadratic terms modelling proliferation in response to IL-2 stimulus, such terms dominate

all death terms for sufficiently large population sizes. In the event that initial conditions are not within the

stability basins, trajectories of the model will tend to infinity, we interpret this behaviour as the populations of

T cells expanding unchecked. Biologically, a rapidly expanding population of CD4
+

T cells will be limited by

the size of the organism as well as the availability of other trophic factors required for T cell division, the model

cannot be used to attempt to predict the numbers of T cells in this scenario. These scenarios are characterised

by large numbers of effector cells. Previously we discussed potential problems arising from an excess of effector
cells, these issues are especially problematic if the antigen the cells are specific for comes from self-tissue. We

therefore interpret behaviour of the model characterised by unbounded trajectories as undesirable.

Equilibrium solutions are locally stable with constant antigen presentation, the model predicts that a large

enough kick to the system is enough to drive the system into a state characterised by large numbers of effector
T cells (trajectories tending to infinity), the same cannot be said when antigen is not being presented. We also

found that if the terms representing T cell proliferation due to antigen were set too high, the system possesses

no stable steady state and trajectories from all initial conditions (except the extinction state) tend to infinity.

However we note that it is the authors opinion that parameter sets of this of this scale do not represent the

biology. Speculating on possible causes of such a kick, one such mechanism could be a transient increase in the

IL-2 mediated proliferative capacity of effector T cells (a transient increase in the term λ2A), such an increase

could potentially arise from excess IL-2 produced by effector T cells of a different clonotype responding against

a foreign antigen. However we make no prediction on whether such excess IL-2 would be large enough to cause

a kick sufficient for the populations to escape the stability basin of the system, a refinement of the model to

include differing specificities of T cells would need to be developed to address this question in more detail.

In summary we conclude that the model predicts observing unregulated numbers of IL-2 producing T cells

is only likely if such cells have access to signals as a result of recognition of specific antigen. Assuming the

balance between IL-2 producing and regulatory T cell populations is such that a tolerant equilibrium is stable,

the model predicts the equilibrium number of IL-2 producing T cells is the same regardless of whether these

cells see specific antigen or not. In the former case we observe a larger number (compared to the latter case)

of regulatory T cells to compensate for the increased turnover of effector cells. The model further predicts

that an imbalance in the number of regulatory and effector T cells can lead to large populations of effector
cells. However this is only in the event these cells see specific antigen. Such an imbalance could result from a

stochastic fluctuation, or this imbalance could result from immune activity of other T cell clonotypes during a

response. Exploring potential mechanisms driving this imbalance would require a more comprehensive model

to be constructed. Such an exploration is a potential avenue for further modelling efforts.
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