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Resumo  
 

A vitamina A tem um forte impacto em vários sistemas do organismo, particularmente 

no sistema imune. A deficiência desta vitamina pode provocar alterações no número e 

função de diversos tipos celulares como neutrófilos, macrófagos e linfócitos T. 

Carências alimentares, falhas na absorção ou diminuição de transportadores da 

vitamina A têm a capacidade de modificar a resposta imune. O mesmo é aplicado aos 

derivados desta vitamina que, após ser ingerida sob a forma de retinol, pode ser 

degradada em diversos compostos, entre os quais, o ácido retinóico. De natureza 

hidrofóbica e através de transportadores e receptores específicos, o ácido retinóico 

consegue actuar sobre uma grande variedade de células. Esta capacidade leva a que 

o ácido retinóico possa modelar fenómenos tão distintos como o desenvolvimento, 

manutenção de epitélios e até a visão. Segundo estudos publicados, esta forma activa 

da vitamina A parece também ter impacto no desenvolvimento das células T in vivo.  

 

Dentro do timo é possível distinguir diferentes tipos de populações celulares, de 

acordo com diferentes marcadores de superfície expressos por cada uma delas. Os 

timócitos que passam pelo processo de maturação e selecção tímica são identificados 

pela expressão de moléculas CD4 e/ou CD8, sendo chamadas de duplamente-

negativas (CD4- CD8-), duplamente-positivas (CD4+ CD8+), e finalmente de 

singularmente-positivas CD4 ou CD8 (celulas CD4+ CD8- ou CD4- CD8+, 

respectivamente). Dentro das moléculas que influem na selecção tímica das células T 

podemos encontrar o receptor da célula T (TCR) e alguns co-receptores. O TCR está 

acoplado a moléculas do complexo CD3 e a sua estimulação pode ser mimetizada 

pela activação deste complexo. Quando anti-CD3 é injectado em murganhos é 

possível eliminar em grande escala as células duplamente-positivas. A maturação das 

células T ocorre na periferia após o contacto com antigénios. Nas células T podemos 

encontrar as células T reguladoras (Tregs), essenciais na supressão da resposta 

imune. Algumas destas células expressam CD4 e Foxp3, marcador pelo qual são 

actualmente identificadas. Na sua maioria podem também expressar CD25, um dos 

componentes do receptor de IL-2, também conhecido como marcador de activação 

celular. As Tregs têm um papel central dentro do sistema imunitário, controlando o 

desenvolvimento de doenças auto-imunes. Porém, a sua geração dentro do timo 

continua a ser pouco entendida. Compreender as Tregs e todas as células T na sua 

geração e função ajudará a perceber e controlar o sistema imune nas situações de 

equilíbrio e doença. Fora do timo (na periferia) existem outras substâncias que têm 
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impacto na modelação da conversão periférica de Tregs, como TGF-β ou ácido 

retinóico. Esta forma activa da vitamina A foi descrita como sendo colaboradora na 

diferenciação de células T reguladoras a partir de células T CD4 maduras via TGF-β. 

Este fenómeno de conversão periférica é apenas conhecido a partir de células T CD4 

maduras de orgãos linfóides secundários. Não se sabe que papel poderá o ácido 

retinóico desempenhar na geração primária de Tregs dentro do timo. Identificada a 

presença de enzimas que catalisam a formação de ácido retinóico a partir de retinal, 

em células epiteliais tímicas, surgem evidências de que possa haver um papel 

destinado ao ácido retinóico na geração de timócitos. Estas enzimas existem 

igualmente em células dendríticas CD103+, residentes no tracto gastro-intestinal, 

células essenciais à produção de ácido retinóico e consequente conversão periférica 

das Tregs.  

 

Face aos factos apresentados, o principal objectivo deste projecto é entender o papel 

do ácido retinóico no desenvolvimento de células T dentro do Timo. Com esta 

dissertação pretende-se: 1) Estudar o efeito do ácido retinóico no número e geração 

de células T com e sem anti-CD3; 2) Conhecer a acção do ácido retinóico nas 

interacções celulares das Tregs dentro do timo; 3) Aprofundar os conhecimentos sobre 

a cinética do ácido retinóico em murganhos.  

De modo a cumprir os objectivos traçados, foi desenvolvida uma abordagem in vitro e 

in vivo em murganhos, com paragem do tratamento com ácido retinóico em tempos 

específicos. Em ambas as situações foi estudado o efeito conjunto do ácido retinóico 

com o anti-CD3. Desconhecendo a cinética da acção do ácido retinóico no murganho, 

escolheram-se dois intervalos de tempo (20h e 40h), tendo como base estudos de 

depleção de células duplamente-positivas in vivo. Foram estabelecidas culturas in vitro 

de timócitos com várias doses de ácido retinóico. Os tratamentos in vivo com e sem 

ácido retinóico (300µg/animal) em murganhos, com posterior análise de timócitos, 

foram apenas uma parte do estudo destinado a perceber o efeito no número de células 

T. A análise de timócitos foi efectuada recorrendo à citometria de fluxo, onde foi 

possível quantificar a expressão de CD4, CD8, CD25 e Foxp3 de acordo com os 

compostos testados. De forma a complementar este dados, foram também realizadas 

experiências in vivo sob uma perspectiva única e inovadora, com aquisição e análise 

de imagens intravitais de timos pertencentes a animais tratados ou não com ácido 

retinóico (300µg/animal). Deste modo, este estudo permitiu revelar não só o efeito do 

ácido retinóico no número de células T, bem como importantes interacções celulares 

que ocorrem durante a geração de células Tregs. Sabe-se que estas interacções são 

fundamentais no desenvolvimento dos primeiros timócitos Foxp3+ que advêm do 
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compartimento das duplamente-positivas. Se as Tregs estiverem confinadas em 

diferentes “nichos” dentro do órgão, apenas a imagem intravital permite a sua 

observação. Este protocolo que inclui todos os procedimentos cirúrgicos necessários, 

foi desenvolvido pelo orientador deste projecto. Tendo ao seu dispor um microscópio 

2-fotões, o Dr. Carlos Tadokoro adquiriu importantes dados preliminares que 

possibilitaram a aprendizagem e obtenção de imagens com os respectivos resultados 

e conclusões. Este estudo fornece indícios da função do ácido retinóico, embora não 

permita perceber o efeito do RA nas vias intracelulares da geração de células T. À luz 

dos dados recolhidos pode-se concluir que o efeito do ácido retinóico é potenciado 

apenas após 40h de tratamento, embora não pareça ter acção sinergética com o anti-

CD3. Parece não existir qualquer efeito significativo sobre as Tregs embora esta 

substância, por si só, tenha impacto na diminuição de células duplamente-positivas. 

Não se verificaram alterações no número de células T CD4+ ou CD8+ 40h após o 

tratamento com RA. O efeito sobre as células duplamente-positivas pode afectar todos 

os compartimentos celulares subjacentes, nos quais se incluem as singularmente-

positivas. Talvez o efeito do RA sobre as Tregs seja visível mais tarde, após a acção 

no desenvolvimento de células T não-Tregs. Através da imagem intravital no timo, 

verificou-se que a velocidade das Tregs dentro do timo não aumentou após o 

tratamento com 300 µg/murganho. Esta menor mobilidade pode indicar maior tempo 

de contacto célula-célula, o que por sua vez, pode evidenciar maior quantidade de 

contactos longos e estáveis com células apresentadoras de antigénios. Este contacto 

com antigénios é muito importante na educação tímica das células T, que são 

seleccionadas conforme a resposta que apresentam via TCR. Qualquer resposta 

abaixo do limiar ou mesmo de elevada afinidade, leva à delecção ou anergia das 

células, evitando assim respostas inadequadas do sistema imune. 

 

 Este estudo sobre o ácido retinóico permitiu elucidar importantes questões embora 

continue muito por esclarecer. Toda e qualquer ponte entre a nutrição e a imunologia 

necessita de mais e melhores estudos para que se possa compreender o papel de 

nutrientes modeladores da resposta imune. Só assim poder-se-á partir para uma 

abordagem terapêutica, onde seja possível orientar o sistema imune e contornar 

algumas patologias indesejáveis. 

  

Palavras-chave:  

Vitamina A, ácido retinóico, células T, timo, células T reguladoras, anti-CD3 
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Abstract  
 

 

Vitamin A has a strong impact inside the immune system, as vitamin A deficiency is 

able to modify the immune response against infection, neutrophils function, and T cells 

numbers. Retinoic acid (RA) is one of vitamin A active compounds, and it is effective in 

peripheral conversion of mature CD4 T cells into regulatory T cells (Tregs) by TGF-β. 

RA produced by dendritic cells in the gut, or exogenously given, is able to increase 

numbers of CD4+ Foxp3+ T cells. Tregs are critical to maintain immune regulation and 

prevention of autoimmune manifestations. Inside the thymus, where T cells are 

primarily generated, there is evidence that epithelial cells produce enzymes capable of 

convert retinol into RA. Since there is RA modulation in the periphery, we decided to 

test the role of retinoic acid in T cells development inside the thymus. To accomplish 

this goal, in vitro and in vivo studies were performed in mice, in two different time-

points: 20h and 40h. In addition, anti-CD3 depletion effect on T cells was study in 

coordination with RA action. In vitro thymocytes cultures, in vivo treatments on B6 and 

B10.PL mice, and intravital imaging of thymus were performed during this project. The 

results show that RA had much thymic influence after 40h of treatment, causing DP 

depletion. Moreover, RA seems to not interfere with anti-CD3 effect on DP depletion. 

All together, this results show that RA is potentially a modulator on thymic T cell 

development. However, more studies are needed to complement and to comprehend 

the acquired data. Understanding the connections between nutrition and immunology 

can be essential to know how to modulate immune response and to attempt new 

therapeutical and safe strategies towards disease. 

 

 

 

 

 

 

Key words:  

Vitamin A, retinoic acid, T cells, thymus, regulatory T cells, anti-CD3 
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Abbreviations 

Ab Antibody 

APC Antigen presenting cell 

ATRA All-trans retinoic acid 

bp base pairs 

CD Cluster of differentiation 

CLP Common lymphoid progenitor 

CRABP Cellular retinoic acid-binding protein 

CRBP Cellular retinoid-binding protein 

CTLA Cytotoxic T-lymphocyte antigen 

DC Dendritic cell 

DN Double negative 

DNA Deoxyribonucleic acid 

DP Double positive 

FACS Fluorescent activated cell sorting 

GALT Gut associated lymphoid tissue 

GFP Green fluorescent protein 

i.p. intraperitoneal  

i.v. intravenous 

IL Interleukin 

MAbs Monoclonal Antibodies 

MHC Major histocompatibilty complex 

MLN Mesenteric Lymph Node 

NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 

PCR Polymerase chain reaction 

PPAR Peroxisome proliferator-activated receptors 

RA Retinoic acid 

RAR Retinoic acid receptor 

RARE Retinoic acid response element 

RBP Retinol binding protein 

RFLP Restriction fragment length polymorphism 

rpm Rotations per minute 

RPMI Roswell Park Memorial Institute (medium) 

RT Room temperature 

SP Single positive 

TCR T-cell receptor 

TEC Thymic epithelial cell 

Tregs Regulatory T cells 

YFP Yellow fluorescent protein 
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Vitamin A and retinoids 

 

Vitamin A-active compounds are represented by provitamin A carotenoids and retinoids 

which, in turn, comprise retinol, retinaldehyde, and retinoic acid (RA), plus their 

naturally and synthetic analogues. Vitamin A related metabolites are required for critical 

life processes, including metabolism, haematopoiesis, bone development, 

ophthalmology, pattern formation during embryogenesis, maintenance of differentiated 

epithelia, and immunocompetence. The main vitamin A compound, retinol, comprises a 

cyclohexenyl (β-ionone) ring and four double bonds in the side chain that give rise to 

cis/trans isomerization. While 11-cis retinaldehyde is present in the retina, all-trans and 

9-cis RA are active substances found in most if not all tissues. Changes in the 

molecular state of oxidation and cis/trans isomerization are key features in the 

biological activity of retinoids. Together, all RA isoforms have a special place in 

scientific research areas like nutrition, ophthalmology, immunology, development, 

dermatology, and oncology (Ball, 2004; Noa Noy, 2010; Theodosiou, Laudet, & 

Schubert, 2010).  

 

Inside the body vitamin A is mainly stored by the liver and cannot be synthesized. This 

hydrophobic substance must come exogenously, integrated in the diet. Vegetables, 

fruits, milk, eggs, and liver of animals are important dietary sources of vitamin A 

(Sommer, 1998). When foods are ingested, retinol is absorbed with an efficiency of 70-

90%. Inside the intestine lumen, retynil esters and carotenoids are incorporated in 

micelles. Most part of those substances is converted into retinol, which is esterified 

within the enterocytes. Some of the retinaldehyde is oxidized irreversibly to RA. Retinol 

to RA conversion occurs via some enzymes, including alcohol dehydrogenases (ADH) 

and retinal dehydrogenases (RALDH), though RA can also be produced from β-

carotene in an independent retinaldehyde way. The esterified retinol and small 

amounts of unchanged carotenoids are released by lymphatic vessels into the 

bloodstream as components of chylomicrons. After lipolysis, the chylomicron remnant 

retynilesters are hydrolyzed in the liver and most of retinol is esterified and stored in 

stellate cells. Upon demand, retinol is released into the bloodstream and binds to a 

complex formed by the retinol-binding protein (RBP) and a protein called transthyretin 

(also known as prealbumin). Retinol-RBP-transthyretin complex delivers retinol to a 

cell-surface receptor expressed in vitamin A-requiring cells (Ball, 2004; Rune Blomhoff 

& H. K. Blomhoff, 2006). In the cytoplasm, the retinol interacts with a specific cellular 

retinoid-binding protein (CRBP) and goes through metabolic changes, like oxidation to 
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RA. In turn, RA can interact with a cellular retinoic acid binding protein (CRABP). 

CRBPs and CRABPs work as active metabolic adjuvants in enzyme reactions and 

retinoic acid movement to the nucleus, regulating free retinoid concentration. With 

excess of retinoids, CRABP I can sequester RA and promote its degradation into 

several metabolites (R Blomhoff, M. Green, J. Green, Berg, & Norum, 1991; Rune 

Blomhoff, M. Green, Berg, & Norum, 1990).   

 

Within the nucleus, RA isoforms (like All-trans RA) mediate tissue-specific expression 

of target genes through their binding to two types of nuclear retinoid receptors. Retinoic 

acid receptor (RAR), forming an heterodimeric complex with retinoid X receptors 

(RXR), binds in a ligand-independent manner to a retinoic acid response element 

(RARE) on the DNA (Kliewer, Umesono, D. Evans, & Mangeldorf, 1992; Xk Zhang et 

al., 1992). When bound to DNA, RAR works as a transcriptional activator or as a 

repressor if RA is not present. Gene transcription also depends on the type of ligand 

interaction as well as on the availability of co-activators and co-repressors (de Lera AR, 

Bourguet W, Altucci L, 2007). For example, interactions of RXR with thyroid receptor 

and vitamin D3, and the existence of at least 3 subtypes for both RAR and RXR are 

key aspect that can influence the pleiotropic effects of retinoids in practically all cellular 

types (Blumberg et al., 1992; P. Chambon, Zelent, Petkovich, & Al., 1991; Leid et al., 

1992; Z Szondy et al., 1997). Some of the most well-known target genes of RARs are 

the Hox genes (Theodosiou, Laudet, & Schubert, 2010). RARs also regulate several 

factors involved in its own metabolism and others, for example the 17b-hydroxysteroid 

dehydrogenase EDH17B2 (which is implicated in steroidogenesis), the alcohol 

dehydrogenase ADH1C, and the liver bile acid transporter NTCP (Balmer & R. 

Blomhoff, 2002). All-trans RA acts as a morphogene modulating hundreds of genes. 

RA might modulate the activity of protein kinase C and transcription factor NF-κB 

(Theodosiou, Laudet, & Schubert, 2010). It also serves as a specific ligand for PPAR 

β/δ that induces the expression of genes that mediate anti-apoptotic and pro-

proliferation functions (Noa Noy, 2010; N. S. Tan et al., 2001; N. Tan, Michalik, B 

Desvergne, & W Wahli, 2004; D. Wang et al., 2006).    

 

Catabolism of RA to oxidized metabolites occurs mainly through enzymes of the 

CYP26 family. The balance between synthesis and catabolism allows the control of the 

levels of RA in cells and tissues (Theodosiou, Laudet, & Schubert, 2010). 
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All-trans retinoic acid 

 

All-trans RA is also known as the vitamin A1 acid or tretinoin and is chemically 

represented by its molecular formula: C20H2802. This yellow bright powder nearly 

insoluble in water, can be purified and synthetically prepared. Though, special care is 

required for handling RA in laboratory experiments because it is extremely sensitive to 

UV light, air, and oxidizing agents, especially when it is not associated with binding 

proteins (M Iwata, Mukai, Nakai, & Iseki, 1992; Napoli, 1986). 

 

The endogenous “physiological” concentrations of retinoids normally present in the 

human serum are about 1-10 nM (De Ruyter, Lambert, & De Leenheer, 1979)     , but a 

dose of 2-20 µg of RA seems enough to restore a retinoid deficiency (Ball, 2004).  

Common infections can increase the risk of vitamin A deficiency by reduced intake, 

diminished absorption, and increased excretion. In turn, vitamin A deficiency impairs 

immune response to infection (Stephensen, 2001). To establish important 

consequences in immune response, hematopoiesis, and other features, several 

models of vitamin A-deficient (VAD) mice have been used. VAD leads to blindness and 

increased susceptibility to infectious diseases, whereas less severe forms of VAD have 

less growth and an intense iron deficiency anemia (Sommer, 1998). Exogenous doses 

of retinoids can be used in antitumor and immunodeficiency therapy (Furugaki et al., 

2010; Kusmartsev et al., 2003; Stephensen, 2001). It is known that vitamin A-deficient 

children have an abnormal T-cell subset proportions which are partial or totally 

corrected by oral given doses of retinol (Ward, Griffin DE, Scott AL, Natadisastra G, 

West KP Jr, et al., 1993).  

 

On the other hand, vitamin A acute toxicity can result from the ingestion of a single or 

numerous and closely given high doses of vitamin A, usually more than 100 times the 

recommended intake.  Normally, livers of animals at the top of long food chains (like 

carnivores and fish) are the only naturally occurring products that contain enough 

vitamin A capable of provoking toxicity. In humans, vitamin A toxicity can induce 

vomiting, severe headache, dizziness, blurred vision, and malaise. All these signs can 

disappear if the normal amount is restored. The most serious damages of an excessive 

intake of this vitamin by vertebrate animals are teratogenic effects like fetal resorption, 

abortion, and malformed fetuses (Ball, 2004). In animals, toxic doses of RA can induce 

weight loss, redness and scaling of the skin, ruffled hair, changes in the oral and nasal 

mucosa, bone fractures, hypoactivity and, ultimately, death (Bollag, 1974; Dennert & 
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Lotan, 1978). In vitro, high amounts of RA are used in most of studies comparing to 

physiological concentrations (100-1000x higher) (De Ruyter, Lambert, & De Leenheer, 

1979). An in vivo study with rats demonstrated that large administrated doses of 

vitamin A (34 or 41 mg/day) resulted in loss of weight, cessation of growth, and 

decreasing levels of serum RBP (Mallia, Smith, & Goodman, 1975). Still in vivo, mice 

treated with 1000µg of RA/day for 7 days lost about 20% of weight (Dennert & Lotan, 

1978). A wide array of synthetic analogs of retinoids has been developed to obtain 

compounds that display a lower toxicity than RA and/or are specific for particular 

retinoid receptor. Some synthetic retinoids as known as “rexinoids” (compounds that 

are selective toward RXR) are currently being tested for potential clinical uses (Noa 

Noy, 2010).  

 

A large number of studies have tried to explain RA systemic effects but, even today, 

RA administered doses or results are not consensual (please, see table I). More efforts 

must be done to clarify RA role at in vitro and in vivo studies in research areas like 

immunology.  
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Table I: In vivo doses of all-trans RA (ATRA) used in mice and rats, by different 

authors, in a range of research areas. 

    * Mice – 20-25 grams          ** Rats – 350-650 grams    ***Fed normal - 4 equivalent units of vitamin A/ g  

 

 

 

 

Recipient Administration mode ATRA concentrations References 

mice* i.p. for 5 days 300 µg/animal (Mucida et al., 2007) 

mice i.p. for 21 days 200 µg/animal 
(Keino, Watanabe, Y Sato, 

& Okada, 2009) 

mice i.p. for 7 days 25µg-1000µg/day (Dennert & Lotan, 1978) 

mice 
subcutaneous pellets        

for 21 days 

5 mg/pellet – 238 

µg/day 

(Furugaki et al., 2010; 

Kusmartsev et al., 2003) 

mice 
supplement diet               

for 14 days 
0,067 mM/Kg (Z. Yu et al., 2005) 

mice 

subcutaneous injection 

50 µl PBS 

tween20+[ATRA], for 2 

days*** 

50-2500 µg/ animal (Matheu et al., 2009) 

mice 

supplement diet of 1,5 

mM mpr/Kg diet 

0,67 mM 13-cisRA/kg 

diet, 2 days before 

treatment 

0,67 mM/kg diet (Racke et al., 1995) 

rat** i.p. for 7 days 34 or 41 mg/animal 
(Mallia, Smith, & Goodman, 

1975) 

rat i.p. for 7 days 230-375 µg/animal (Sakamoto et al., 2010) 
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T cells  

 

The immune system is delicately balanced between self-antigen-driven tolerance and 

pathogen-driven immunity.  The immune response can be deficient and cause lack of 

responsiveness or can be inappropriate and excessive, leading to autoimmunity or 

allergy (Kyewski & Klein, 2006).  

 

The initiation and development of adaptive immune responses require antigen capture 

and display to specific lymphocytes like T cells. T cells differentiate into mature T 

lymphocytes within the thymus. The thymus in human beings, rats, mice, and many 

other mammals is a midline paired pyramid-shaped lymphoepithelial organ. It is almost 

fully developed before birth-indeed. Indeed, the fetal thymus is as big as the heart or a 

lung, whereas the development of the lymph nodes, spleen, bone marrow, and related 

lymphatic tissue is not complete until after birth. This organ undergoes rather a marked 

but gradual atrophy with age, a phenomenon termed age involution. The thymus, or a 

portion of it, can be easily engrafted in the subcutaneous tissue, slipped under the 

capsule of the kidney, and inserted into the spleen or into the anterior chamber of the 

eye (Weiss, 1972). Thymus and bone marrow tissue are characterized as primary or 

generative lymphoid organs, working as a source of progenitors, and providing a 

habitat for T and B cell maturation, respectively. Secondary or peripheral organs 

include spleen and lymph nodes. Although having different functions, they have similar 

importance. Via blood and lymph, antigens are collected in these organs, allowing 

lymphocytes activation and adaptive immune responses establishment.  

 

T cells generation in the thymus is a complex biological process that combines 

proliferation, differentiation, apoptosis, selection, and commitment to different lineages. 

Briefly, the thymic T cells generation starts when a common lymphoid progenitor (CLP) 

leaves the bone marrow and enters in the thymus (Goldschneider & Donskoy, 1992; 

Scollay R, Smith J, 1986). From this point, all generated T lymphocytes will be 

designated according to their CD4 and/or CD8 surface expression. CD4-CD8- cells are 

called double negative (DN). CD4+CD8+ are known as double positive (DP), and 

CD4+ or CD8+ as single positive (SP) cells. Those different names are correlated with 

differentiation steps as described below.  
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First, DN T cells cross a 4-stage-differentiation process, proliferate, and express their T 

cell receptor (TCR). Genes encoding antigen receptors in T and B cells are formed by 

recombination events of DNA segments during maturation by a unique process known 

as somatic recombination. TCR is composed by 2 chains formed by an α and β 

heterodimer (a few have γδ chains). β chain is initially expressed, followed by α 

expression. TCR complex is complete when integrates this αβ chains with CD3 chains 

(γ, δ, and ε) and two δ (or δε) proteins. Even before α and β gene expression, CD3 and 

δ associated proteins had already been synthesized. Next, DN cells turn into the DP 

stage of differentiation and become selected. First, thymocytes with TCR 

rearrangements that are uncapable to recognize major histocompatibility complex 

(MHC) molecules die by neglect, whereas other thymocytes with functional TCRs 

proceed in their development (positive selection). However, TCRs with high affinity to 

self-MHC are also eliminated (negative selection). This entire process is called central 

tolerance. After this selection process thymocytes differentiate into CD4+ or CD8+ SP 

cells. Subsequently, these naïve T cells migrate to the periphery, contact antigens, and 

develop into effector cells (Groettrup M, 1993; Starr, Jameson, & Hogquist, 2003; Z 

Szondy et al., 1997).  

 

During thymic development, roughly 98% of DP thymocytes undergo apoptosis and die 

before maturing to the CD4 or CD8 SP stage. Even in a viable DP population, high 

incidences of DNA strand breaks were detected in the CD4low/CD8low compartment 

(Tai et al., 1997). The mechanism by which DP cells are selectively hypersensitive to 

diverse death signals is still unknown. Some studies showed that CD4+ CD8+ cells are 

more sensitive to glucocorticoid and radiation-induced apoptosis than are SP cells 

(Grillot DA, Merino R, 1995; Strasser, And, & Cory, 1991) .  

 

CD28 co-stimulatory receptor has been reported to be involved in the rescue of DP 

thymocytes from death by neglect, and to be required for induction of apoptosis during 

negative selection (Amsen & Kruisbeek, 1996; Kishimoto & Sprent, 1997; Punt, 

Havran, Abe, Sarin, & Singer, 1997). During T cell differentiation, CD28 is expressed 

on 90–95% of thymocytes, can be detected already at the DN pre-T cell stage, and 

decreases in mature CD4 and CD8 SP T cells (Cilio, Daws, Malashicheva, Sentman, & 

Holmberg, 1998; Gross, Callas, & Allison, 1992; Rosenheimer-Goudsmid, Haupt, 

Yefenof, Zilberman, & Guy, 2000) . A wide range of apoptotic pathways evoked in DP 

thymocytes are p53-independent. Even with extensive apoptosis, expression of p53 

(characterized as pro-apoptotic), was not augmented in double positive (DP) 

thymocytes upon co-culturing with thymic epithelial cells (TECs) (Rosenheimer-
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Goudsmid, Haupt, Yefenof, Zilberman, & Guy, 2000). Veis et al. (1993) found that Bcl-2 

(an anti-apoptotic protein) was expressed by 20 to 35% of SP thymocytes (in both 

mouse and human), 5 to 10% of DP thymocytes, and in many DN thymocytes. Bcl-2 

expression was also examined during murine fetal development. At fetal day 15.5 to 

16.5, 60 to 70% of total thymocytes expressed Bcl-2 while one day later (17.5), overall 

Bcl-2 expression fell to adult levels of 20 to 30%. In vitro stimulation with anti-CD3 or 

anti-TCR antibodies increased Bcl-2 expression in total thymocytes cultures, but could 

not induce Bcl-2 expression in DP cells, even with the addition of a variety of cytokines 

(Veis, Sentman, Bach, & Korsmeyer, 1993).  

 

It is largely known that addition of antibodies against TCR αβ chains, or any of CD3 

proteins, co-precipitate the heterodimer and all associated proteins from solubilized 

plasma membrane of T cells. In fact, when intact T cells are treated with either anti-

TCR αβ or anti-CD3, the entire TCR complex is endocytosed and disappears from cell 

surface. Even though, anti-CD3 addition provokes a deeply DP depletion in a 40h time-

point (Shi et al., 1991), and a general stimulation of polyclonal mature T cell in the 

periphery. 

 

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4, also named CD152) may be important in 

this process too. CTLA4 is similar to the T-cell costimulatory protein CD28, and both 

molecules bind to CD80 and CD86 on APCs. CTLA4 transmits an inhibitory signal to T 

cells, whereas CD28 transmits a stimulatory signal (Waterhouse P, Penninger JM, 

Timms E, Wakeham A, Shahinian A, Lee KP, Thompson CB, Griesser H, 1995)      

(Magistrelli et al., 1999). Using Ctla4 knock-out mice it was demonstrated an 

impairment on thymocyte development (Tivol et al., 1995; Waterhouse P, Penninger 

JM, Timms E, Wakeham A, Shahinian A, Lee KP, Thompson CB, Griesser H, 1995). In 

other experiment, Cilio et al (1998) demonstrated an inhibition of anti-CD3–mediated 

DP thymocytes depletion by CTLA-4 blockade. In these experiments, CTLA-4 possibly 

mediates a positive costimulatory signal, strengthening the signals mediated through 

the TCR. In brief, interaction of CTLA-4 with its B7 ligands would perhaps produce an 

additive effect to the TCR- MHC interaction during thymic selection (Cilio, Daws, 

Malashicheva, Sentman, & Holmberg, 1998). 

 

CD4+ T cells can proliferate and differentiate into effector cells in the periphery after 

leaving the thymus. This step is mainly mediated by cytokines like interleukin-2 (IL-2), 

one of the earliest being secreted. IL-2 is an important growth factor that acts on 

antigen-activated lymphocytes, stimulating their proliferation or clonal expansion. Other 
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cytokines are also secreted by CD4+ single positive effector T cells, enhancing the 

immune response. CD8+ cells also mature inside the thymus and can become 

activated CD8+ T lymphocytes. They can proliferate and differentiate in the periphery 

into cytotoxic T lymphocytes (CTLs) capable of killing targeted cells. Usually, either 

CD4+ or CD8+ T effector cells express surface proteins indicative of their recent 

activation. CD25, a component of IL-2 receptor, belongs to this group of proteins (He, 

K. Park, & Kappes, 2010). After antigen encounter some effector cells can differentiate 

and proliferate into memory cells, which represent a faster and expanded pool of 

antigen-specific lymphocytes. Memory cells can survive years after infection and are 

more effective than naïve cells in a second antigen encounter (Sallusto, Geginat, & 

Lanzavecchia, 2004).  

 

Differentiation and function of T cells are dependent on physical interactions with other 

cells, including APCs. The most specialized APCs are dendritic cells (DCs), which 

capture antigens that enter from external environment, transport them to lymphoid 

organs, and present antigens to naïve T lymphocytes. DCs link innate and immune 

responses as they are “multi-tasking immune soldiers”. Capable of phagocytosis, 

recognition, and antigen-presentation, they are widely distributed in lymphoid tissues, 

mucosal epithelium, organ parenchyma, and inclusively, skin. In mice, DCs can be 

separated in plasmacytoid, myeloid and lymphoid DCs according to different surface 

markers expression. All types share a common cell surface protein, CD11c, which 

promotes leukocyte adhesion and phagocytosis (Guermonprez, Valladeau, Amigorena, 

& Th, 2002). Since DC-T cell contacts are crucial for fully immune system 

development, intravital imaging of lymphoid organs has become very important to 

complement the current knowledge about T cells. Two-photon or multi-photon laser-

scanning microscopy allows microscopic examination of fluorescent T cells and DC 

interacting in live tissues of animals, providing new insights into T and DC networks 

(Denk W, Strickler JH, 1990; Shakhar et al., 2005). 

 

 

 

Regulatory T cells 

 

CD4+ T cells with regulatory properties, named Regulatory T cells (Tregs), suppress 

function of other T cells, regulate immune responses and maintain self-tolerance.  
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Tregs were described as suppressor T cells by Sakaguchi in the early 80’s and are key 

stones in immune regulation (Sakaguchi, Toshitada Takahashi, & Nishisuka, 1982). 

Tregs transfered into thymectomized “Nude” mice were able to revert autoimmune 

systemic manifestations induced by non-tregs T cells transfer, as described by 

Sakaguchi and colleagues in 1985 (Sakaguchi, Fukuma, Kuribayashi, & Masuda, 

1985).  

 

In 2003, it was described that Foxp3 gene (forkhead/winged-helix transcription factor) 

was expressed in those cells (Fontenot, Gavin, & A. Y. Rudensky, 2003; Hori, Nomura, 

& Sakaguchi, 2003; Khattri, Cox, Yasayko, & Ramsdell, 2003). Foxp3 is currently used 

as a Treg marker and when GFP expression is under the Foxp3 promoter control, 

Tregs can be observed and measured (Haribhai et al., 2007). Most CD4+Foxp3+ might 

be generated in the thymus from auto reactive cells that were not eliminated by 

negative selection. However, there is still no agreement or clear explanation about this 

mechanism (Sakaguchi, Miyara, Costantino, & Hafler, 2010). In humans CD4+ T cells 

are about 20-30% of total leukocytes in peripheral lymphoid organs, while CD8+ are 

less than half, 10-20% in lymph nodes, and in the spleen. Tregs represent about 10% 

of CD4+ SP cells, being a small fraction of all T cells (Sallusto, Geginat, & 

Lanzavecchia, 2004). 

 

Tregs are generally divided into two subtypes, natural and adaptive, based on their 

ontogeny and mode of action (J. A. Bluestone & Abbas, 2003; Maloy & Powrie, 2001). 

Natural Treg cells (nTregs) are generated in the thymus, constitutively express high 

levels of CD25, require the transcription factor Foxp3, and mediate their suppressive 

effects in vitro in a cell contact-dependent manner (Sakaguchi et al., 2006). Intracellular 

CTLA-4 is also found in regulatory T cells and may be important to their function. It was 

demonstrated different patterns of granzyme A and B expression in human Treg cell 

subsets. Upon activation, the majority of CD4+CD25+ nTreg cells express granzyme A 

while adaptive Treg cells express granzyme B (Grossman et al., 2004). “Adaptive”, 

“peripheral”, or yet “induced” Treg cells (iTregs) are generated in the periphery, also 

require IL-2 for their survival and function, and are suppressive. TGF-β secretion is 

possibly one of their mechanisms (Sakaguchi et al., 2006). Both subtypes of CD4+ 

Treg cells control pathological processes, including graft versus host disease, 

autoimmunity, and infections (J. A. Bluestone & Abbas, 2003; Grossman et al., 2004; 

Maloy & Powrie, 2001). Nowadays it is hard to distinguish nTregs from iTregs because 

both express Foxp3. However, Foxp3 expression in pTregs (TGF-β-induced Tregs) is 

unstable (Floess et al., 2007), these cells are not suppressive in all assays, and they 
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acquire only a partial segment of the genomic signature typical of Treg cells (J. a Hill et 

al., 2007). Recently it was described that Helios is only expressed in nTregs what can 

bring new insights into thymus versus periphery studies (Thornton et al., 2010). nTregs 

are probably more important to the maintenance of immunological homeostasis and 

tolerance in the T lymphocyte compartment  (Sakaguchi et al., 2006), exemplified by 

the devastating lymphoproliferation and multi-organ autoimmunity that occur in mice or 

humans deficient in this population (scurfy mice, IPEX patients) (Ziegler, 2006)  or 

through experimental lineage ablation (J. Kim et al., 2009). Most of the Treg cells 

present in lymphoid organs of normal mice are generated in the thymus (Hsieh, Zheng, 

Liang, Fontenot, & A. Y. Rudensky, 2006; Pacholczyk, H. Ignatowicz, Kraj, & L. 

Ignatowicz, 2006; Wong, Mathis, & Benoist, 2007), and the specific TCR repertoire that 

distinguishes them from conventional CD4+ T cells (Tconv) can be tracked from the 

thymus to peripheral lymphoid organs (Hsieh, Zheng, Liang, Fontenot, & A. Y. 

Rudensky, 2006; Pacholczyk, H. Ignatowicz, Kraj, & L. Ignatowicz, 2006). 
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Retinoic acid and T cells 

 

 

 

RA and immune system 

 

Although vitamin A has for a long time been known to modulate the immune system, 

the mechanisms involved still remain poorly understood. Vitamin A related compounds 

(like RA) are identified as immune modulators, capable of changing responses, cell 

functions, recovery after infection, apoptosis rates, cell numbers, and having many 

other profound effects. It is important to understand not only the pleiotropic and 

systemic nature of this compounds, but also how, when, and why retinoids contribute to 

immune balance, preventing or enhancing responses that can lead to disease or 

therapy.  

 

A number of studies report that RA is able to prevent cancer by inducing apoptosis in 

some tumor cell types. Thus, retinoids have potential use for cancer chemotherapy and 

prevention. A translocation that fuses the RARα gene with a gene known as PML (for 

promyelocytic leukemia) is found in patients with the acute promyelocytic leukemia and 

elucidates it. RA therapy for acute promyelocytic leukemia patients can cause 

reversion of the disease by restoring maturation of promyelocytes to neutrophils 

(Stephensen, 2001). Equally, some studies demonstrate that all-trans RA is a potent 

inducer of apoptosis in HL-60 cells (classified as a myeloblastic leukemia cell type) 

(Martin SJ, 1990). According to Warrell et al. (1993), all-trans RA seems to be the most 

effective single agent for the treatment of any type of acute leukemia (Warrell R, 1993). 

Vitamin A metabolites can evenly enhance recovery of mucosal integrity after viral 

infection, antibody responses to bacterial antigens, and improve neutrophil function 

(Stephensen, 2001). Moreover, its deficiency disrupts normal neutrophil development 

and can result in reduced phagocytosis and killing of bacteria (Twining, Schulte, 

Wilson, Fish, & Moulder, 1997) .  RA treatment can cause a decrease in the number of 

monocytes found in the bone marrow and spleen ((Miller SC, 1998). When 

lymphocytes isolated from the draining lymph nodes of Trichinella spiralis–infected 

mice were in vitro restimulated with antigen, cultures from vitamin A–deficient mice 

produced more IFN-γ and less IL-4, IL-5, and IL-10 than did cultures from control mice 

(Cantorna, Nashold, & Hayes, 1994). Higher IFN-γ and IL-2 production have also been 
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seen after mitogen stimulation of lymphocytes coming from vitamin A–deficient rats 

(Wiedermann, Hanson, Kahu, & Dahlgren, 1993).  

 

Additionally, several effects of gut-associated lymphoid tissue (GALT) DCs on mucosal 

immunity are associated with their capacity to synthesize RA. Prolonged RA 

insufficiency disturbs the integrity of the intestinal epithelial barrier, and avoids the 

proper deployment of effector lymphocytes into the GALT after priming. In fact, the 

GALT is a major producer of RA in the body, based on the abundance of RA-

synthesizing enzymes present in the epithelia and certain resident DC populations 

(Makoto Iwata et al., 2004). Even though, all-trans RA can inhibit the effects on the 

differentiation, maturation, and function of human monocyte-derived DCs in vitro (Jin et 

al., 2010).  

 

 

 

RA and T cells 

 

DCs in Peyers patches produce RA, which promotes the expression of α4β7 and 

CCR7 by responding T cells in the intestine. A different subset of T cells express 

CD103 (αEβ7) that binds E-cadherin molecules on epithelial cells, allowing T cells to 

maintain residence as intraepithelial lymphocytes (Johansson-Lindbom & Agace, 

2007). RA treatment in mice with experimental allergic encephalomyelitis, a disease 

mediated by Th1-like T cells, following immunization with myelin basic protein (MBP) 

decreases the severity of disease. In addition, in vitro treatment with all-trans RA 

decreases MBP-specific IFN-γ production and increases MBP-specific IL-4 production 

by lymph node cells (Racke et al., 1995). Thus, high-dose retinoid treatment can 

increase the production of Th2 cytokines while decreasing the production of Th1 

cytokines.  

 

Retinoids contributed to restore normal CD4 and CD8 T-cell subpopulations in vitamin 

A-deficient children and helped to induce IgG responses after tetanus toxoid 

vaccination (Ward, Griffin DE, Scott AL, Natadisastra G, West KP Jr, et al., 1993). RA 

was shown to stimulate, and retinaldehyde to inhibit, the activity of protein kinase C 

derived from T cells (Isakov, 1988). This enzyme has a major role in transmembrane 

signal transduction and therefore its regulation by retinoids could account for the 

modulatory effects of vitamin A on T-cell function.  



In vitro and in vivo studies of retinoic acid effect on mouse T cells 
 

26 
 

 

RA induces the expression of the RARα gene in unstimulated cloned mouse T cells 

and increases proliferation of these cells in the presence of antigen (Friedman A, Orna 

Halevy, Michal Schrift, 1993). RARα and RARγ are expressed in the thymus, both 

maturing thymocytes and thymic stromal cells (Chandra, 1988), what suggest to a 

possible effect of RA on T cells generation. Kiss et al. (2008) showed some evidences 

for the existence of endogenous retinoid synthesis in the thymus, and suggested that 

retinoids, similar to glucocorticoids, might indeed be involved in the regulation of thymic 

proliferation and selection processes. Inside the postnatally developing thymus, it was 

detected RALDH1 in thymic epithelial cells (TECs), and an age-dependent mRNA 

expression of RA related proteins: RALDH1 and 2, CRABP-II and CYP26A (implicated 

in RA degradation). In opposition, the amount of all-trans RA in thymic homogenates 

was close to the detection limit, suggesting that all-trans RA might not be the main 

RAR-regulating product of retinol metabolism in this tissue (Kiss et al., 2008)     . 

 

 

 

RA and T cell apoptosis 

 

In 1978, Dennert & Lotan have presented RA as a potent adjuvant for the induction of 

CD8+ thymic derived lymphocytes only when low doses (25 µg and 100 µg/ day for 7 

days) were administered (Dennert & Lotan, 1978). There are other studies that 

corroborate this anti-apoptotic nature of all-trans RA, demonstrating that all-trans RA 

could in vitro inhibit the spontaneous apoptosis of activated human T lymphocytes. The 

death of activated T cells after treatment with 12-O-tetradecanoyl phorbol 13-acetate 

was apoptotic, as verified by cell shrinkage, DNA fragmentation, and depolarization of 

the mitochondrial membrane. In the presence of physiological concentrations of all-

trans RA, the percentage of T cells exhibiting these apoptotic features was significantly 

reduced (Engedal, 2004).   

 

However, it was demonstrated that all-trans RA can contribute to T cell death. The 

same authors that presented RA as a CD8+ T cell inducer published that high doses of 

RA (1000 µg/day) resulted in thymic and splenic cell depletion, leaving the number of 

bone marrow cells unaffected. Moreover, with 300 µg/ day the reduction was only seen 

in thymic cell number (Dennert & Lotan, 1978). Another hypothesis show that 

circulating all-trans RA can be converted to the 9-cis ligand which, in sufficient 
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quantities in thymocytes, promotes initiation of the cell death RAR pathway. However, 

the apoptosis-inducing effect of 9-cis RA occurs at a much lower concentration 

probably because it can also neutralize the inhibitory effect of RAR on the RAR 

apoptosis pathway. This may be one of the decisive events in the initiation of apoptosis 

of those DP thymocytes that have not been positively selected or eliminated by the 

negative selection pathway. The large majority of thymocytes die through this “default 

death pathway”, but the initiator of apoptosis in these cells has not been clarified (M 

Iwata, Mukai, Nakai, & Iseki, 1992; Z Szondy et al., 1997). Preliminary data showed 

that RA toxicity in thymocytes was due to usage of frozen solutions (M Iwata, Mukai, 

Nakai, & Iseki, 1992). A fresh vial of RA had little toxicity (2x10-5 M) comparing to a 

frozen batch at -70ºC for 6 weeks under nitrogen gas (10-5 M). The same authors 

defend that RA alone can hardly induce apoptosis in vitro. All-trans-RA at 0,1 to 10 µM 

only enhanced the effects of glucocorticoids to induce apoptosis, and inhibited 

TCR/CD3-mediated apoptosis. Together, these results suggest that RA interferes with 

the apoptotic process at some point after its initiation stage.  

 

Ertesvag et al. (2009) found an overall reduction in IL-2 gene expression in mice 

treated with all-trans RA by using a transgenic IL-2 gene luciferase reporter model. 

Whole-body luminescence of anti-CD3-treated and non-treated mice was reduced in 

mice receiving all-trans RA. After 7 hours, IL-2 gene expression was about 55% lower 

in the RA-treated mice compared with the control ones. Furthermore, mice fed a 

vitamin A-deficient diet had a significantly higher basal level of luciferase activity 

compared with control mice, demonstrating that vitamin A negatively modulates IL-2 

gene expression in vivo (Ertesvag, Austenaa, Carlsen, Rune Blomhoff, & H. K. 

Blomhoff, 2009). On the contrary, other authors published that all-trans RA could 

extend the lifespan of activated T cells, increase the production of IL-2, augment the 

functional responses of human T lymphocytes via transcriptional up-regulation of IL-2 

receptors, and consequently vitamin A may prolong T cell responses as well as 

promote the generation of memory T cells (Engedal, 2004). 

 

 

 

RA and Tregs 

 

In the presence of TGF-β, MLN-DC but not spleen-DC, converted the Foxp3−CD4+ 

naïve T cells into Foxp3+ Tcells, which was suppressed by the RAR antagonist LE135 
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(Mucida et al., 2007). RA has been described in the last few years as a potent cofactor 

for in vitro TGF-β conversion of conventional CD4 T cells into Tregs (J. A. Hill et al., 

2008; Mucida et al., 2009) and suppressor of Th17 program (Mucida et al., 2007). In 

vivo, the immune system cells that can convert retinal into RA are the gut-related 

dendritic cells (DCs). These DCs express CD103 and also concomitantly produce TGF-

β, both in mice and humans (Coombes et al., 2007; Sun et al., 2007), triggering the 

conversion of non-Tregs into Tregs.  

 

Wang et al, 2009 showed that in the presence of TGF-β, all-trans-RA efficiently 

converts adult human peripheral blood naive CD4+ T cells into FOXP3+ Treg cells with 

stable and potent suppressive ability; memory CD4+ T cells are resistant to FOXP3 

induction and, moreover, inhibit Treg conversion of naive T cells that can be partially 

reversed by anti-IL-4; and treatment of isolated CD4+CD25+/- T cells with ATRA/TGF-

β enhances their suppressive potential during expansion. It was demonstrated that all-

trans RA induces Foxp3+ iTregs to acquire a gut-homing phenotype and the capacity 

to home to the lamina propria of the small intestine. Under in vitro conditions that favor 

the differentiation of iTregs (TGF– β1 and IL-2), the inclusion of RA induces nearly all 

activated CD4 + T cells to express Foxp3 and greatly increases the accumulation of 

these cells. In the absence of RA, iTreg differentiation is abruptly impaired by proficient 

antigen presenting cells or through direct co-stimulation; in the presence of RA, iTreg 

generation occurs even in the presence of high levels of co-stimulation (J. Wang, 

Huizinga, & Toes, 2009).  

 

The recognition that RA induces gut imprinting, together with their finding that it 

enhances iTreg conversion, differentiation, and expansion, indicates that RA in vivo 

production may drive both the imprinting and iTreg development in the face of overt 

inflammation (Micah J Benson, Pino-Lagos, Rosemblatt, & Randolph J Noelle, 2007). A 

limited vitamin A dose greatly induced unusual CD103+ CCR7+ Foxp3+ T cells, while 

the high vitamin A condition induced CCR9+ α4β7+ Foxp3+ T cells in the intestine. 

Both Foxp3+ T-cell populations, when transferred into mice with ongoing intestinal 

inflammation, were highly effective in reversing the inflammation. Blockade or lack of 

occupancy of RARα is a mechanism to induce highly suppressive CD103+ CCR7+ 

Foxp3+ cells in both the thymus and periphery in limited vitamin A availability. In 

conclusion, the limited and excessive vitamin A conditions induced distinct in vivo 

Foxp3+ T-cell subsets, and both ameliorated the intestinal inflammation in SAMP1/YP 

mice (Kang, C. Wang, Matsumoto, & C. H. Kim, 2009)     .  
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With an accepted RA modulation on the periphery, the next step is to understand the 

role of retinoic acid in T cells development inside the thymus. To accomplish this goal, 

in vitro and in vivo studies were performed in mice, in two different time-points: 20h and 

40h. In addition, anti-CD3 depletion effect on T cells was study in coordination with RA 

action. In vitro thymocytes cultures, in vivo treatments on B6 and B10.PL mice, and 

intravital imaging of thymus were performed during this project. 

All together, the acquired results can show RA as a potentially modulator of thymic T 

cell development. Understanding the connections between nutrition and immunology is 

fundamental to know how to modulate immune response and to attempt new 

therapeutical and safe strategies towards disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



In vitro and in vivo studies of retinoic acid effect on mouse T cells 
 

30 
 

 

 

 

 

Methods 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



In vitro and in vivo studies of retinoic acid effect on mouse T cells 
 

31 
 

Methods 

 

Mice 

C57Bl/10.PL (B10.PL), C57Bl/10.PL.Foxp3-KIgfp/gfp (Foxp3-KI), C57Bl/10.PL.CD11c-

YFP Tg (CD11c-YFP), C57Bl/10.PLnu/nu (Nude), and C57Bl/6 (B6) animal were breed in 

our own lab and used at age (6-8 weeks old) and sex matched experiments. Foxp3-KI 

animals were obtained by backcrossing of B10.PL mice with C57Bl/6.Foxp3-KIgfp/gfp 

animals (Bettelli et al., 2006) (generous gift from Dr. Vijay K. Kuchroo, Harvard 

University. All Tregs are functional and GFP+ in these animals). CD11c-YFP mice were 

obtained by backcrossing of B10.PL animals with C57Bl/6.CD11c-YFP Tg mice 

(Lindquist et al., 2004)      (generous gift from Dr. Michel Nussenzweig, Rockefeller 

University. All DCs in these animals express YFP). Nude animals were obtained by 

backcrossing of B10.PL mice with C57Bl/6nu/nu animals (JAX mice, USA). These 

animals have a punctual DNA mutation that ultimately causes hairless and absence of 

thymus). All animals used here were at least at N3 of backcrossing. All procedures 

were approved by the Institutional Animal Care and Use Committee (IACUC), and they 

were in agreement with the Federation of European Laboratory Animal Science 

Associations (FELASA) directives. 

 

 

Reagents 

For mice genotyping the following reagents were used: proteinase K 10mg/ml (Sigma, 

USA), 2-propanol (Sigma, USA), Foxp3-KI primers (Sigma, USA), Nude primers 

(invitrogen, USA), 10x colorless Buffer (NewEngland BioLabs, USA), BsaJI restriction 

enzyme (NewEngland BioLabs, USA), ultra-pure agarose (Sigma, USA), loading buffer 

(NewEngland BioLabs, USA), 1kb Ladder (Fermentas, USA), low molecular weight 

ladder (NewEngland BioLabs, USA), RedSafe 20.000x (iNtRON Biotechnology, USA). 

Promega (USA) provided PCR reagents: 5x colorless Buffer, MgCl2, dNTPs, and Taq 

Polimerase. The following solutions were prepared in the laboratory: FACS staining 

Buffer (2% of Fetal Calf Serum and 0.1% of NaN3), alkaline lysis buffer (NaOH [25mM], 

Na2-EDTA 2H2O [0,2mM], pH≈12), neutralizing buffer (Tris-HCl [40mM], pH≈5), TAE 

1X (Tris base [40mM], Sodium Acetate [20Mm], Sodium EDTA [2Mm], pH=8), digestion 

buffer (Tris-HCl pH=8 [100mM], EDTA [5mM], SDS 0,002%, NaCl [2mM]), and ACK 
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buffer (NH4Cl[0,15M], KHCO3 [10mM], Na2EDTA.2H20 [0,1mM], pH=7.2-7.4). 

Phosphate buffered saline (PBS) and RPMI media were from Gibco (USA). Complete 

RPMI media (cRPMI) was produced by adding Fetal Calf Serum (FCS) at 10%, 

Glutamine at 2 mM, Penicillin/streptomycin (Pen/Strep) 1%, non-essential aminoacids 

at 100µM, Piruvate at 1mM, and 2-Mercaptoethanol (2-ME) at 50 μM. All media 

supplements were from Gibco (USA), but 2-ME that was from Sigma-Aldrich (USA). 

Monoclonal antibodies (MAbs) anti-CD4, anti-CD8, anti-CD3, anti-CD25, anti-CD11c, 

anti-CD11b, anti-CD45R (anti-B220) were from BD Biosciences (USA). Retinoic acid 

(RA) from Sigma-Aldrich (USA) was solved in DMSO at 30 mg/ml (100 mM) and frozen 

at -20oC until use. Beads for cell counting were from BD Biosciences (USA). MAb anti-

CD3 produced at IGC was used at in vivo experiments. For in vivo imaging, Ketamine 

(Imalgene 1000, Merial), Xylazine (Rompun 2%, Bayer), RhodaminB-Dextran (Sigma, 

USA), and low melting agarose (Sigma, USA) were used.  

 

 

Mice screening 

In this study, most of the animals were previously screened before use. Phenotyping 

was done by blood analysis. A small amount of blood (20µl) was collected by puncture 

of mouse cheek veins. Samples were incubated with FACS staining buffer and 

fluorochrome conjugated MAbs prior to flow citometry acquisition data in either 

FACScan, FACScalibur (BD Biosciences, USA), or cyanADP (Beckman Coulter, USA). 

Red blood cell lysis was performed by ACK buffer incubation at RT for 5 minutes. 

For Foxp3-KI mouse genotyping, a small tail piece was processed by alkaline lysis 

buffer and future neutralization with neutralizing buffer (Truett GE, Haeger P, Mynatt 

RL, Truett AA, Walker JA, 2000). In the case of Nude mice, a little tail piece was 

removed and digested by digestion buffer and proteinase K (55ºC at 800 rpm for 6 

hours), followed by DNA precipitation with 2-propanol. Foxp3-KI genotyping was done 

by polymerase chain reaction (PCR), where the cycles were:  5 min at 94ºC, 34x (30’’ 

at 94ºC, 1’ at 54ºC and 1’ at 72ºC), and a final step of 5min at 72ºC.  The primers used 

were: KI_F: 5' - ACGCCCCAACAAGTGCTCCAAT - 3', KI_R: 5' - 

GTGTGAGTCAGTAGGACTGCAG - 3', and IRES_R: 5' - 

ACCCCTAGGAATGCTCGTCAAG - 3'. Wildtype (WT) animals present 420bp bands 

only, homozygous KI animals 220bp bands only, and heterozygous mice both bands. 

For Nude animals, PCR and restriction fragment length polymorphism procedure 

(RFLP) were done (Hirasawa, Yamashita, & Makino, 1998)     . PCR cycles used were 
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1,5 min at 94ºC, 35x (30’’ at 94ºC, 45’’ at 59ºC and 45’’ at 72ºC), and 2min at 72ºC. 

Primers were oIMR1292 5’ GGCCCAGCAGGCAGCCCAAG and oIMR1293 

5’AGGGATCTCCTCAAAGGCTTC. PCR product was digested by RFLP at 55ºC for 6 

hours with BsaJI restriction enzyme (NewEngland BioLabs, USA). Mutant mice are 

hairless and phenotipically distinguishable and present ~110 bp and 58 bp bands. 

Heterozygous mice present 20 bp, 53 bp, 58 bp, 90 bp,~110 bp bands while WT mice 

have 90 bp, 53 bp and 20 bp bands. To visualize Foxp3 KI or Nude products an 

electrophoresis was performed (2% and 4% agarose gel, respectively) with TAE 1X 

and RedSafe 20.000x (iNtRON Biotechnology, USA). 

 

 

In vitro RA and anti-CD3 effects on thymocytes 

Under sterile conditions, thymocytes (5x105 cells/well, 200 μl/well, 96 well/plate) were 

incubated (at 37 oC in humidified CO2 incubators) in complet RPMI. RA was added to 

some wells (at 10µM, 100µM, 200µM, 300µM) with or without anti-CD3 (10 μg/ml, 1h at 

37 oC prior to cell cultures). Control cultures received control volume of DMSO diluted 

in cRPMI. Foxp3-KI mouse thymocytes were stained after 20h or 40h of treatment with 

markers to distinguish T cells types (CD4 and CD8), and activation level (CD25). 

Percentages of DN, DP, SP CD4, SP CD8, CD25+, and Foxp3-GFP+ populations of 

thymocytes were evaluated by flow citometry in a FACScalibur or FACSAria machine 

(BD Biosciences, USA). Data analysis was performed as mentioned before, with Flow 

Jo and Graph Prism (see data analysis). Each result is representative of at least 3 

repetitions, 3 thymuses/group.  

 

 

In vivo RA and anti-CD3 effects on T cells 

Three to five mice were intra-peritoneal (i.p) injected with 300 μg of RA, 20 or 40h 

before harvesting the organs or imaging acquisition. RA was diluted in sunflower oil 

from Sigma-Aldrich, and control animals received control volume of DMSO diluted in 

sunflower oil. In some cases, RA injected mice also received a second injection of 

50µg of anti-CD3 diluted in PBS while control animals were injected with PBS.  

 After harvesting the organs, all cell suspensions were counted using Beads (BD 

Biosciences, USA), and 1x106 cells from each cell suspension were labeled with MAbs. 

Cells were stained with markers to distinguish T cells types (CD4 and CD8), and 
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activation levels (CD25). Percentages of DN, DP, SP CD4, SP CD8, CD25+, and 

Foxp3-GFP+ populations of thymocytes were evaluated by flow citometry in a 

FACScalibur or FACSaria machine (BD Biosciences, USA). Data analysis was 

performed as mentioned before, with Flow Jo and Graph Prism (see data analysis). 

According to the total cell counting and the percentage of thymocyte populations, the 

numbers of each thymic cell population were calculated. Each result is representative 

of at least 3 repetitions. 

 

 

Thymus intravital imaging 

To acquire intravital images of the thymus, a whole organ replacement was needed. 

The original location of thymus (just above the beating heart) does not allow an 

analysis of cell movements and contacts. An engraftment of the thymus in an athymic 

recipient like the Nude mouse is one of the best ways to carry out the cell imaging of 

the whole organ under physiological conditions. In this procedure, a fetal thymus was 

placed below the kidney capsule of a Nude mouse who previously received bone 

marrow (BM) containing fluorescent cells of interest (BM from CD11c-YFP and/or 

Foxp3-GFP mice). First, to destroy the host BM, each mouse was sub-lethally 

irradiated (900 rads) and received new BM from donor mice by intra-venous (i.v.) 

injection. After 30-45 days, a fetal thymic transplant was done to the kidney capsule.  

Around 12th-15th day of gestation, one pregnant female was killed and all the fetuses 

removed. Time control pregnancy consists on daily checking for plug presence in 

breeding pairs and was required to gestation control. Under the stereoscope, thymuses 

were isolated and transferred to Nude mice that were previously anesthetized with 

Ketamine and Xylazine (1,2 mg Ketamine and 0,019 µg Xylazine/g of mouse weight). 

The fetal thymus (up to 4 lobules) were slipped under the kidney capsule. After close 

the incision with a suture, 30 to 45 days were needed to get a perfect engraftment 

before the intravital imaging. Passing that period, the nude mouse were again i.p. 

anesthetized with Ketamine and Xylazine, and i.v. injected with RhodaminB-Dextran to 

allow blood vessels visualization. 20h or 40h before the imaging time-point, each 

mouse were in vivo treated (or not) with RA ± anti-CD3 as mentioned above. The 

kidney with the transplanted thymus was exposed, and fixed with a suture and some 

metal plate supports developed at IGC by the principal investigator (PI) of this group 

(see Appendix). To prevent dehydration and hypothermia, low melting agarose 2% was 

placed above the thymus and the whole animal was maintained at 37ºC. The whole 
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animal was then transferred to a Prairie Ultima X-Y multi-photon microscope, and x,y,z, 

and t images were acquired. The z step size was 4 μm, and images were acquired 

during a Δt of 30 min. We used a 20X objective to get images of large thymic areas (to 

check the general distribution of cells throughout the organ), and add 2 to 3X zoom 

magnification to measure cell movement parameters like cell speed and contact. The 

Ti:Sapphire Cameleon laser wavelength was setup at 880 nm to excite at the same 

time Rhodamine B, GFP, and YFP. All images were processed by Imaris software 

(Bitplane AG, USA). Cell speed and contact time differences were evaluated by t-

student or ANOVA with GraphPrism software (see data analysis). 

 

 

 

Data and statistical analysis 

Flow Jo 9.0.2 (Tree Star Inc., USA) is a software designed to analyze files containing 

data about cells and populations acquired by flow citometry. According to size and 

granularity (FSC and SSC), it is possible to define an alive lymphocyte gate. Then, 

inside that gate, any cell population of interest can be identified and measured. 

 

Imaris 7.1 (Bitplane AG, USA) is an imaging software that allows tissue 3D 

reconstruction along with analysis, tracking, and measurement of cellular interactions. 

This software is capable of editing 2-photon acquired movies, creating surface images, 

and measuring several parameters like cell speed and displacement.  

 

All acquired values from imaging or flow citometry were compared and statistically 

analysed with another software, GraphPad Prism 5.01 (GraphPad, USA). It is able to 

build several types of graphics. When data comparisons were performed between 2 

groups of values only it was applied a t-student test. For more than 2 groups, one-way 

ANOVA was used followed by a Tukey test. Data was significant when p<0.05. 
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Results 

 

 

In order to analyze the effect of retinoic acid on mouse T cells, some in vitro and in vivo 

experiments were done. We tested the RA in vitro effects on thymocytes. In our first 

experiments we tested several RA doses between 1mM and 1nM (Figure 1). Since RA 

was diluted in DMSO, controls were made for each RA concentration with DMSO 

dilutions only. At 20h, high doses of RA (1mM and 100 µM) or DMSO were deleterious 

to DP thymocytes, causing 6.25% to 25% of DP death (p<0,05).  

 

 

Figure 1 High doses of RA induce DP depletion after 20h of in vitro treatment with RA. 

Thymocytes from Foxp3-KI mice were cultured for 20h with different doses of RA and its vehicle 

(DMSO). After this period of culture, FACS analysis of DP population was done. Figure show 

percentage of DP thymocytes after treatment - *p<0,05. 

 

 

RA doses were then tested from 10 µM to 300 µM in all in vitro studies. In these 

studies, 20 hours after treatment (Figure 2A) all concentrations but 10 µM induced a 

strong DP depletion (26,3%-33,8%) without affecting SP compartments (p<0,0001). 

However, CD4+ Foxp3+ thymocytes (Figure 2B) were not altered after 20h of RA 

treatment (p=0,2062).  
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Figure 2: High doses of RA causes in vitro DP depletion. Thymocytes from Foxp3-KI mice 

were cultured for 20h with different doses of RA and its vehicle (DMSO). After this period of 

culture, FACS analysis of DN, DP or CD4/CD8 SP populations was done. (A) Percentage of 

DN, DP and SP thymocytes’ populations - *p<0,001. (B) Percentage of nTregs (CD4+ Foxp3+ 

thymocytes) – p=0,2062. These results are representative of at least 3 independent 

experiments.  

 

A 

B 
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After 40h, RA had more time to act on thymocytes, and T cells generation was deeply 

and significantly affected comparing to 20h or no treatment at all. Again, the same RA 

doses were used as with 20h (10 µM, 100 µM, 200 µM and 300 µM) and high doses of 

RA also induced CD4 or CD8 SP and DP cell depletion (figure 3A). CD4 SP 

thymocytes were reduced approximately up to 80% comparing with control (p<0,0001). 

DP compartment was affected around 75-87.5%, with an inverse correlation between 

higher doses (>100µM) and cell depletion (p<0,0001). Interestingly, percentage of CD8 

SP thymocytes decreased with any RA concentration, even with 10 µM. In the 

meantime, DN pool was reduced just with 200µM or 300µM of RA (p<0,0001). High 

doses of RA, more than 100 µM, seemed to affect CD4+Foxp3+ Tregs thymocytes 

(Figure 3B) pool around 74-76% (p<0,0001). 

 

 

 

When we in vivo tested RA at 300 µg/mouse (Figure 4), it did not changed the 

percentage (Figure 4A) or number (Figure 4B) of SP, DP or DN thymocytes after 20h of 

treatment. CD4 or CD8 compartments seemed unaffected with RA addition (p>0,05). 

At the same time-point, CD4+ Foxp3+ thymocytes had an increase in percentage 

(p=0,0318) but not in number (p>0,05) with RA addition (Figure 4C).  
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Figure 3 After 40h in vitro, high RA high doses caused in vitro DP and SP CD4+ 

depletion. Thymocytes from Foxp3-KI mice were cultured for 40h with different doses of RA 

and its vehicle (DMSO). After this period of culture, FACS analysis of DN, DP or CD4/CD8 SP 

populations was done. (A) Percentage of DN, DP and SP thymocytes’ populations - *p<0,001. 

(B) Percentage of nTregs (CD4+ Foxp3+ thymocytes) - *p<0,0001. These results are 

representative of at least 3 independent experiments.  

B 

A 
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Figure 4: (continues in the next page) 
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Figure 4: In vivo, RA didn’t changed percentage or number of SP, DP or DN thymocytes. 

Foxp3-KI mice were treated with 300 µg of RA or same volume of its vehicle (DMSO). After 20h, 

FACS analysis of DN, DP or CD4/CD8 SP thymocytes populations was done. (A) Percentage of 

DN, DP and SP thymocytes’ populations (p>0,05). (B) Percentage of DN, DP and SP 

thymocytes’ populations (p>0,05). (C) Percentage (*p=0,0318) and number (p>0,05) of nTregs 

(CD4+ Foxp3+ thymocytes). These results are representative of at least 3 independent 

experiments.  

  

 

 

 

 

At 40h after injection in B6 mice (Figure 5), RA caused an overall in vivo decrease in 

absolute number of SP, DP and DN thymocytes (Figure 5B) (p<0,05). DP depletion 

was around 60% comparing with control mice (p=0,0014). SP and DN subsets were 

partially reduced to half of the control cells (p<0,05). Repeating the same procedure 

with Foxp3-KI mice (Figure 5C), any change was observed in CD4+ Foxp3+ cells 

(p>0,05). 
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Figure 5:  (continues in the next page). 
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Figure 5:  Overall decrease in absolute number of SP, DP and DN thymocytes with 40h in 

vivo RA treatment. Mice were treated with 300 µg of RA or same volume of its vehicle 

(DMSO). After 40h, FACS analysis of DN, DP or CD4/CD8 SP populations of thymocytes was 

done. (A) Percentage (p>0,05) of DN, DP and SP populations of thymocytes from B6 mice. (B) 

Number (p<0,05) of DN, DP and SP thymocytes’ populations from B6 mice. (C) Percentage and 

number of nTregs (CD4+ Foxp3+ thymocytes) from Foxp3-KI mice (p>0,05). These results are 

representative of at least 3 independent experiments.  

 

 

Since RA was causing a dramatic in vivo effect on thymocytes, with no or very few 

effect on Tregs, we decided to check if RA would have any effect on in vivo “behavior” 

of Foxp3+ thymocytes. Intravital imaging was performed in thymus and the results are 

shown below (Figure 6). Intravital thymic movies can be found in supplementary data. 

Cell speed (µm/min) was measured and compared between different treated mice 

(Figure 6A). After 20h of a RA single dose of 300 µg/mouse, cell speed was unaffected 

comparing with control mice (p<0,0001) in Foxp3+ thymocytes. Snapshots from 3x 

zoom movies of both treated mice also show a higher number of Foxp3+ thymocytes in 

RA treated mice (Figure 6B and C). Thymic structure of a control mouse with 1x and 2x 

zoom can be found in 3D models in supplementary data. A single snapshot of a thymic 

3D model with 1x zoom shows the regular structure in a thymus of a control mouse 

(Figure 6D). 
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Figure 6:  (continues in the next page) 
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Figure 6:  RA treatment leaved cell speed of thymocytes unaffected. Nude mice was 

treated with 300 µg of RA or same volume of its vehicle (DMSO). After 20h, intravital imaging of 

thymus was done with 2-photon microscopy and cell speed was measured on thymocytes. (A) 

Cell speed of thymocytes from control and RA treated mice - *p<0,05. (B and C) Snapshots of 

intravital thymic movies of control and RA-treated mice, respectively (20x objective and 3x 

zoom). (D) Snapshot of a thymic 3D model of the control mouse (20x objective and 2x zoom). B, 

C and D show in Green – Foxp3-GFP+ cells and in Red – blood vessels. These results are 

representative of at least 3 independent experiments. 
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Previous studies had demonstrated a protective effect of RA in anti-CD3 induced cell 

death of DP thymocytes (Shi et al., 1991). In our experiments, RA could not cause in 

vitro effect when used at low doses (Figure 1, 2A and 2B), but we did not tested if RA 

could have this protective effect previously described. We can see on figure 7 that 

higher doses of RA induced a strong depletion of DP thymocytes after 40h of treatment 

(p<0,0001) and not affected anti-CD3 depletion of DP thymocytes (Figure 7A). CD4+ 

Foxp3+ thymocytes (Figure 7B) are decreased in 50% by RA high doses and anti-CD3 

addition (p<0,0001). At low doses, with anti-CD3 only or 10µM RA addition, we can 

observe an increase of Tregs percentage around 300-400%.   

 

 

 

 

 

Figure 7: (continues in the next page). 
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Figure 7: High doses of RA ± anti-CD3 cause DP depletion after 40h of in vitro treatment. 

Thymocytes from Foxp3-KI mice were cultured for 40h with different doses of RA with and 

without anti-CD3 addition. After this period of culture, FACS analysis of DN, DP or CD4/CD8 SP 

populations was done. (A) Percentage of DN, DP and SP populations of thymocytes - 

*p<0,0001. (B) Percentage of Tregs (CD4+ Foxp3+ thymocytes) *p<0,0001. These results are 

representative of at least 3 independent experiments. 

 

 

 

 

However, RA and anti-CD3 can modify CD25 expression (Figure 8) in CD4+ Foxp3+ 

thymocytes. In fact, anti-CD3 stimulation caused an increase in the percentage of 

CD25+ Tregs (CD4+ CD25+ Foxp3+ T cells) and RA did not interfered with this 

process. 

 

B 
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Figure 8: RA ± anti-CD3 effect on CD25 expression in Tregs. Thymocytes from Foxp3-KI 

mice were cultured for 40h with different doses of RA with and without anti-CD3 addition. After 

this period of culture, FACS analysis of CD4+Foxp3+/- SP populations was done. Figure show 

percentage of CD4* Foxp3+ and CD4+ Foxp3- gated thymocytes according to their Foxp3 and 

CD25 expression. All results are not significant but percentage of CD4+ Foxp3+ CD25- 

(p<0,001) and CD4+ Foxp3+ CD25+ (p<0,001 for row factor and interaction, p=0,0805 for 

column factor). These results are representative of at least 3 independent experiments. 

 

Forty hours of RA in vivo treatment were also done with and without anti-CD3 injection 

(50 µg/ animal). In CD4 and CD8 compartments analysis (Figure 9), only percentages 

of DN and CD8+ SP thymocytes were significantly increased - p=0,0369 and p=0,0140, 

respectively (Figure 9A). Comparing with anti-CD3 alone, RA plus anti-CD3 treated 

mice seem to have less percentage of DN and CD8+ SP thymocytes in vivo (p<0,05). 

CD4+ SP and DP compartments did not changed with those treatments (p>0,05). 

When we observed the number of thymocytes (Figure 9B) we could only check a 

reduction in the DP compartment and RA had any protective effect in this depletion. 

About Tregs (Figure 9C), we can also conclude that were not affected by anti-CD3 

and/or RA (p>0,05). 
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Figure 9: (continues in the next page). 
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Figure 9: RA has no effect in anti-CD3 DP depletion after 40h of in vitro treatment. Foxp3-

KI mice were treated with 300 µg of RA or same volume of its vehicle (DMSO), with and without 

anti-CD3 addition. After 40h, FACS analysis of DN, DP or CD4/CD8 SP populations of 

thymocytes was done. (A) Percentage of DN, DP and SP populations of thymocytes. Only 

percentages of DN and CD8+ SP were significant *p=0,0369 and *p=0,0140. (B) Number of DN, 

DP and SP populations of thymocytes. (C) Percentage and number of nTregs (CD4+ Foxp3+ 

thymocytes) (p>0,05). These results are representative of at least 3 independent experiments.  

 

 

 

 

 

We also analyzed in vivo CD25 expression in CD4+ Foxp3+ and CD4+ Foxp3- 

thymocytes (Figure 10). All results were not significant but percentage of CD4+ Foxp3- 

CD25+ (p=0,0399). About these non-Tregs, RA and anti-CD3 injections caused a 6x 

increase in CD25 expression comparing with anti-CD3 only (p<0,05).  
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Figure 10: (continues in the next page). 
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Figure 10: Increased CD25 expression on non-Tregs after 40h of in vivo treatment with 

RA and anti-CD3. Foxp3-KI mice were treated with 300 µg of RA or same volume of its vehicle 

(DMSO), with and without anti-CD3 addition. After 40h, FACS analysis of CD25 expression on 

CD4+ SP Tregs and non-Tregs (Foxp3+ and Foxp3-) was done. Figures show percentage (A) 

and number (B) of CD4+ Foxp3+ CD25+/- and CD4+ Foxp3- CD25 +/-. All results are not 

significant but percentage of CD4+Foxp3-CD25+ *p=0,0399. These results are representative of 

at least 3 independent experiments.  
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Discussion 

 

This project intended to study the effect of retinoic acid on mouse T cells. Indeed, the 

main goal was accomplished, with the major focus given to depletion of DP cells and 

co-effect of retinoic acid with anti-CD3. In vitro thymocytes cultures, in vivo treatments 

on B6 and B10.PL mice and intravital imaging of thymus were performed during this 

project, in two different time-points: 20h and 40h. In addition, anti-CD3 depletion effect 

on T cells was study in coordination with RA action. 

 

All RA in vitro concentrations were initially tested in thymocytes cultures (Figure 1). All 

mice were normally fed and, therefore, had basal RA amount. Some of them were in 

vivo supplemented with RA at a single i.p. dose of 300 µg. This in vivo given dose was 

analogous to other RA doses administered on mice – please consult table I (Mucida et 

al., 2007). Unfortunately, there were no available measurements of RA concentration 

inside the thymus, or exact values of RA with or without treatment. So, we can only 

correlate RA effects with supplemented doses, not with its total concentration in the 

thymus.  

 

As the initial purpose was to study RA in parallel with anti-CD3, the time-point of 40h 

was chosen due to anti-CD3 in vivo depletion effect on thymocytes (Shi et al., 1991). In 

physiological conditions, after retinol ingestion, some hours are needed to absorb and 

metabolize this hydrophobic vitamin. At the starting point of this work, retinoic acid 

kinetics in the mouse and inside the thymus was still undescribed. In the current 

experiments, retinoic acid was injected in abdominal cavity and probably it took some 

time to be totally absorbed and enter in the thymus. Therefore, we decided to check its 

possible effects on thymocytes 20h and 40h after injection. 

 

Due to RA hidrophobic nature, it had to be dissolved in DMSO and oil. For control 

mice, the same vehicle was used (DMSO + oil injection only). Even with a toxic effect, 

DMSO is mostly used by other authors that usually administer RA on mice (Mucida et 

al., 2007). We evaluated DMSO toxic effect in a 20h treatment with high (100 µl 

i.p./mouse) and low (10 µl i.p./mouse) doses of DMSO. At the high doses DMSO had a 

strong impact in mouse survival, leading to pain after injection, and enhance of 
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thymocytes depletion. From this moment, RA was always kept at high concentration to 

use only the low doses of DMSO in our experiments. 

 

Twenty hours after retinoic acid in vitro cultures or in vivo injection, there were no 

significant variations in cell number of CD4/CD8 compartments (Figure 2A, 4A and 4B). 

Moreover, it was not seen any significant difference in Tregs compartment inside the 

thymus (Figure 2B and 4C) as seen in the periphery (Mucida et al., 2007). At 20h RA 

did not cause T cell apoptosis by analysis with Annexin V and 7-AAD (data not shown). 

Therefore, retinoic acid may not be able to modulate thymic cells at this time-point. 

Probably it is possible that RA needs more time to reach the thymus and make some 

impact on T cells development. It is still not known if retinoic acid can act 

intrathymically as an exogenous substance or as a result from conversion from retinal 

in some thymic epithelial cells. And, if it has some effects, which are the mechanisms 

and pathways changed by this form of vitamin A. At the following time-point (40h) we 

could observe drastic effects of RA only. After 40h of in vitro treatment, DP 

compartment was affected between 75-87,5% (Figure 3A), while SP and Tregs were 

not affected by RA treatment (Figure 3B). In vivo treatments in B6 mice caused an 

overall decrease in absolute number of SP, DP and DN thymocytes (Figure 5B) 

(p<0,05). DP depletion was around 60% comparing with control mice (p=0,0014) and 

SP and DN subsets were partially reduced to half of the control cells (p<0,05). Any 

significant change was observed in CD4+ Foxp3+ cells (Figure 5C) in Foxp3-KI mice 

(p>0,05). 

 

Previous studies had demonstrated a protective effect of RA in anti-CD3 induced cell 

death of DP thymocytes (Shi et al., 1991). In our experiments, RA could not cause in 

vitro effect when used at low doses (Figure 1, 2A and 2B), but we did not tested if RA 

could have this protective effect previously described. We can see on figure 7 that 

higher doses of RA induced a strong depletion of DP thymocytes after 40h of treatment 

(p<0,0001) and not affected anti-CD3 depletion of DP thymocytes (Figure 7A and 7B). 

CD4+ Foxp3+ thymocytes (Figure 7B) are decreased in 50% by RA high doses and 

anti-CD3 addition (p<0,0001). At low doses, with anti-CD3 only or 10µM RA addition, 

we can observe a 3x-4x increase of Tregs percentage. Forty hours of RA in vivo 

treatment were also done with and without anti-CD3 injection (50 µg/ animal). In CD4 

and CD8 compartments analysis (Figure 9A), only percentages of DN and CD8+ SP 

thymocytes were significantly increased (p=0,0369 and p=0,0140, respectively). 

Comparing with anti-CD3 alone, RA plus anti-CD3 treated mice seem to have less 

percentage of DN and CD8+ SP thymocytes in vivo (p<0,05). CD4+ SP and DP 
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compartments did not changed with those treatments (p>0,05). About Tregs (Figure 

9C), we can also conclude that were not affected by anti-CD3 and/or RA (p>0,05).  

 

 

CD25 expression was also analyzed inside Tregs (CD4+ Foxp3+) and non-Tregs 

(CD4+ Foxp3-) compartments. In vitro, RA and anti-CD3 could modify CD25 

expression (Figure 8) in CD4+ Foxp3+ thymocytes with 40h of culture. Anti-CD3 alone 

or with RA at 10µM could increase the percentage of CD4+ CD25+ Foxp3+ T cells 

(Figure 8C). Forty hours of in vivo treatment with RA and anti-CD3 could increase the 

percentage of CD4+ Foxp3- CD25+ thymocytes comparing with control or RA only 

(Figure 10). In non-Tregs, RA and anti-CD3 injections caused a 6x increase in CD25 

expression comparing with anti-CD3 only (p<0,05). RA or anti-CD3 alone was not 

different from control mice. Enhanced CD25 might be correlated with a higher state of 

activation in non-Tregs in vivo, but not in Tregs as in vitro observed. Some synergistic 

effect rose when RA and anti-CD3 were mixed, resulting in an increased in vivo 

activation of non-Tregs inside the thymus. The fate of this cells or their function was not 

tested, so we cannot explain why did this happened. Supposing that a better 

performance of non-Tregs can deregulate the system, it might cause changes on 

immune suppression and enhanced autoimmune manifestations.  

 

To explain what consequences arise from huge in vivo thymocyte depletion, 

physiological and therapeutical treatments must be done. Some questions and doubts 

also arise from those results. How RA eliminates and jeopardizes T cells in their 

primary generation site? What consequence brings to health and disease? Treatment 

of scurfy mice (Foxp3 Knock-out) with RA can lead to a better elucidation of RA role in 

a situation where the mice is deprived from Tregs and has many effector T cells, able 

to cause autoimmune disease and immune deregulation.   

 

Plenty of factors may interact with the kinetics of RA and intensity of its effects in the 

thymus. Its hidrophobic nature, mice metabolism rate, receptor kinetics, transporters 

efficiency, selected time-point, or even administration mode are just a few ones 

capable of modifying RA thymic performance. Do stress injection or oil cause indirect 

effect on T cell depletion? Our experiments with non-manipulated mice showed no 

differences in thymocytes (data not shown). Other features that can influence are the 

different mice lineages used in this work (C57BL/6 and C57B/10.PL mice).  Those 

lineages differences are minimal but can encompass different thymic responses 
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towards RA. For some reason, B6 animals seemed more susceptible to DP depletion 

caused by RA than B10.PL, what will need further investigation. 

 

In vitro treatments of thymocytes allow direct contact of RA with cells and with precise 

doses than in vivo ones, but have the disadvantage of not preserving thymic structure. 

Having TECs and dendritic cells distributed in specific areas is very important for T 

cells selection and antigen thymic education. Protocols done with in vitro fetal thymic 

organ cultures are a nice way to replace the cell suspension culture procedure and 

mimic in vivo conditions, as the whole thymus is maintained in culture until FACS 

analysis. We are currently working in these protocols.  

 

Intravital imaging of thymus was used to complement our studies, going further on 

thymocytes interactions and movements after RA treatment. A normal cell speed of a 

Treg is about 12 µm/min, as ex vivo measured in 2009 (Le Borgne et al., 2009). In 

these experiments, the cell motility was below than 6 µm/min. Published results 

showed that less movement and rounded-shaped cells are synonym of oxygen 

deprivation and death of cells (Shakhar et al., 2005). To be sure that lack of oxygen 

was not a problem, we were able to observe constant blood flow in our preparations, 

assuming a proper oxygen deliver to thymic cells. To complement this result, it would 

be nice to image thymuses of RA-deprived mice and check if cell movement is 

increased or not. Essentially, RA can be responsible for diminishing cell speed and 

somehow increasing time-contacts between Tregs and T cells, but it is unknown if it 

has any impact on positive or negative selection. 

 

In our studies we decided to use RA and administered it at the same doses and routes 

already described (see table I). However, in our future studies, we will test Retinol 

instead RA (then other thymic cells will need to capture and convert it into RA) and 

different administration routes (e.g. oral administration of Retinol or RA).  

 

RA involvement on T cells generation can help to solve some delicate questions 

around autoimmune diseases and inadequate immune responses. RA may help on 

extreme infections, allergies, and chronic autoimmune diseases like multiple sclerosis 

or diabetes (Figure 11). Either RA-deprived studies, or given RA doses can better 

elucidate the role of this active compound of vitamin A. For many years vitamin A was, 

and still it is, strongly recommended as essential and good for life. However, according 

to these results, its doses must be carefully administered. Only that way, retinoic acid 
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can take place as a new soldier in immunology frontiers, arising as an effective 

modulator on T cells generation inside the thymus. 

 

 

 

 

 

Figure 11 - Physiological model of the possible RA action inside the immune system. By 

depleting T cells and ignoring Tregs, RA can be modeling immune suppression, increasing it. In 

turn, more suppression can lead to less aberrant responses and to prevention of autoimmune 

and allergy manifestations. 
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Conclusion 
 

After finishing our study, we could conclude that: 

 RA at high concentration (>100µM) had an in vitro toxic effect on thymocytes. 

 RA caused in vivo depletion of thymocytes 40h after injection. 

 RA did not affected in vivo Treg generation. 

 

With a wide range of in vitro and in vivo studies, it was possible to clarify some aspects 

of RA action in T cell generation and survival. However, in the future some issues need 

to be further investigated using other strategies. Fetal organ thymic cultures, gene 

analysis, or RA in vivo treatments of Foxp3-KO mice may be important to answer to 

some questions about RA function. For now, we may know that RA can modulate T 

cells but we do not know what pathways and systemic functions are implicated in the 

role of this vitamin A-related compound.  

 

Studies and projects like this are very important because they offer to young students a 

great opportunity to grow in science research.  Particularly, this master thesis gave me 

the chance to learn how to work in the laboratory as a technician and simultaneously 

as a biologist. Moreover, I can say with enjoyment that I was integrated as a master 

student in a great science institution like Instituto Gulbenkian de Ciência. During the 

last year, I had not only learned the techniques and procedures needed to do this, but I 

had also gained some crucial tools required to maintain a systemic and universal 

approach when biological processes are investigated.  

  

In a petri dish or not, if we are studying a particular biological subject, we must always 

think in all in vivo consequences. RA can have a great in vitro performance and be 

excellent to attenuate some diseases but, in fact, it must be carefully analyzed in 

thymocytes. T cells are crucial to immune system and more efforts must be done to 

clarify their generation and modulate their function. Building a narrow bridge between 

nutrition and immunology might open new insights into novel therapies. RA and T cells 

can be connected to some point; now it is up to science research discover how this 

connection is made. 
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Results 

- Intravital imaging of Thymus 

 

 Movie 1 Thymus Control – Control mice (20x objective, 3x zoom) 

 

 Movie 2 Thymus RA – RA treated mice (20x objective, 3x zoom) 

 

 3D surface model  – Control mouse (20x objective, 2x zoom) 

 

 

 

 

 

 

 

 

 

 

 

 


