
Universidade de Lisboa 

Faculdade de Medicina 

 

 

Contribution of the microbiota to the severity of 
immuno-inflammatory diseases 

 

Ana Catarina Vaz Carreto Martins 

Mestrado em Doenças Infecciosas Emergentes 

2012 

 

 



  



Universidade de Lisboa 

Faculdade de Medicina 

 

Contribution of the microbiota to the severity of 
immuno-inflammatory diseases 

Ana Catarina Vaz Carreto Martins 

Mestrado em Doenças Infecciosas Emergentes 

2012 

 

“A impressão desta dissertação foi 
aprovada pelo conselho científico da 
Faculdade de Medicina da Universidade 
de Lisboa em reunião de 15 de Maio de 
2012” 

 

 



  



Universidade de Lisboa 

Faculdade de Medicina 

 

Contribution of the microbiota to the severity of 

immuno-inflammatory diseases 

Ana Catarina Vaz Carreto Martins 

Mestrado em Doenças Infecciosas Emergentes 

Dissertação de Mestrado orientada por: 

Doutora Jocelyne Demengeot – Instituto Gulbenkian de Ciência, Oeiras 
Professora Doutora Ana Espada de Sousa – Faculdade de Medicina da 
Universidade de Lisboa, Lisboa 
 

Todas as afirmações efectuadas no presente 
documento são da exclusiva responsabilidade 
do seu autor, não cabendo qualquer 
responsabilidade à Faculdade de Medicina de 
Lisboa pelos conteúdos nele apresentados. 



	  

	   i	  



 i	  

Acknowledgements 

To Jocelyne Demengeot, for accepting me in your group and being my supervisor in this 

project. My gratitude for always being present and available for me for your teaching and 

encouragement that made me so much better as a student and as a person.  

À professor Ana Espada de Sousa, por ter aceite a co-orientação desta dissertação, pelo seu 

entusiasmo e disponibilidade constantes ao longo deste projecto. 

To all Lymphocyte Physiology’s group past and present members, there are too many to 

describe them all here, since I have been there for some time now. To Marie-Louise Bergman, 

you were since the first day “Du är en inspiration för mig”, thank you for all your patience to 

teach me and criticize in a positive manner and of course for been such a good friend in all 

situations inside and outside the lab. À Leonor Sarmento, a grande “culpada” por eu ter vindo 

parar a este lugar onde tanto tenho aprendido, madrinha a tua enorme força para realizar e 

com sucesso as tarefas a que te dedicas é uma fonte de inspiração para mim. À Rosa Santos, 

por todos os ensinamentos que me deu, pela sua paciência e carinho, mas também pelos 

preciosos anticorpos e pelas ELISAs, agora sou quase uma expert graças a ti. À Joana Bom, 

que para além de uma grande amiga dentro e fora do Instituto, foi fundamental para a 

concretização desta dissertação pois sem ela não teria os GF mice. À Joana Rodrigues pelo 



 ii	  

processamento das amostras para histologia a à Tânia Carvalho pelos seus ensinamentos na 

intrincada ciência de interpretar histologias. Ao Rui Gardner e à Telma Lopes pela ajuda na 

citometria de fluxo, à animal facility do IGC especialmente ao Manuel Rebelo, Joana Bom e 

Sofia Leocádio pela vossa disponibilidade e a todos os tratadores que garantiram que os 

animais fossem mantidos nas melhores condições possíveis. 

Aos meus amigos pela vossa paciência em todos aqueles momentos em que não podia estar 

convosco para poder realizar este projecto e especialmente àqueles Claudinha, Lisa, Catarina 

e restante gangue da noite, que estiveram comigo nas horas e nas provas mais difíceis sem o 

vosso apoio não teria sido possível.  

Finalmente à minha família por entenderem as minhas ausências, pelo vosso apoio sem o qual 

não me poderia ter aventurado neste projecto e por todo o afecto que me dedicam mesmo à 

distância. 

  



 iii	  

ABSTRACT (Portuguese) 

Doenças autoimunes derivam de respostas imunitárias desreguladas, dirigidas contra o 

próprio corpo. Os linfócitos T que expressam o factor de transcrição Foxp3 (Treg), têm 

capacidade de prevenir a activação de células T convencionais em parte através da produção 

de TGF-beta (TGFβ), uma citocina anti-inflamatória de efeitos pleiotrópicos. Deficiência 

genética no gene foxp3 origina um síndrome autoimune, que envolve múltiplos órgãos de 

forma rápida e letal. Ratinhos portadores de células T-CD4 com alterações genéticas que 

danificam o processamento de TGFβ, também desenvolvem doença autoimune, em vários 

órgãos, mas de evolução mais lenta e com menor gravidade. 

 

Estudos anteriores evidenciaram factores ambientais específicos como modeladores da 

progressão de doenças autoimunes geneticamente definidas. O presente trabalho visou testar o 

papel que os organismos gastrointestinais e a composição da comida terão no aparecimento, 

gravidade e progressão da doença autoimune em ratinhos scurfy (deficientes para o gene-

foxp3) e em ratinhos CD4-dnTGFbRII, (portadores de células T-CD4 com deficiência no 

Receptor-II do TGF-b). Este estudo incidiu sobre análise de tecidos linfóides por citometria 

de fluxo, quantificação de níveis séricos de imunoglobulinas por ELISA e análise histológica. 
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A análise de ratinhos scurfy criados em condições Específicas e Livres de Patogénicos (SPF) 

confirmou morte precoce, incapacidade de aumento de peso, infiltração linfocitária em 

múltiplos órgãos e hiperglobulinemia de IgG1 e IgE. O fenótipo não se alterou em ratinhos 

alimentados com dieta sintética, excluindo alergia à comida. A colonização intestinal com 

Helicobater hepaticus, contribuiu para o fraco aumento de peso, sem afectar outros 

parâmetros. Por último, os animais criados num ambiente de completa ausência de microbiota 

(axénico) desenvolveram doença indistinguível dos ratinhos monitorizados nas condições 

SPF. A análise comparativa dos ratinhos CD4-dnTGFbRII, criados em condições SPF, 

axénica ou colonizados com H. hepaticus, revelaram variações no número de células T 

activadas e de memória, bem como na assinatura Th1 versus Th2. 

Em conjunto, estes resultados indicam que o ambiente modela a progressão de doenças 

autoimunes mais ligeiras mas não a das mais severas. 
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ABSTRACT (English) 

Autoimmune diseases result from deregulated immune responses targeted at the body 

component. T cells expressing the Foxp3 transcription factor (Treg) prevent conventional T 

cell activation in part by secreting TGF-beta (TGFβ), an anti-inflammatory cytokine of 

pleiotropic effects. Genetic deficiency for the Foxp3 gene leads to a multi-organ autoimmune 

syndrome, rapidly lethal. Mice bearing CD4 T cells genetically impaired for the processing of 

TGFβ also develop a multi-organ autoimmune disease, however of later onset and lower 

severity. 

Previous studies evidenced that specific environmental factors modulate the progression of 

genetically defined autoimmune diseases. The present work aimed at testing the role of 

gastrointestinal microorganisms and food composition on the onset, severity and progression 

of disease in scurfy mice, fully deficient for the Foxp3 gene and in CD4-dnTGFβRII mice, 

bearing CD4 T cells deficient for the Receptor-II of TGFβ. Animals were analysed 

macroscopically, by flow cytometry analysis of lymphoid tissues, by ELISA to define serum 

Immunoglobulin titres and by histology of affected tissues. 

Analysis of scurfy mice raised in Specific Pathogen Free (SPF) conditions confirmed a short 

life span, severe body weight gain impairment, multi-organ lymphocytic infiltration and 
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hyperglobulinemia, notably of IgG1 and IgE. The phenotype was not altered in mice fed with 

synthetic diet excluding food allergy. Colonization with gut microbiota containing 

Helicobacter hepaticus worsened the lack of body mass growth without affecting other 

parameters. Finally, animals raised in complete absence of microbiota (Germ-free) developed 

a disease undistinguishable from that monitored in SPF conditions. Comparative analysis of 

CD4-dnTGFβRII mice raised in SPF or Germ-free conditions or else colonized with a flora 

containing H. hepaticus revealed variations in the number of activated and memory T cells as 

well as in the Th1 versus Th2 signature.  

Together, these results indicate that the microbiota modulates the progression of milder but 

not severe autoimmune disease. 

  



 vii	  

PALAVRAS-CHAVE 

Autoimunidade, Inflamação, Microbiota, Células T reguladoras, Ratinhos 

KEY-WORDS  

Autoimmunity, Inflammation, Microbiota, Regulatory T cells, Mice 

  



 viii	  



 ix	  

TABLE OF CONTENTS 

ABREVIATION	  LIST	  ......................................................................................................................	  xxi	  

AIMS	  OF	  THE	  PROJECT	  ...................................................................................................................	  1	  

INTRODUCTION	  ................................................................................................................................	  3	  

Overall	  functions	  of	  the	  Immune	  system	  ...........................................................................................	  5	  

B	  Lymphocytes	  ............................................................................................................................................	  6	  

T	  Lymphocytes	  ............................................................................................................................................	  8	  

Regulatory	  T	  cells	  ...................................................................................................................................	  12	  

Transforming	  Growth	  Factor-‐beta	  ....................................................................................................	  15	  

Mucosal	  Immunity	  and	  Microbiota	  colonization	  .........................................................................	  19	  

RESULTS	  –	  PART	  1	  ........................................................................................................................	  21	  

Variation	  of	  autoimmune	  manifestations	  in	  Foxp3	  deficiency	  .....................................	  21	  

1.1.	   Characterization	  of	  the	  Autoimmune	  phenotype	  in	  Foxp3	  deficiency	  .....................	  24	  

1.1.1.	   Genetic	  homogeneity	  ...........................................................................................................................	  24	  

1.1.2.	   Variability	  in	  life	  span	  and	  failure	  to	  thrive	  ...............................................................................	  28	  

1.2.	   Testing	  the	  food	  contribution	  to	  the	  allergic	  scurfy	  phenotype	  .................................	  35	  

1.3.	   Accessing	  the	  requirement	  of	  microbiota	  for	  the	  disease	  development	  .................	  39	  



 x	  

 

RESULTS	  –	  PART	  2	  ........................................................................................................................	  47	  

Contribution	  of	  the	  microbiota	  to	  autoimmunity	  in	  TGF-‐Beta	  deficient	  mice	  ........	  47	  

2.1.	   Characterization	  of	  autoimmune	  disease	  in	  CD4-‐dnTGFβRII	  transgenic	  mice	  .....	  51	  

2.1.1.	   	  Genetic	  homogeneity	  ..........................................................................................................................	  52	  

2.1.2.	   	  Reduced	  body	  weight	  and	  tissue	  infiltration	  ............................................................................	  54	  

2.1.3.	   	  Hyperglobulinemia	  ..............................................................................................................................	  56	  

2.2.	   	  Impact	  of	  Helicobacter	  hepaticus	  colonization	  on	  disease	  progression	  ..................	  57	  

2.2.1.	   	  Body	  weight	  variation	  ........................................................................................................................	  57	  

2.2.2.	   	  Variation	  in	  seric	  Ig	  titers	  .................................................................................................................	  59	  

2.2.3.	   	  Variation	  in	  lymphocyte	  number	  and	  phenotype	  ..................................................................	  61	  

2.2.3.1.	  	  Lymphocyte	  number	  variations	  ...................................................................................................................	  63	  

2.2.3.2.	  	  Variation	  in	  helper	  and	  cytotoxic	  T	  cell	  frequency	  and	  number	  ....................................................	  66	  

2.2.3.3.Variation	  in	  lymphocyte	  activation	  ...............................................................................................................	  74	  

2.2.3.4.Variation	  in	  T	  helper	  cell	  subsets	  ..................................................................................................................	  80	  

2.2.3.5.Variation	  in	  Treg	  numbers	  ...............................................................................................................................	  84	  

2.3.	   Impact	  of	  absence	  of	  microbiota	  on	  disease	  progression	  .............................................	  89	  

2.3.1.	   Variation	  in	  seric	  Ig	  titres	  ..................................................................................................................	  90	  

2.3.2.	   variation	  in	  lymphocyte	  numbers	  ..................................................................................................	  92	  



 xi	  

2.3.3.	   	  helper	  and	  cytotoxic	  T	  cell	  variations	  ..........................................................................................	  94	  

2.3.4.	   	  Variation	  in	  lymphocyte	  activation	  ..............................................................................................	  97	  

2.3.5.	   	  Variation	  in	  T	  helper	  cell	  subsets	  ...............................................................................................	  100	  

2.3.6.	   	  Variation	  in	  Treg	  numbers	  ............................................................................................................	  102	  

DISCUSSION	  ..................................................................................................................................	  105	  

C57BL/6	  Foxp3-‐deficient	  mice	  ........................................................................................................	  107	  

C57BL/6	  CD4-‐dnTGFβRII	  -‐	  SPF	  versus	  naturally	  Helicobacter	  hepaticus	  colonization	  108	  

T	  cell	  subsets	  .........................................................................................................................................................	  109	  

Activation	  phenotypes	  ......................................................................................................................................	  111	  

Foxp3+	  Regulatory	  Treg	  ...................................................................................................................................	  112	  

Cytokine	  production	  ..........................................................................................................................................	  114	  

C57BL/6	  CD4-‐dnTGFβRII	  	  -‐	  SPF	  versus	  Germ-‐Free	  condition	  ..............................................	  115	  

T	  cell	  subsets	  .........................................................................................................................................................	  115	  

Activation	  phenotypes	  ......................................................................................................................................	  116	  

Foxp3+	  Regulatory	  Treg	  cells	  .........................................................................................................................	  117	  

Cytokine	  production	  ..........................................................................................................................................	  117	  

CONCLUSION	  .................................................................................................................................	  119	  

Future	  work/perspectives	  ................................................................................................................	  122	  



 xii	  

MATERIAL	  AND	  METHODS	  ......................................................................................................	  123	  

Mice	  ..........................................................................................................................................................	  125	  

Breeding	  strategies	  .............................................................................................................................	  125	  

Establishing	  the	  Foxp3Sf	  maintenance	  breeding	  ...................................................................................	  127	  

Establishing	  the	  C57BL/6	  CD4-‐dnTGFβRII	  maintenance	  breeding	  ..............................................	  127	  

Controlling	  microbiota	  ......................................................................................................................	  128	  

Food	  ..........................................................................................................................................................	  130	  

Histology	  .................................................................................................................................................	  130	  

Cell	  isolation	  ..........................................................................................................................................	  131	  

Culture	  to	  cytokine	  stimulation	  ......................................................................................................	  132	  

Flow	  cytometry	  analysis	  ....................................................................................................................	  132	  

Surface	  staining	  ....................................................................................................................................................	  133	  

Intracellular	  Staining	  (Foxp3	  and	  Cytokine)	  ...........................................................................................	  133	  

Antibodies	  ..............................................................................................................................................	  134	  

Serum	  Ig	  Isotyping	  ...............................................................................................................................	  134	  

DNA	  extraction	  ......................................................................................................................................	  136	  

PCR	  ............................................................................................................................................................	  137	  

Statistical	  analysis	  ...............................................................................................................................	  139	  



 xiii	  

REFERENCES	  .................................................................................................................................	  141	  

APPENDIX	  ......................................................................................................................................	  153	  

	  

	   	  



 xiv	  

	   	  



 xv	  

INDEX OF TABLES 

Table 1 – SPF vs. Helico condition. Table summary of number of animals used. .................. 62	  

 



 xvi	  

  



 xvii	  

INDEX OF FIGURES 

Figure 1 – Production of genetically identical C57BL/6 Foxp3sf (scurfy) mice.. .................... 26	  

Figure 2 – Lifespan and body weight variations in scurfy mice raised in SPF.. ...................... 28	  

Figure 3 – Histopathology for selected organs in scurfy mice raised in SPF. ......................... 30	  

Figure 4 – Seric Immunoglobulin titers in scurfy mice raised in SPF.. ................................... 33	  

Figure 5 – Body weight variation between scurfy mice raised in SPF fed with aa-food or 

control-food. ..................................................................................................................... 36	  

Figure 6 – Food contribution to the allergic phenotype in scurfy mice raised in SPF.. ........... 38	  

Figure 7 – Lifespan and body weight variations in scurfy mice raised in SPF conditions versus 

colonized with H. hepaticus.. ........................................................................................... 40	  

Figure 8 – Seric Immunoglobulin titers from scurfy raised in SPF or colonized with H. 

hepaticus.. ......................................................................................................................... 42	  

Figure 9 – Seric Immunoglobulin titers from scurfy mice raised in SPF versus GF. .............. 44	  

Figure 10 – Production of genetically identical C57BL/6 CD4-dnTGFβRII mice.. ................ 52	  

Figure 11 – Body weight and Histopathology variations in Tg mice raised in SPF. ............... 54	  



 xviii	  

Figure 12 – Seric Immunoglobulin titers in Tg and Wt-littermate control raised in SPF. ....... 56	  

Figure 13 – Characterization of the Tg phenotype in SPF raised and in H. hepaticus colonized 

mice.. ................................................................................................................................ 58	  

Figure 14 – Seric Ig titers from Tg mice raise in SPF and H. hepaticus colonized mice.. ...... 60	  

Figure 15 – Tg mice SPF vs. Helico condition. Number of live lymphocytes in selected 

lymphoid organs. .............................................................................................................. 63	  

Figure 16 – Tg mice SPF vs. Helico condition. Frequency of CD4+ and CD8+ T cells. ......... 67	  

Figure 17 – Tg mice SPF vs. Helico condition. Numbers of CD4+ and CD8+ T cells. ............ 71	  

Figure 18 – SPF vs. Helico condition. Activation markers in T cells. ..................................... 76	  

Figure 19 – Tg mice SPF vs. Helico condition. Cytokine expression in splenocytes.. ............ 81	  

Figure 20 – Tg mice SPF vs. Helico condition. Foxp3 expression in T cells .......................... 85	  

Figure 21 – Seric Ig titers from Tg mice raise in SPF and in GF conditions.. ......................... 91	  

Figure 22 – Tg mice SPF vs. GF condition. Number of live lymphocytes in selected lymphoid 

organs.. ............................................................................................................................. 92	  

Figure 23 – Tg mice SPF vs. GF condition. Frequency of CD4+ and CD8+ T cells. ............... 94	  



 xix	  

Figure 24 – Tg mice SPF vs. GF condition. Numbers of CD4+ and CD8+ T cells. ................. 96	  

Figure 25 – Tg mice SPF vs. GF condition. Activation markers in T cells. ............................ 98	  

Figure 26 – Tg mice SPF vs. GF condition. Cytokine expression in splenocytes.. ............... 100	  

Figure 27 – Tg mice SPF vs. GF condition. Foxp3 expression in T cells. ............................. 102	  

Figure 28 – Tg mice SPF vs. Helico condition. Frequency of CD4+ and CD8+ T cells. Graphs 

with individual animals.. ................................................................................................ 155	  

Figure 29 – Tg mice SPF vs. Helico condition. Activation markers in T cells. Graphs with 

individual animals. ......................................................................................................... 156	  

Figure 30 – Tg mice SPF vs. Helico condition. Cytokine expression in splenocytes. Graphs 

with individual animals. ................................................................................................. 158	  

Figure 31 – Tg mice SPF vs. Helico condition. Foxp3 expression in T cells. Graphs with 

individual animals.. ........................................................................................................ 159	  

Figure 32 – Tg mice SPF vs. GF condition. Frequency of CD4+ and CD8+ T cells. Graphs 

with individual animals.. ................................................................................................ 161	  

Figure 33 – Tg mice SPF vs. GF condition. Activation markers in T cells. Graphs with 



 xx	  

individual animals. ......................................................................................................... 163	  

Figure 34 – Tg mice SPF vs. GF condition. Cytokine expression in splenocytes. Graphs with 

individual animals. ......................................................................................................... 164	  

Figure 35 – Tg mice SPF vs. GF condition. Foxp3 expression in T cells. Graphs with 

individual animals. ......................................................................................................... 165	  

 

 

 

  



 xxi	  

ABREVIATION LIST 

aa-food – Amino acid-food 

Ag – Antigen 

B6 – C57BL/6 

BCR – B Cell Receptor 

CD – Cluster of Differentiation (co-receptor)  

dnTGFβRII – Dominant-negative form of the TGFβ Receptor II 

ELISA – Enzyme-Linked Immunosorbent Assay 

FSC/SCC – Forward Scatter/ Side Scatter 

Foxp3 – Forkhead-box P3 

GF – Germ-Free 

H&E – Hematoxylin and Eosin staining 

Helico – Helicobacter hepaticus colonized 

iabLN – Inguinal, axillary and braquial Lymph Nodes 



 xxii	  

IBD – Inflammatory Bowel Disease 

IELs – Intraepithelial Lymphocytes 

IFNγ  – Interferon gamma 

Ig – Immunoglobulin 

IGC – Instituto Gulbenkian de Ciência 

IL – Interleukin  

IONO – Ionomycin 

KO – Knockout 

LN – Lymph Node 

LPLs – Lamina Propria Lymphocytes 

Ly – Lymphocyte 

mesLN – mesenteric Lymph Node 

MHC – Major Histocompatibility Complex 

PI – Propidium Iodide  



 xxiii	  

PKC – Protein Kinase C 

PMA – Phorbol 12-myristate 13-acetate 

SCID – Severe Combined Immunodeficiency 

Sf – Scurfy  

SPF – Specific Pathogen Free 

Rag – Recombination activating gene 

TCR – T Cell Receptor 

TCRβ  – T cell Receptor beta chain 

Tg – Transgenic  

TGFβ  – Transforming Growth Factor-beta 

Th – T helper cell 

Treg – Regulatory T cell 

Wt – Wild-type 

 

 



 xxiv	  

 
 



Contribution of the microbiota to the severity of immuno-inflammatory diseases 

 1	  

AIMS OF THE PROJECT 

The aim of the present project is to define the impact of the microbiota on the development 

and progression of autoimmune diseases. This approach will discriminate the contribution of 

exacerbated immune reactions against microorganism and of bona fide anti-self reactivities to 

the inflammatory disease.   

To this aim, two models of autoimmune disease mediated by T cells were chosen: 

- The first is a model of Foxp3-deficiency, the scurfy mice, known to suffer from severe 

lymphoproliferative disease, with multi-organ lymphocytic infiltration, which progresses into 

a lethal autoimmune disease as the result of deficient regulatory T cells. First the genetic 

variability of the colony raised in Specific Pathogen Free conditions (SPF) was removed and 

the possibility of food-allergy tested. Next, to clarify the impact of intestinal colonization, 

mice were either colonized with a common pathogen bacterium Helicobacter hepaticus (H. 

hepaticus) or raised in Germ-Free (GF), a condition that provides animals totally devoid of 

microorganisms (axenic).  

- The second is a mouse model of conditional TGF-beta (TGFβ) signalling in T cells. These 

transgenic mice express a dominant-negative form of TGFβ Receptor type II (dnTGFβRII) 

under the control of mouse CD4 promoter, resulting in impaired TGFβ signalling specifically 
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in T cells. Although, at later onset and with markedly milder severity than in mice with 

complete abrogation of TGFβ1, these CD4-dnTGFβRII mice still develop an autoimmune 

inflammatory disease. Was expected that the rather mild phenotype displayed by the CD4-

dnTβRII mice would allow better detection of variation in the severity of the disease 

according to the microenvironment. After assessing the disease progression in our colony 

raised in SPF conditions, the impact of microbiota on the disease development and 

progression was investigated, by comparing animals raised with different microbiota (SPF 

and colonized with H. hepaticus) or in the complete absence of microbiota GF condition. 

Since Instituto Gulbenkian de Ciência possesses three levels of bio-containment vivarium: 

Specific Pathogenic-Free (SPF), the SPF infected with H. hepaticus (Helico) and the axenic 

Germ-free (GF), a better characterization of the impact of microbial compositions could be 

achieved. This last setting allows to completely dissociate the effects of microbe-induced 

inflammation from autoimmunity on disease progression.  

To define the disease progression in the two models, survival profiles and body weight 

progression were monitored, histological H&E-sections of several tissues/organs analysed, T 

cell differentiation characterized and cytokine profile in lymphocytes and immunoglobulin 

patterns in sera defined.  
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OVERALL FUNCTIONS OF THE IMMUNE SYSTEM 

The primary role of the immune system is to protect (defend) the body from infection and to 

eliminate harmful pathogen-invaders. To function properly it has to detect a great variety of 

potentially dangerous microorganisms and to distinguish them from their own organism 

(“self”) giving identity to the organism defining the limits between the self and the non-self. 

Coevolution with microorganisms made the immune system adapt and create multiple 

mechanisms of defence, including anatomical barriers, inflammation and complement system 

activation, non-specific responses mediated by the innate immune system and, highly antigen 

(Ag)-specific and sophisticated lymphocyte mediated mechanisms which are included in the 

adaptive immune system.  

The basis of adaptive immune response is: (A) the ability of lymphocytes to recognize an 

almost unlimited variety of foreign structures, a property resulting from an extremely high 

repertoire diversity of lymphocyte antigen receptors and (B) the capacity of lymphocytes to 

create a memory that enables a more rapid, specific and efficient immune response to the 

second encounter with the same antigen (that is the base of vaccination procedures). An 

essential feature of lymphocytes is to learn to recognize and tolerate “self” molecules and to 

properly distinguish “self” from invading particles, including microorganisms. The 

lymphocytes with their highly diverse antigen-specific receptors are key components of the 
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adaptive immune system. Their normal balance and homeostasis are essential to the 

maintenance of health conditions and their disruption often results in immune dysregulation 

and autoimmune pathology. 

B LYMPHOCYTES 

Lymphocytes are subdivided into two major populations, B and T lymphocytes, with distinct 

functions and mechanisms of actions; B lymphocytes were named from first having been 

discovered in Bursa of Fabricius, a central lymphoid organ in birds, while T lymphocytes 

named so because of their development and maturation within the Thymus. 

B cell functions include lymphoid tissue organization and cytokine production, but their main 

functions are to present antigens as Antigen Presenting Cells (APC) and to produce antibodies 

both based on highly specific antigen receptor function. The B cell antigen receptor (BCR) is 

composed of two heavy chains coupled with two light chains, each containing a variable and a 

constant region, and is named BCR when membrane-bound at the cell surface of a B cell or 

immunoglobulin when in the secreted form1. In mammals, immature B cell development 

starts in the Bone Marrow (exception for rabbit) with rearrangement of the Ig locus variable 

region of the heavy chain followed by rearranging of the light chain, in a process mediated by 

Recombination activating gene-1 and -2 (Rag) known as V(D)J recombination. The 

functionality and self-reactivity of the newly produced BCR is further tested in processes, 
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including positive and negative selection. B cells that successfully pass this selection migrate 

to the spleen, as transitional B cells to finish their maturation process and, those carrying self-

reactive BCR become anergic or undergo apoptosis. 

B cells circulate continuously in the blood and lymphatic system performing immune 

surveillance and promoting protective immunity. Upon cognate antigen encounter, naïve B 

(non activated/exposed B cell), became activated and undergo intensive proliferation, during 

which, the regions of the B cell receptor locus that correspond to sites involved in antigen 

recognition undergo an extremely high rate of somatic mutation, producing slightly different 

receptors enhancing the B cell antigen affinity. B cells carrying the BCR with highest 

affinities will differentiate into antibody producing plasma cells and long-lived memory cells 

that will enhance the immune response in future antigen encounters. The B cell activation 

process can be either T cell-independent as BCR can recognize antigens in their native form 

and secrete IgM, or T cell-dependent with T helper cells establishing immunological synapses 

with the B cells, providing co-stimulatory signals and cytokines, that trigger the B cell to 

undergo antibody class switching creating diversity and producing high-affinity neutralizing 

antibodies, particularly efficient in defence against extracellular pathogens. Antibody class 

switching occurs by a mechanism of Immunoglobulin heavy chain class switch recombination 

also called isotype switching, a mechanism that allows B cells to produce antibodies with 
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different classes of heavy chains, such as IgG, IgA and IgE while they maintain their antigen 

affinity.   

T LYMPHOCYTES 

T cell development starts with migration of haematopoietic progenitors from the bone marrow 

to the thymus as T cell precursors, where further differentiation and selection processes take 

place before mature T cells can exit the thymus and circulate in the periphery2. One of the 

first events is the rearrangement of the TCRβ locus through V(D)J recombination and 

formation of a unique T cell receptor (TCR). If this rearrangement is productive, a functional 

TCRβ chain is expressed at the cell surface and couples with an invariant pre-TCRα chain, 

forming the pre-TCR. Cells that pass the β selection continue the development by expression 

of the co-receptors CD4 and CD8. Finally, the rearrangement of the TCRα locus occurs and 

the αβ−TCR is produced. The receptor functionality in the newly formed Double-Positive 

CD4+CD8+ (DP) cell is further tested by self-Major Histocompatibility Complex (MHC) 

restriction. This step ensures that only T cells with TCRs that can interact with self-MHC 

molecules at the surface of thymic cortical epithelial cells and, recognize an antigen will 

continue to mature. This process known as positive selection defines also the lineage fate 

(commitment) of T cell, as DP positively selected on MHC class II molecules will eventually 

become CD4+ and, those restricted to MHC class I molecules may mature to CD8+ cells. The 
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receptor specificity and avidity to self-antigens is tested during the negative selection, as T 

cells expressing TCR that recognize and react strongly with ubiquitous self-peptides 

presented on MHC molecules are considered self-reactive (auto-reactive) T cells and are 

deleted. This process of ensuring self-tolerance, is of outmost importance since it prevents 

self-reactive T cells to be exported to the periphery where they could potentially become 

activated and induce autoimmune diseases. All immature thymocytes that fail to pass 

selection receive an apoptotic signal and die and, only about 2% of immature thymocytes 

develop into mature naïve CD4+ or CD8+ and leave the thymus.  

T cells are a heterogeneous population, with two major subpopulations, CD4+ helper cells and 

CD8+ cytotoxic T cells. TCR on the CD8+ T cells recognize antigens (Ag) in the context of 

MHC class I molecules and will target infected host cells that present foreign endogenously 

processed Ag, and release products triggering target cell lysis. MHC class I molecules 

(expressed in all cell with exception to non-nucleated cells) present peptides processed in 

cytosol, so usually they are loaded with endogenous Ag, but they can also be loaded with 

peptides generated from exogenous proteins, by a process known as cross-presentation. The 

first signal to the cytotoxic T cell activation, recognition by the TCRs of peptide-bound to 

MHC class I molecules, is stabilized by interaction with the CD8 co-receptor, allowing for a 

second signal from cytokines or from co-stimulatory molecules. Activation leads to increased 



Contribution of the microbiota to the severity of immuno-inflammatory diseases 

 10	  

proliferation (clonal expansion) and cytotoxin release, such as perforin, granzyme and 

granulysin. CD4+ T cells bearing TCRs specific for Ag bound to MHC class II molecules 

(which presents peptides derived from extracellular proteins) will be activated, and promote 

further activation and differentiation of B cells and other hematopoietic cells3 4. In opposition 

to CD8+ T cells, usually CD4+ T cells have a helper phenotype, promoting cytotoxic T cells 

activation, antibody class switch in B cells and maximizing bactericidal activity of other 

immune cells, throughout a combination of cell interactions and cytokine production. As for 

the CD8+ activation, the CD4+ T cell activation relies on subsequent steps of recognition and 

verification, provided by co-stimulatory molecules to ensure that the Ag recognized is not 

“self”. Cells that do not receive this second signal become anergic and undergo apoptosis, 

except for the memory cells where this reconfirmation step is no longer needed. This first part 

of the activation process is followed by intense proliferation and cytokine production, 

especially interleukin 2 (IL-2), but also IL-4 and interferon gamma (IFNγ), which direct Th2 

and Th1 differentiation profiles respectively.  

In normal conditions, T cells recirculate from blood to lymph, and secondary lymphoid 

organs, but in autoimmune and/or inflammatory conditions, massive migration and tissue 

infiltration by inflammatory lymphocytes can occur.   
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In healthy individuals, homeostatic mechanisms control lymphocyte populations that are 

maintained in stable numbers and ratios during life. As important as the rapid activation of the 

immune system with a productive specific response upon foreign antigen encounter it is 

equally essential to have the return to normal number and functional status of the lymphocytes 

after antigen removal (resting). This homeostasis indicates that the switch on/off of the 

immune response has to be tightly regulated in time and space. Excessive or incorrect 

functions can lead to harmful effects like hypersensitivity (allergies), inflammatory diseases 

and autoimmunity. In autoimmunity, the inappropriate activation of the immune system, leads 

to attacks to the self-tissues, that can be limited to very specific cells and organs or may 

involve entire organs or organ systems. Autoimmune diseases can occur in a broad range of 

different organs and/or systems such as: Immune dysregulation, Polyendocrinopahty, 

Enteropathy, X-linked syndrome (IPEX), Inflammatory Bowel Disease (IBD), Diabetes Type 

I, Arthritis, Multiple Sclerosis, Systemic Lupus Erythematosus or Scleroderma. Further, 

autoimmune diseases when not fatal, are most of the times chronic and very debilitating.  

It is of great importance to understand factors and pathways that play a role in regulation of 

the immune system, since they will guide us in the understanding of deregulated, pathological 

and abnormal immune responses. 
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REGULATORY T CELLS 

It is now well established that regulatory T cells (Treg), can inhibit proliferation of naïve 

conventional T cells in vitro and suppress self-reactive T cells (that escape negative selection 

in the thymus) in tissue-specific cell-mediated injuries in vivo 5-7.  

In 2003, the forkhead-box P3 (Foxp3) transcription factor was discovered and shown to be 

essential for CD4+CD25+ Treg differentiation and function8-10. Foxp3 is strictly required to 

ensure immune tolerance to self-antigens, as Foxp3-deficient mice (scurfy)11 and humans 

(IPEX syndrome)12 suffer from a neonatal severe and fatal autoimmune lymphoproliferative 

disease12-15. Russell and colleagues at the Oak Ridge National Laboratory first observed the 

scurfy X-linked recessive mutation, as a spontaneous mutation in mice in 1949. Mice carrying 

the mutation displayed a phenotype characterized by severe lymphoproliferation with massive 

lymphocyte infiltration of multiple organs, hemolytic anaemia and dermatitis. The rate of 

survival monitored in 129 and mixed background revealed an early death (average 24 days of 

age). Hemizygous Foxp3sf males exhibited as early as day 14 after birth already several 

clinical features including scaliness and crusting of the eyelids, ears and tail, runting, hair loss 

and skin damage in ears and tail, swelling of the genital papilla, abdominal area and 

cachexia11, 16.  
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T lymphocyte crucial role in the disease, was determined by the observation that thymectomy 

of Foxp3sf mice on the first day after birth almost doubled their lifespan, although mice 

developed similar disease and died later on, suggesting that disease-producing T cells formed 

during embryonic stage could cause disease after birth16-18. Several approaches were set to 

discriminate the nature of T lymphocytes involved. Scurfy backcross with mice deprived of 

thymus and thus of T lymphocytes (nude mice) were free of scurfy disease. Also, the cross of 

scurfy with Severe Combined Immunodeficiency the SCID mice (unable to form mature B or 

T cells) revealed the same lack of scurfy disease phenotype. The introduction of Rag2 

mutation in C57BL/6 scurfy mice (by breeding strategy) allowed for the maintenance of the 

Foxp3sf mutation in non-sick animals. These observations put together indicate that 

lymphocytes are the main cause for the scurfy phenotype17-19. The involvement of mature T 

lymphocytes as critical mediators was clarified by transfer of disease by transplantation of 

scurfy thymus in nude or SCID recipients17. Cross of scurfy with knockout (KO) lines that 

impact in T lymphocyte subpopulations, namely by producing mice that carry the scurfy gene 

and lack CD8 killer T cells still present disease, but scurfy mice that lacked CD4 helper T 

cells showed impaired severity of the disease or disease free17, 18, 20-22. 

In 2005 Chen Z and colleagues, exploring the influence of defects in the central tolerance in 

the disease outcome, described the scurfy on the C57BL/6 background. Showing that 
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B6.scurfy mice suffered from hair loss, scaly tail and ear damage. However, mice showed 

minimal signs of weight loss (by day 14) and an increased survival rate, with B6.scurfy mice 

living up to 50 days of age. The mice on Balb/c background were described with the same 

characteristics but with a much more severe phenotype with mortality by 28 days of age13.  

More recently, Gaspal F. et al., investigated the impact of abrogation of tumor necrosis family 

(TNF) receptor (CD30 and OX40) known to maintain CD4 memory responses in the scurfy 

phenotype. They showed that the deficiency in those receptors confers protection to the 

autoimmune lethal scurfy disease. The mice carrying both mutations survived much longer 

than 4 weeks of age, with normal weight, no tissue infiltration nor organ destruction and 

breed successfully23.  

In 2011, Dipica Haribhai and colleagues, using a transgenic (Tg) model for Foxp3-defiency, 

the Foxp3K276x mice (lacking Foxp3 protein expression) observed a 90% death within 21 days 

of age in the Balb/c background, and a markedly increased in survival in the C57BL/6 

background with mice surviving approximately 90 days after birth with a 50% survival rate 

by day 50 of age24.  

Despite all the important discoveries that were made in the last years, the factors that 

modulate autoimmune disease development and severity or the spectrum of targeted tissues 

are still to be fully understood21. Although any described mutation leading to Foxp3-
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deficiency results in a scurfy phenotype, there is a persistent phenotypic variability in the 

results described by different groups. Moreover, the early death of scurfy mice may block the 

development of certain autoimmune responses, resulting in a limitation to the analysis of the 

Foxp3-deficiency phenotype.   

TRANSFORMING GROWTH FACTOR-BETA 

Transforming Growth Factor-beta (TGFβ) cytokines are pleiotropic and act as positive and 

negative regulators of growth, differentiation and proliferation programs in numerous cell 

types. In mammals, three isoforms have been identified (TGFβ1, TGFβ2 and TGFβ3) with a 

prevalence of TGFβ1 in the immune system, a master regulator of immune responses25. This 

cytokine is produced by several cell types such as epithelial and stromal cells as well as 

fibroblasts, although predominantly by haematopoietic cells. In cells of the immune system 

that are both source and targets of TGFβ1,  such as dendritic cells, macrophages or T cells, 

this cytokine acts in an autocrine and paracrine manner, having two major effects, 

proinflammatory and immunosuppressive26-28. TGFβ synthesized in an inactive form, requires 

further processing to become capable of binding and activating its receptor and exerting its 

function. The TGFβ signals are activated upon binding of active TGFβ to the subunit II of the 

receptor (TGFβRII), which triggers the kinase activity in the cytoplasmic domain, which in 

turn activates TGFβRI. The activated receptor complex (TGFβRI) leads to nuclear 
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translocation of Smad molecules (phosphorylation of SMAD proteins, which translocate to 

the nucleus where they form transcription complexes), and activation of different signalling 

pathways by transcription of target genes29-32.  

In 1986 it was proposed that TGFβ1 exerts immunosuppression effects, serving as a negative 

feedback regulator of T cell proliferation33. Further studies using animal models with germ-

line ablation of TGFβ1 confirmed this notion, revealing its major importance for immune 

homeostasis and its key role as a negative regulator of adaptive immunity. The lack of 

immune suppression in TGFβ1-deficient mice leads to the development of a fatal autoimmune 

disease and these mice die from inflammatory pathology at 4 weeks of age34-36. Other studies 

analysing transgenic (Tg) or KO animals for genes involved in the TGFβ1 pathway further 

established the aetiology of the disease and evidenced the major role of TGFβ1 in lymphocyte 

homeostasis37.  

However, because TGFβ1 has a large range of actions and acts on many different organs, it 

has been difficult to understand its specific role on each specific lymphocyte subset. To 

overcome this difficulty, different Tg conditional mouse models were created to specifically 

block TGFβ signalling in T cells by using a dominant-negative form of the TGFβ Receptor II 

(dnTGFβRII) where the intracellular kinase domain is truncated and so it is not capable to 

mediate signal transduction38, 39 40. Two examples are the Tg for the dnTGFβRII, under the 
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expression control of the CD2 or CD4 T cell-specific promoters26, 40. Both lines showed 

lymphocyte infiltration into tissues and spontaneous T cell activation but with differences in 

the phenotype severity. In contrary to the CD2 line, in mice from the CD4 promoter line, the 

CD4-dnTGFβRII, all CD4 cells, and only these, are refractory to TGFβ signalling.40, 

displaying pro-inflammatory T cell-infiltrates in the colon, while animals from the CD2 

promoter line do not 26. The 4cre-RII/RII transgenic mice 29, 3829, 3829, 3829, 3828, 3728, 3728, 3728, 3728, 

3727, 3626, 3525, 3429, 3829, 3829, 3829, 3829, 3829, 3829, 3829, 3829, 3829, 3829, 38display a much more aggressive 

phenotype, with massive lymphocytic multi-organ infiltration, and CD4+T cells displaying a 

skewed Th1 phenotype and death within 5 weeks of age29, 38.  

TGFβ1 promotes IgA class switching and lymphocyte homing to mucosal sites as class 

switching to this isotype is impaired in TGFβ-deficient animals41. It also limits T cell-

mediated autoimmunity and controls the expansion and function of various lymphocyte 

populations, including natural killer (NK)-cells, T cells and more recently it was described as 

a potent inducer of Foxp3 expression42-44 and Treg function in vitro and in vivo 29. Taken 

altogether, these studies indicate that TGFβ1 signalling has an essential role in the adaptive 

immune system by affecting different responses. 

Given the broad distribution of the TGFβ receptor, and the range of direct and indirect roles 

described in the maintenance of immune homeostasis, the idea that TGFβ1 signalling could 
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affect all immune-cell types is gaining strength. Consequently, a deficiency in TGFβ1 

signalling could result in the dysfunctional control of mucosal immunity, autoimmunity and 

infection induced inflammation31. Since these processes are closely associated and influence 

each other, their relative contribution to immunoinflammatory diseases remains to be 

established45, 46. 

In this project, it was used the CD4-dnTGFβRII mice, generated in 2000 by Gorelik L. and 

Flavell R.A40. In these mice, the dnTGFβRII is expressed under the control of the CD4 

promoter, and as the construct lacks the CD8 silencer, both CD4+ and CD8+ express the 

transgene but not the B cells. In the paper these mice were described as developing a 

progressive inflammatory disease noticeable by 3 months of age. By 5 months of age all 

animals developed Inflammatory Bowel Disease (IBD), and displayed mononuclear cell 

infiltration particularly in mucosal tissues, but also in several other organs. Also, marked 

increased levels of T cell-dependent immunoglobulins in the sera, circulating autoantibodies 

and deposition of immune complexes in kidney glomeruli were observed. In peripheral 

lymphoid organs almost all T cells displayed an activated or memory phenotype, and 

increased total numbers in opposition to a complete involution of the thymus. The numbers of 

cytokines secreting T cells were dramatically increased at the first signs of disease and IL-2, 

IFNγ and IL-4 production were found to increase over time 40.  
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MUCOSAL IMMUNITY AND MICROBIOTA COLONIZATION  

The Immune system is responsible for the defence of the organism from potentially harmful 

infections. Starting at birth, almost all parts of the mammal body are exposed to diverse 

microorganisms, mainly in mucosal surfaces like skin, lung, genitourinary and gastrointestinal 

tract. Shaped by co-evolution, the relationship between the microbiota and the immune 

system has evolved in most of the cases to a mutualism situation.  

In the gastrointestinal tract, it is well established that the resident bacterial population 

provides a number of favourable contributions to the host, like enhancing digestive efficiency, 

supplying essential nutrients, metabolizing indigestible compounds and limiting the 

colonization by pathogenic species 47, 48. The interactions between microbiota and immune 

system seem to promote the development of the immune system itself, which in turn, shapes 

the composition of the microbiota6, 48. Some studies indicate a beneficial condition to the host 

with amelioration of diabetes type I autoimmune disease conditions 49. Other studies only 

indicate a small improvement of multi-organ and colitis autoimmune disease progression 50, 51, 

or an independence from the microorganisms in gut and joint inflammatory condition 52. 

However, in immunocompromised animals or when immune tolerance is disturbed, “normal” 

gastrointestinal microorganisms could contribute to an inflammatory disorder 47, 53, 54.  
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Among different colonizing microorganisms, some live in mice of specific genetic 

backgrounds without causing any disease while leading to pathological conditions in 

genetically different mouse strains. Murine Helicobacter hepaticus is a gram-negative 

bacterium that colonizes the liver and the gut (more specifically the intestine) and causes 

endemic infection at many mouse facilities. It usually does not promote disease but can cause 

liver damage associated with spontaneous proliferative colitis in immunodeficient mice 53, 55. 

Conversely, in other genetic backgrounds and conditions H. hepaticus has been associated 

with an increase in the regulatory T cell subpopulation (Bergman et al, unpublished). These 

apparent contradictory results highlight that the composition of the microbiota may be 

intimately linked to the proper function of the immune system.  
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It is now well established that regulatory T cells (Treg) are strictly required to ensure immune 

tolerance to self-antigens. The forkhead-box P3 (Foxp3) transcription factor was recently 

discovered and shown to be essential for CD4+CD25+ Treg differentiation and function.  

As with the TGFβ1-deficient genetic mouse model, the Treg-deficiency in mice (Foxp3 

deprived) leads to a severe and fatal autoimmune immunopathology involving almost every 

organ. The Foxp3-deficient mice (Foxp3sf), or scurfy (sf), developed a lethal disease with 

lymphoproliferation and autoimmunity11, 13, 16, 20. It was described that males hemizygous for 

the Foxp3sf gene exhibited by day 14 after birth several clinical features, that included 

scaliness and crusting of the eyelids, ears and tail, runting, hair loss and skin damage in ears 

and tail, swelling of the genital papilla, abdominal area and cachexia11. The scurfy phenotype 

was characterized by severe lympho-proliferative disease with massive lymphocyte 

infiltration of multiple organs, haemolytic anemia and dermatitis. The survival rate was first 

addressed in a mixed background and in 129 indicating an early death (average 24 days of 

age)11.  

Although in these studies Foxp3-deficiency always results in a scurfy phenotype, there is a 

phenotypic variability according to the genetic background, and importantly, microbiota 

composition may not be exactly equal in all rodent facilities and naturally acquired H. 

hepaticus infections have been reported in rodent facilities56.  
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To evaluate the contribution of environmental variables on the progression and severity of the 

autoimmune disease, the phenotype of Foxp3sf mutant was studied on a fixed genetic 

background, the C57BL/6, when exposed to controlled flora, no flora and fed with amino acid 

only (aa-food composition).  

 

1.1. CHARACTERIZATION OF THE AUTOIMMUNE PHENOTYPE IN FOXP3 

DEFICIENCY  

In this section the individual variations in the phenotype of C57BL/6 Foxp3sf mutant raised in 

strict SPF conditions (environment where flora, food, water, noise, temperature and humidity 

levels are strictly controlled) were monitored. The survival rate, weight loss, tissue infiltration 

and organ destruction as well as seric immunoglobulin titers were monitored.  

1.1.1. GENETIC HOMOGENEITY 

According to the breeding strategy adopted, the C57BL/6 Foxp3sf colony is genetically 

homogenous (Fig.1). The laboratory received females C57BL/6 Foxp3sf/+ from Jackson in 

2006. They were described as: B6.Cg-Foxp3sf/J (N8+N20F1) and were crossed to N7 (where 

N is the number of backcross generations) on to the C57Bl/6 background here at the IGC. 

Upon their arrival they were bred with C57BL/6 inbred males to produce females and males 
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heterozygous and hemizygous for the mutated allele, respectively (Fig.1A). The males 

developed the scurfy phenotype while the females remained healthy and were kept for the 

next breeding generation. To simplify the maintenance of the colony, in 2007, crossing 

females C57BL/6 Foxp3sf/+ with males C57BL/6 Rag2-/-, the Rag2 mutation was introduced 

into the C57BL/6 Foxp3sf background (Fig.1B). The next generation, females C57BL/6 

Foxp3sf/+ Rag2+/- were crossed with males C57BL/6 Rag2-/- to produce females C57BL/6 

Foxp3sf/+ Rag2-/-. Thereafter, intercrosses produced females C57BL/6 Foxp3sf/sf Rag2-/- and 

males C57BL/6 Foxp3sf/y Rag2-/- (Fig.1B). These animals did not show signs of disease as 

they lacked mature lymphocytes (fail to initiate VDJ rearrangement). Since then, the Foxp3sf 

allele has been kept in a colony of females C57BL/6 Foxp3sf/sf Rag2-/- mated with males 

C57BL/6 Foxp3sf/y Rag2-/- (Fig.1B). To produce scurfy males for experimental purposes, 

females C57BL/6 Foxp3sf/sf Rag2-/- were bred with male C57BL/6 (Fig.1C). These animals 

were hemizygous for the Foxp3sf allele and heterozygous for the Rag2 mutation. Mice 

heterozygous for the Rag mutation had normal number of lymphocytes owing to the intrinsic 

homeostatic principle of the hematopoietic lineage57. 
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Figure 1 – Production of genetically identical C57BL/6 Foxp3sf (scurfy) mice. (A) Initial breeding 

strategy using B6.Foxp3sf/+ females crossed with C57BL/6 inbred males. (B) Breeding strategy 

established to simplify the maintenance of the Foxp3 mutant allele. Animals carrying the Foxp3 

mutation were backcrossed with the Rag2 mutant to produce animals carrying the mutation but not 

suffering from disease (females B6.Foxp3sf/sf Rag2-/- and males B6.Foxp3sf/y Rag2-/-). (C) Breeding 

females B6.Foxp3sf/sf Rag2-/- with C57BL/6 males, produced mice hemizygous for the Foxp3sf allele 

and heterozygous for the Rag2 gene that develop the scurfy phenotype and were used in further 

experimental procedures. (D) Photo of a scurfy (Foxp3sf) and a Wild type (Foxp3Wt) control mouse at 

weaning age (21days after birth). (E) Representative agarose-gel image of PCR to Foxp3 and Rag2 

mutant and endogenous genes. 
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Hence, males C57BL/6 Foxp3sf/y Rag2+/- from now on referred as Foxp3sf developed a scurfy 

phenotype. At weaning age, scurfy mice were much smaller than their Wt-control and the 

phenotypes associated could be observed. These included swelled genital papilla and 

abdominal area, retention of the testicles in the abdominal cavity, hair loss, scaly tail and ears 

and in some cases almost complete loss of the tail, crusty skin on the eyelids, tail and ears and 

dermal thickening (Fig.1D). 

Essential to the establishment of each breed strategy was the proper selection of the animals 

with the wanted genotype. For that, DNA was extracted from a tail tip biopsy at weaning time 

and PCR for both Foxp3 and Rag2 endogenous and mutant alleles was done (Fig.1E) 

following the protocols described in material and methods. 

As the original C57BL/6 Foxp3sf/+ females and the C57BL/6 Rag2-/- colonies were each N10 

and, had previous N7 backcrosses on the C57BL/6 background, it is reliable to assume that 

the Foxp3sf scurfy males analysed in this work are genetically identical. Improved breeding 

strategy to produce genetically identical C57BL/6 Foxp3sf mice to following experiments. 
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1.1.2. VARIABILITY IN LIFE SPAN AND FAILURE TO THRIVE 

Next, it was tested whether the phenotype of our scurfy animals would be comparable to what 

was described11, 16 (namely severely reduced life span and body size). 

Hemizygous Foxp3sf males (n=66) and Foxp3Wt control mice (n=15) raised in the highly 

controlled Specific Pathogen Free (SPF) rodent facility at the IGC, were monitored every two 

days until natural death occurred or until mice were sacrificed to avoid unnecessary suffering. 

Once per week from day 14 after birth until the day of death the animals were weighed.  

 

 Figure 2 – Lifespan and body weight variations in scurfy mice raised in SPF. Kaplan-Meier 

survival curve (A) and body weight (B) for Foxp3sf (n=56-66) or Foxp3Wt-control mice (n=15) 

followed in SPF rodent facility. Mann-Whitney test ***p<0.0001. 

 

The scurfy phenotype had a great impact on survival; by day 50th after birth almost 40% of 

the animals were dead or had to be sacrificed because of health conditions. Surprisingly, 

A B 
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although all Foxp3sf males developed lethal disease and end up dying before the Foxp3Wt 

controls, life expectancy varied considerably with a continuous distribution of values between 

30 to 120 days of age (Fig.2A). Growth and increase in body weight were normal up to 14 

days after birth, but severely compromised thereafter in all animals bearing the Foxp3-

deficiency, were the maximum body weight was 15 grams and great variability was also seen 

(Fig.2B).  

The lifespan of Foxp3sf mice raised in our SPF rodent facility is increased when compared 

with what was described by others11, 13. The scurfy phenotype has been described as a 

phenotype that leads to death by 24 days of age and more recently up to 50 days after birth13, 

16. In our conditions, by 24 days of age less than 10% had died and by 50 days of age more 

than 50% were still alive, and some scurfy mice (n=3) lived longer that 100 days. The body 

weight also showed this individual variability between mice with the same genotype. The 

range of weight within scurfy mice at 60 days of age was from 5 to 15 grams. Indeed since 

weaning age some animals were much smaller than others and their weight gain was not 

equal. Impaired lifespan and body weight gain with great individual variation in 

C57BL/6 Foxp3sf SPF raised mice. 

Next, it was verified if this improvement in lifespan corresponded to a decrease in the severity 

of the lymphoproliferative disease and organ infiltration. 
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A histological survey was performed in some of the tissues previously associated with this 

phenotype (ear, lung, liver, pancreas, testis and kidney) to define the disease in these 

conditions. The ear was chosen as example of dermal tissue, because their thickening and 

crusting that can be observed since day 14 after birth and is one of the most affected organs 

serving as a good positive control.  

 

Figure 3 – Histopathology for selected organs in scurfy mice raised in SPF. (A) Representative 

H&E-stained sections of the indicated organs isolated from 4 week-old Foxp3sf scurfy (n=7) and 

Foxp3Wt-control (n=2) mice. (B) Histopathology scores according to the number and size of infiltrates 

and other lesions (no infiltrates 0; trace 1; mild 2; moderate 3; severe 4; heavily infiltrated 5). Tissues 

from age match Wt-control mice were scored as 0. 
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Analysis of H&E-stained sections, revealed a marked hypertrophy of the dermis of the ear 

pinna due to severe and diffuse lymphoid infiltration, associated with disruption of the 

cartilaginous tissue. The lung showed severe perivascular lymphoid infiltration, similar to 

what was seen in the liver, although here, the pattern was more diffuse and less severe, with 

predisposition for the portal areas. Moderate increase of the pancreas stromal compartment 

due to lymphoid infiltration was also seen. Mild pancreatitis could be seen with majority of 

inflammatory cells in the interstitial areas and around blood vessels. There was marked 

testicular atrophy associated with diffuse degenerative orchitis, with complete loss of the 

germ cell compartment. The kidney displayed mild interstitial lymphoid infiltration (Fig.3A).  

H&E-stained tissue sections from selected organs were scored according to the number and 

size of infiltrates (no infiltrates 0; trace 1; mild 2; moderate 3; severe 4, heavily infiltrated 5); 

grade for tissue damage was also scored (absence 0; presence 1). No tissues from Wt-control 

mice (n=2) showed signs of inflammatory infiltration and were thus scored as 0. In 

conclusion, the Foxp3sf mice (n=7) ear pinna and lung were the most affected organs and 

scored with an average of 4. The liver had a median score of 2. Pancreas, testis and kidney are 

the less infiltrated organs and were scored with 1 or 0. (Fig.3B). This pathology evaluation 

was preliminary and an exact characterization of the inflammatory infiltrates observed here 
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will be conducted by immunohistochemistry and further histopathology analysis will be 

needed.  

Although these tissues were affected in all scurfy animals, the severity of tissue infiltration 

amongst age-matched animals was heterogeneous. The skin and lungs appears as preferential 

environmental organs to lymphocyte migration and this reveals a tissue-specific development 

of the disease. Multi-organ lymphocytic infiltration, although, with some individual 

variability; skin and lung were preferential target tissues. 

 

To verify that if the deregulation of the lymphocyte homeostasis was having an impact in the 

level and composition of Ig titers, a Sandwich ELISA was preformed in the mice sera. 

Blood from individual mice aging between 30 to 50 days, Foxp3Wt (n=8 to 26) and Foxp3sf 

(n=13 to 30) was collected and serum isolated to further ELISA test for different circulating 

immunoglobulin (Ig) isotypes or subclasses (IgM, IgG total, IgG1, IgE and IgA).  
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Figure 4 – Seric Immunoglobulin titers in scurfy mice raised in SPF. Serum from individual mice 

aging between 30 to 50 days, Foxp3Wt (n=8 to 26) and Foxp3sf (n=13 to 30) tested for different 

circulating immunoglobulin isotypes (IgM, IgG total, IgG1, IgE and IgA). Mann-Whitney test 

***p<0.0005 (IgM), ***p<0.0001 (IgGtotal, IgG1, IgE, IgA). 

 

Analysis of seric Ig titers from individual scurfy mice compared with Wild-type control 

animals (from now on referred as Wt), revealed normal levels of IgG2a/c and IgG2b (not 

shown), but elevated IgM (10x) and dramatically increased IgG total, IgG1, IgE and IgA titers 

(100x), already evident in younger animals and maintained at any age in all tested mice 

(Fig.4).  

   *** 

   *** 

   *** 

   *** 

   *** 
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The hyper IgE and IgG1 isotypes are frequently associated with Th2 allergic responses, and 

were equally increased in Foxp3-deficient mice22 and IPEX patients58. The IgA is the 

secretory mucosal Ig per excellence, and their excessive increase could be related to 

responses against microbial components. Are the skin and lung microenvironments favouring 

a Th2 response, and thereby being more affected during the development of scurfy 

phenotype? Hyperimmunoglobulinemia in SPF raised scurfy mice with a Th2 type 

response. 

 

The results in this section indicate that: 

1) Phenotypic variability shown by survival rate, body weight, histological survey and 

seric titers measurements reveal individual somatic variations in genetically 

homogeneous Foxp3-deficient scurfy mice, although raised in a very controlled 

environment. 
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1.2. TESTING THE FOOD CONTRIBUTION TO THE ALLERGIC SCURFY 

PHENOTYPE 

Together these results suggest that genetically homogeneous scurfy mice raised in a 

controlled environment display phenotypic variation in a multi-organ autoimmune disease. 

What circumstances are causing these differences? We propose that a food-mediated or 

microorganism-mediated inflammatory response could be involved. In humans, the FOXP3-

deficiency described as immune dysregulation, Polyendocrinopathy, Enteropathy, X-linked 

PEX (IPEX) syndrome, results from familial slightly different mutations on the FOXP3-gene 

and it is characterized by autoimmune enteropathy, endocrinopathy, dermatitis, eosinophilia, 

hyper-IgE and in some cases suffer severe food allergy58-60. 

Scurfy mice were also exhibiting a Th2 type response, could they suffer from food allergy 

too? To test this hypothesis of food allergy in scurfy mice, breeding of females C57BL/6 

Foxp3sf/sf Rag2-/- with C57BL/6 males or females C57BL/6 Rag2-/- with C57BL/6 males were 

maintained with amino acid food (aa-food) as described in more details in the material and 

methods section. Foxp3sf (n=51) and Foxp3Wt (n=12) mice resulting respectively from these 

breedings were fed with the same aa-food after weaning by 21 days of age. Lifespan was 

monitored every 2 days until natural death or to end of the experiment. Once per week the 

animals were weighed to assess body weight gain. 
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Figure 5 – Body weight variation between scurfy mice raised in SPF fed with aa- or control-food. 

Body weight was monitored in SPF conditions, for Foxp3sf (n=56) and Foxp3Wt (n=15) animals fed 

with standard rodent food (control-food) or fed with amino acid food (aa-food), Foxp3sf (n=51) and 

Foxp3Wt (n=12). Mann-Whitney test***p<0.0001 (Wt ctrl vs aa-food); *p<0.0118 (sf ctr vs aa-food). 

 

Concerning body weight, both Foxp3sf and Foxp3Wt mice fed with aa-food revealed a 

decrease in weight gain compared with mice with the same genotype fed with control food. 

Mann-Whitney test***p<0.0001 (Wt ctrl vs aa-food) for Foxp3Wt; and *p<0.0118 (sf ctr vs 

aa-food) for Foxp3sf mice (Fig.5). However, miscarriages and litters premature death were 

observed in the Wild-type breeding fed with aa-food. Leading us to questioning the nutritional 

value of the aa-food. For that reason survival rate in this situation was not taken into account 

and so the lifespan curve is not shown.  

  *** 

ND 

  *** 

  *** 
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More, although scurfy animals fed with aa-food showed decreased body gain compared with 

scurfy fed with control-food, this decrease was also observed in the comparison between Wt-

control animals fed with aa-food and control-food. Taken together these observation suggest 

that the impair weight gain is not the consequence of a possible allergic impact of the food, 

but probably the outcome of a bad nutritional condition. aa-food impact (decreases) on body 

weight gain in both scurfy and Wt-control animals. 

 

Although there was no improvement in scurfy body weight by feeding the animals with aa-

food, we wanted to further test whether feeding with aa-food would decrease the allergic 

hyper immunoglobulin disorder in scurfy mice. 

Serum was collected once from individual mice aging 24 to 50 days of age in SPF conditions, 

from Foxp3sf (n=13) and Foxp3Wt (n=3) animals fed with control-food or fed with aa-food 

Foxp3sf (n=12) and Foxp3Wt (n=2). Seric IgG1, IgM and IgE titers in scurfy and Wt-control 

animals fed with control-food or with aa-food were detected/tested by ELISA.  
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 Figure 6 – Food contribution to the allergic phenotype in scurfy mice raised in SPF. Seric IgG1, 

IgM and IgE titers in scurfy and Wt-control animals fed with control-food or with aa-food. Serum was 

collected once from individual mice aging 24 to 50 days of age in SPF conditions, from Foxp3sf 

(n=13) and Foxp3Wt (n=3) fed with control-food or fed with aa-food Foxp3sf (n=12) and Foxp3Wt 

(n=2). Mann-Whitney test, NS. 

 

No differences were observed in the titers of IgM, IgG1 and IgE between scurfy fed with aa-

food (n=12) and control-food (n=13). The differences between scurfy and the Wt-control 

animals were maintained with detection of hyper IgE and IgG1 in scurfy mice. The Foxp3Wt 

animals analysed from each feeding condition aa-food (n=2) and control-food (n=3) showed 

the same profile and as expected no IgE was detected (Fig. 6). 
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These results taken together show that the hyper IgE and IgG1 titers and thus the allergic 

phenotype in scurfy mice was not caused by food allergy. Organs from these animals were 

collected at the end of the experiment and will be further analysed by histopathology. Food 

allergens are not the cause of hyper IgG1 and IgE Th2 type response observed in scurfy 

phenotype. 

 

The results in this section indicate that: 

1) The Th2 autoimmune response (hyper IgE and IgG1) observed in the scurfy 

phenotype is not mediated by food allergy. 

 

1.3. ACCESSING THE REQUIREMENT OF MICROBIOTA FOR THE DISEASE 

DEVELOPMENT 

Next, the hypothesis that microbiota composition could be evolved in the scurfy phenotype 

development was tested. The common opportunist pathogen H. hepaticus is a frequent 

endemic infection on mouse facilities and has been associated with inflammatory diseases in 

immunocompromised mice. Could the differences in the severity of scurfy phenotype that 

were found in comparison with other groups be explained by microbiota composition? 
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To address the impact of microbiota composition in the disease development or progression 

the survival and the body weight of Foxp3sf and Wt-control mice raised in SPF or colonized 

with H. hepaticus were compared. To colonize the mice with H. hepaticus, SPF breedings of 

C57BL/6 Foxp3sf/sf Rag2-/- females with C57BL/6 males were transferred to the “Helico” area 

of the IGC rodent facility. These animals were exposed to bedding from mice previously 

colonized with H. hepaticus. After one week, fresh faeces from these new breedings were 

tested by PCR for H. hepaticus detection.  

 

 

Figure 7 – Lifespan and body weight variations in scurfy mice raised in SPF conditions versus 

colonized with H. hepaticus. (A) Kaplan-Meier survival curve and (B) body weight for Foxp3sf 

(n=66) and Foxp3Wt (n=15) control mic raised in highly controlled Specific Pathogen Free facility 

(SPF) compared with Foxp3sf (n=17) raised in a SPF facility colonized with H. hepaticus. Body weight 

curves were significantly different between scurfy mice raised in SPF and those colonised with H. 

hepaticus. Mann-Whitney test ***p<0.0001 (weight SPF sf vs Helico sf). (C) Positive colonization for 

H. hepaticus was assessed by PCR, representative agarose-gel image for H. hepaticus spp and H. 

hepaticus. 
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Scurfy animals from both experimental groups showed decreased lifespan compared with Wt-

control animals, but no differences between the scurfy groups were observed, as all H. 

hepaticus colonized animals die before 110 days of age and the curve of survival show the 

same profile (Fig.7A). Concerning body weight, there was a statistically significant difference 

between the genetically identical mice raised in different microbiota condition (Fig.7B). The 

scurfy mice colonized with H. hepaticus had an impaired body weight gain compared with 

SPF raised animals and in some animals diarrhoea was also observed, which could amplify 

the weight loss. The weight comparison between Wt-control animals raised in SPF and those 

colonized by H. hepaticus showed no differences (data not showed), so the differences 

observed in scurfy body weight could be due to the H. hepaticus colonization.  

In terms of ultimate outcome of the disease (survival rate) there was no difference between 

scurfy mice raised in SPF and those colonized by H. hepaticus. But colonization with this 

common bacterium changed the severity of body weight loss in the scurfy phenotype. 

Colonization with common pathogen H. hepaticus does not change the final outcome but 

impacts in the progression of scurfy disease. 
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To test if the colonization with H. hepaticus would change the Ig profile in scurfy mice, 

serum from Foxp3sf (n=13 to 30) raised in SPF and H. hepaticus colonized Foxp3sf (n=2) was 

tested by ELISA for IgM, IgGtotal, IgG1, IgE and IgA seric isotypes. 

 

Figure 8 – Seric Immunoglobulin titers from scurfy raised in SPF or colonized with H. hepaticus. 

Testing serum from individual mice aging between 30 to 50 days, for different circulating 

immunoglobulin isotypes or subclasses (IgM, IgG total, IgG1, IgE and IgA). Comparison between 

Foxp3sf raised in SPF (n=13 to 30) and raised with intestinal colonization of H. hepaticus (n=2). 

Serum from scurfy mice colonized with H. hepaticus, showed similar Ig profile (IgM, 

IgGtotal and IgG1) as the SPF raised mice, except for the increased titers of IgA and a small 

decrease in IgE (Fig.8). 
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The comparison between SPF and H. hepaticus colonized scurfy mice, although without 

statistically significant results, reveal a small increase in IgA and decrease in IgE titers. This 

is in agreement with intestinal colonization impacting in the IgA increase secretion and 

thereby, possible down regulating the allergic IgE levels. No differences were observed in the 

other isotypes tested. Small numbers of serum samples were evaluated, so conclusions have to 

be taken with precaution. But, taken together the results from body weight and seric Ig titers 

(IgA and IgE) indicate an impact of H. hepaticus colonization in the development of scurfy 

phenotype. Scurfy colonization with H. hepaticus increases IgA titer but do not change 

the overall serum Ig profile. 

 

To rule out if the microbiota was just changing the development or if it was responsible for 

the triggering of the scurfy phenotype, scurfy mice were raised in axenic conditions also 

known as Germ Free (GF). Foxp3sf (n=5) and Foxp3Wt (n=4) embryos were transferred by 

Caesarian section to a GF isolator and adopted by GF foster mothers. At 4 weeks of age 

serum from each individual animal was collected and tested by ELISA to Ig seric isotypes.  



Contribution of the microbiota to the severity of immuno-inflammatory diseases 

 44	  

 

Figure 9 – Seric Immunoglobulin titers from scurfy mice raised in SPF versus GF condition. 

Testing serum from individual mice aging between 30 to 50 days, for different circulating 

immunoglobulin isotypes or subclasses (IgG total, IgG1, IgE and IgA). Serum from animals raised in 

SPF Foxp3Wt (n=8 to 26) and Foxp3sf (n=13 to 30) or raised in GF condition Foxp3Wt (n=4) and 

Foxp3sf (n=5) were analysed. Mann-Whitney test **p<0.0051 (IgG1 SPF sf vs. GF sf).  

 

Seric Ig measurements done in scurfy mice both GF raised and SPF revealed an increase in 

levels of IgGtotal, IgG1, IgE and IgA compared with the Wt-control for each housing 

condition. In overall, GF scurfy mice had the same (IgE) or less circulating immunoglobulin 

(IgGtotal and IgA) than the SPF scurfy mice, but without statistically significance. The IgG1 

levels were significantly increased in scurfy GF compared with those raised in SPF. Mann-

** 
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Whitney test **p<0.0051. The absence of microbiota shows no effect in the Foxp3Wt Ig titers.  

(Fig.9).  

Comparison of Ig seric composition between GF and raised SPF scurfy animals, reveal equal 

IgE titers, decreased IgGtotal and IgA and a significant increase in the IgG1 subclass in 4 

week-old mice, showing that the scurfy phenotype emerges in the absence of microbiota. 

However, since it is a very demanding process to raise mice in GF conditions, and space for 

additional cages is limiting, it was not possible to complete the survival rate and body weight 

measurements. At the end of the experiment, several organs were collected, fixed and 

included in paraffin to further histopathological analysis. Total absence of microbiota 

stimulus leads to decrease in some Ig seric isotypes. But do not change the general Ig 

profile in scurfy mice. 

 

The results in this section indicate that: 

1) The Foxp3-deficiency in scurfy can be seen as the ultimate situation of immune-

deregulation by absence of Foxp3-regulatory T cells. It was demonstrated that this 

extreme phenotype has a Th2 type of response component, like an allergic-type response 
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that was not caused by food-allergy, while it may be partially promoted by 

microorganisms.  

2) The common opportunist pathogen (H. hepaticus) influences the rate or severity of the 

disease outcome. But, although the microbiota has an impact on the severe autoimmune 

disease induced by Foxp3-deficiency, the results from GF raised mice indicate that 

microbiota is not required for its development. 
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RESULTS – PART 2 

CONTRIBUTION OF THE MICROBIOTA TO AUTOIMMUNITY IN 

TGF-BETA DEFICIENT MICE 
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TGFβ1 is the prevalent isoform of Transforming Growth Factor-β (TGFβ) in the immune 

system, and play two major roles, a proinflammatory and an immunosuppressive with control 

of activation and effector functions in the adaptive immune system but also in the innate 

immune system25, 29, 32.  TGFβ binds to the TGFβ receptor II, (TGFβRII) triggering different 

signalling pathways, these effects, are themselves regulated by different mechanisms 

including lymphocyte proliferation and differentiation. Germline ablation of the TGFβ1 gene 

expression confirmed the importance of TGFβ in immune homeostasis, with mice carrying 

the mutation developing severe autoimmune multi-organ pathology and in some genetic 

background exhibit embryonic lethality34, 36.  

However, this cytokine family has pleiotropic actions, acting on multiple tissues with a broad 

distribution of this receptor within and outside the immune system, which difficult the full 

comprehension of TGFβ1 role in the control of immune homeostasis.  

Generated transgenic mice expressing a dominant-negative form of TGFβRII lacking the 

kinase domain (dn-TGFβRII) under different T cell promoters or with T cell specific deletion 

of conditional TGFβRII allele, further addressed the specific role of TGFβ signalling in the T 

cells. The model used in this project the B6.CD4-dnTGFβRII has been defined as suffering 

from an autoimmune inflammatory condition, with T cell involvement and cytokine 
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production leading to disease by 4 to 5 months of age as well as development of spontaneous 

Inflammatory bowel disease (IBD)40.  

A century ago, Metchnikoff hypothesized that microbiota was engaged in a mutualistic 

interaction with the host and that dysbiosis (or dysbacteriosis, process of alteration in the 

composition of microbiota) could deregulate immune responses and promote the development 

of inflammatory diseases. In immunecompetent hosts H. hepaticus was shown to inhibit host 

innate and adaptive immune responses61. However, in immunocompromised mice (IL10-/-) the 

same bacteria caused severe colitis62. IBD is the outcome of an aberrant mucosal immune 

response consequence of a combination of genetic and environmental effects, resulting in 

intestinal tissue damages. But, can the composition of the microbiota influence the 

development of inflammatory disease inside and outside the gut?  

In 1997 Boivin et al., proposed that the fatal disease in TGFβ1-deficient mice would be 

autoimmune rather than inflammatory, as GF mice developed similar severe inflammatory 

lesions compared with SPF raised mice 37. However, in several mouse models of autoimmune 

arthritis, microbiota was shown to trigger disease and in one model, disease does not develop 

in GF mice63. 

The extreme disease phenotype could hide this microorganism-mediated response, so it was 

expected that by following the development of a mild phenotype as those of the B6.CD4-
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dnTGFβRII mice, it would be feasible to detect differences in disease severity according to 

microbiota composition and clarify the role of the microbiota in the disease development. 

Therefore, dissociating the inflammatory from the autoimmune phenomena impacting in this 

model of T cell specific TGFβ signalling disruption.  

For this, in a first step, the disease progression was characterized in the standard rodent 

facility (SPF); secondly, the impact of common pathogen H. hepaticus (Helico) colonization 

was tested and finally the effect of absence of microbiota, the axenic condition (GF). The 

final goal was to characterise the T cell population in terms of activation, Foxp3 expression 

and impact on B cell population quantifying the Ig production and cytokine production.  

 

2.1. CHARACTERIZATION OF AUTOIMMUNE DISEASE IN CD4-DNTGFβRII 

TRANSGENIC MICE 

This transgenic mouse model created by Gorelik and Flavell in 2000 expressed the dominant-

negative TGFβ Receptor type II (dnTGFβRII) under the control of the CD4 promoter, but 

without the CD8 silencer40. It had been shown before that the expression of this dominant-

negative form blocked the TGFβ signalling. So in this model TGFβ signalling will be blocked 

in CD4 and CD8 but not in B lymphocytes or other cells. 
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2.1.1.  GENETIC HOMOGENEITY 

 

Figure 10 – Production of genetically identical C57BL/6 CD4-dnTGFβRII mice. (A) Initial 

breeding strategy using C57BL/6 inbred females crossed with B6.CD4-dnTGFβRII males. (B) 

Breeding strategy established to simplify the maintenance of the Tg. Animals carrying the Tg were 

backcrossed with the Rag2KO mutant to produce animals carrying the mutation but not suffering from 

the disease (B6.CD4-dnTGFβRII Rag2-/-). (C) The breeding of C57BL/6 females with B6.CD4-

dnTGFβRII Rag2-/- males produces mice heterozygous for the Tg and Rag2 gene that were used in 

further experimental procedures as Tg and Wt mice respectively. (D) Representative agarose-gel 

image of PCR to CD4-dnTGFβRII and Rag2 mutant and endogenous genes. 
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Before considering the possible role of the microbiota, the B6. CD4-dnTGFβRII (from now 

on denominated as Tg) phenotype itself was characterized in IGC SPF conditions, comparing 

with non-Tg animals (from now on denominated as Wt). A breeding strategy similar to the 

Foxp3sf mutation was performed in the Tg mice to ensure the maintenance of the Tg in non-

developing disease animals.  

In the initial colony B6.CD4-dnTGFβRII animals were maintained by breeding of C57BL/6 

females with Tg males (Fig.10A). Although the development of the disease only occurs late 

in adult life, this strategy was not very efficient to produce genetically homogenous large 

numbers of animals.  So, as for the Foxp3sf colony, this Tg line was backcrossed to the 

Rag2KO background; producing animals that although expressing the Tg, were devoid of 

lymphocytes and as such were healthy (Fig.10B). Females C57BL/6 were finally bred with 

B6.CD4-dnTGFβRII Rag2-/- males, producing both Tg (B6.CD4-dnTGFβRII Rag2+/-) and 

Wt-littermate control animals (B6.Rag2+/-) used in further analysis (Fig.10C). Animals 

carrying the proper genotype were selected by PCR to detect transgene dnTGFβRII and assess 

Rag2 status to mutant and endogenous genes (Fig.10D) as described in material and methods. 

Moreover, due to a logistical aspect, only females were analysed in the B6.CD4-dnTGFβRII 

project. Improved breeding strategy to produce genetically identical mice C57BL/6 CD4-

dnTGFβRII and Wt-littermate control. 
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2.1.2.  REDUCED BODY WEIGHT AND TISSUE INFILTRATION  

The aim of this first approach to the model was to define two groups, one in the initial phase 

before overt clinical signs of the disease and other the second group with severe pathological 

manifestations, in which the cellular components, nature and function of T cell response 

would be assessed. In order to establish the rate of disease progression and characterise some 

aspects of the pathology in IGC SPF condition, Tg and Wt-littermate control animals were 

followed throughout 10 months. The body weight was measured a minimum of two times per 

animal and in the first group two animals of each genotype Tg and Wt-littermate control were 

sacrificed and their organs collected for histological analysis.  

 

Figure 11 – Body weight and Histopathology variations in Tg mice raised in SPF. (A) Curves and 

mean of body weight measurements in SPF conditions for Tg mice (n=62) and Wt (n=50) animals 

Mann-Whitney test (***p<0.0001) (SPF Wt vs Tg). (B) Representative H&E-sections of indicated 

organs isolated from 14 weeks old Tg mice (n=2) and Wt-littermate control animals (n=2) (100x).  
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Body weight from Tg (n=62) and Wt (n=50) mice housed in SPF condition was measured for 

10 months starting at weaning age. Each animal was weighed a minimum of two times during 

the course of the experiment. Until 11 weeks of age there were not much differences observed 

between Tg and Wt animals. With age, the difference increased and by 20 weeks of age Tg 

mice exhibited severe weight loss (***p<0.0001). Pointing to a slower disease progression 

since the first sign of disease appeared around 4 months of age, the two groups were defined 

as: first group (initial phase) to be between 11 and 14 weeks of age and the second group (late 

phase) to be between 20 and 24 weeks of age (Fig. 11A). 

Preliminary histopathology analysis was based on H&E-stained sections and focused on the 

presence of inflammatory infiltrates in organs typically described as being involved in this 

model (lung, liver and colon). Tg mice showed multifocal lymphoid cell infiltration, 

associated with foci of foam cell accumulation in the lung; displayed mild to moderate 

periportal lymphoid cell accumulation in the liver and moderate multifocal lymphoid cell 

infiltration was seen in the mucosal and sub-mucosal layers of the colon. None of this 

alteration was observed in Wt-littermate control (Fig. 11B). 
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2.1.3.  HYPERGLOBULINEMIA 

To determine the seric Ig levels, blood from animals with 23 weeks of age was collected, and 

the serum isolated to further ELISA test and subsequent seric Ig detection. 

 

Figure 12 – Seric Immunoglobulin titers in Tg and Wt-littermate control mice raised in SPF. 

Serum was collected once from Wt (n=4) and Tg (n=3) individual mice at 23 weeks of age in SPF 

conditions and seric Ig was measured for different isotypes IgGtotal, IgG1, IgM and IgE. Mann-

Whitney test, NS. 

 

ELISA analysis of seric Ig showed an increase in IgG1 and IgE levels in Tg mice. Although 

without statistical significance within the small group of mice analysed (this difference could 

be confirmed with a larger sample size), these results suggest inbalance toward the Th2 type 

responses. For the IgGtotal and IgM virtually no differences were found between Tg and Wt-

littermate animals. Here are shown the results from only three Tg and four Wt-littermate 
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control animals, however sera from Tg (n=22) and Wt (n=15) animals from the second group 

have been collected as well as from animals from the initial group, and will be further 

analysed by ELISA. These additional samples will be essential to strengthen these findings 

(Fig.12). Mild hyperimmunoglobulinemia in Tg mice with a Th2 type response and 

increased levels of IgG1 and IgE isotypes. 

 

Together, the results in this section indicate that: 

1) Blocking TGFβ  signalling in both CD4+ and CD8+ T cells results in a pathological 

condition reflected by multi-organ autoimmune-associated lesions, intense weight loss 

and increase segregation of Ig isotypes usually related with Th2 type responses. 

 

2.2.  IMPACT OF HELICOBACTER HEPATICUS COLONIZATION ON DISEASE 

PROGRESSION  

2.2.1.  BODY WEIGHT VARIATION 

SPF breeding of C57BL/6 females with B6.TgCD4dnTGFβRII Rag2-/- males were transferred 

to the “Helico” area of the IGC rodent facility and exposed to the bedding of naturally 

acquired H. hepaticus colonized mice. After one week, fresh faeces from these new colonized 
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animals were collected and tested for the bacterium, by PCR (Fig.13A) as described in 

material and methods section. Since these mice develop a delay phenotype compared with 

Foxp3sf and they survive for several months, the survival rate was not monitored in this 

model.  

 

Figure 13 – Characterization of the Tg phenotype in SPF raised and in H. hepaticus colonized 

mice. (A) Representative agarose-gel image of PCR to H. hepaticus bacterial colonization: hepaticus 

spp and H. hepaticus. (B) Body weight variation curves are the result of measurement of a minimum 

of two time-points of weight from each Wt (n=50) and Tg (n=62) mice in SPF conditions and Wt ( 

n=43) and Tg (n=60) weight in Helico environment. Mann-Whitney test ***p<0.0001 (SPF Wt vs Tg) 

and (Helico Wt vs Tg). 

 

The body weight of Wt-littermate control (n=50) and Tg (n=62) mice housed in SPF 

conditions and Wt-littermate control (n=43) and Tg (n=60) mice colonized with H. hepaticus 

was measured, and each animal was weighed a minimum of two times for the duration of the 
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experiment. Both Tg raised in SPF or in H. hepaticus colonized condition have a severe 

weight loss compared with their Wt-littermate control animals. Mann-Whitney test 

***p<0.0001 (Wt vs Tg). However, the body weight within the same genotype Wt-littermate 

control (p= 0.7325) or Tg (p=0.1686) under different microbiota conditions showed no 

differences. (Fig.13B). With age, diarrhoea and rectal prolapse were frequently observed in 

Tg colonized with H. hepaticus, observations that were never detected in the SPF or GF 

conditions. Colonization with the common opportunist pathogen (H. hepaticus) does not 

seem to change the body weight curve. 

 

2.2.2.  VARIATION IN SERIC IG TITERS 

Mice with 23 weeks of age from all conditions, SPF, and Helico and genotypes Tg and Wt-

littermate control, were bled and their serum was isolated for ELISA determination of Ig seric 

profile. 
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Figure 14 – Seric Ig titers from Tg and Wt mice raised in SPF or colonized with H. hepaticus. 

Seric Ig titers from individual mice with 23 weeks of age raise in SPF conditions from Wt (n=4) and 

Tg (n=3) and from Wt (n=2) and Tg (n=2) colonized with H. hepaticus were analysed for IgM, IgG 

total, IgG1 and IgE. For IgA only animals colonized with H. hepaticus were tested. 

 

Concerning Ig titers, differences between the two environments were very subtle for IgM and 

inexistent for IgGtotal. There was a small decrease of IgG1 in mice colonized with H. 

hepaticus as compared with SPF (Fig.14), indicating that B cell tolerance depends on the T 

cell. Unfortunately, only H. hepaticus animals were tested for IgA detection, and no 

differences were observed between Tg and Wt-littermate control. The total of sera collected 

from the two age groups will be further analysed.  
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However, the results from Ig titers need to be taken as a preliminary study because few sera 

were analysed either from SPF Wt (n=4) and Tg (n=3) or from H. hepaticus colonized Wt 

(n=2) and Tg (n=2) animals, they indicate that H. hepaticus colonization did not lead to a 

substantial increase in the humoral immune response. 

 

2.2.3.  VARIATION IN LYMPHOCYTE NUMBER AND PHENOTYPE 

The presence of TGFβ in the lymphocyte environment is essential for maintaining T cell 

homeostasis, so next the status of T cell subpopulations in both SPF and H. hepaticus 

colonized mice was studied. 

To perform the cellular analysis, Tg and Wt-littermate control animals were analysed at two 

time-points: 11 to 14 weeks of age and 20 to 24 weeks of age from both SPF and Helico 

conditions.  Spleen, a pool of inguinal, axillary and braquial (iabLN) and mesenteric (mesLN) 

Lymph Nodes (LN) were collected from individual mice at both timespans. Due to the few 

number of Intraepithelial (IELs) and Lamina Propria (LPLs) lymphocytes that could be 

recovered, intestines from two identical animals were polled and only animals from the older 

group were analysed.  
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Table 1 – Tg mice SPF vs. Helico condition. Summary table of number of animals used. For 

IELs and LPLs the numbers in the table represent a pool of two identical animals. Two of the Tg SPF 

raised animals were used to set the antibodies mixed and protocols and so only 16 of those animals 

were used for the experiment analysis. Not all animals were used in all stainings, with nd meaning not 

done. 

 

 

Table 1 summarises of number of animals used per genotype according to the age group and 

microbiota condition for the selected organs. Spleen was chosen to be a representative organ 

of the peripheral status. Following the hypothesis that microbiota effects could be highlighted 

in gut/intestinal draining LNs and in intestinal specific lymphocytes, mesLN, IELs and LPLs 

were collected. As LN control, a pool of non-intestinal draining LNs, iabLN was also 

examined. 

11 to 14 weeks of age 20 to 24 weeks of age 
SPF Helico SPF Helico 

Spleen Wt 5 4 10 4 
Tg 7 9 18 6 

LN (iabLN and Wt 5 2 10 3 
mesLN) Tg 7 4 14 7 

Intestinal (IELs Wt nd nd 4 4 
and LPLs) Tg nd nd 5 5 
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2.2.3.1.  Lymphocyte number variations 

 

 

 
Figure 15 – Tg mice SPF vs. Helico condition. Number of live lymphocytes in selected lymphoid 

organs. (A) Representative flow cytometry dot plot showing gating strategy to acquisition of live 

lymphocytes and beads counting solution. (B) Graphs showing total live lymphocytes in different 

lymphoid organs: Spleen, iabLN, mesLN and Intestinal lymphocytes (IELs and LPLs). Live 

lymphocyte counts were deduced from the acquisition of a fixed number of latex beads mixed with a 

known volume of unstained cell suspension in propidium iodide. Mann-Whitney test performed. 
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Lymphoid organs were collected and minced into single-cell suspensions. To perform counts, 

single-cell solutions were re-suspended in 1mL suspensions; 10µL of this solution was added 

to the counting mix of 10µL of beads (5x105 beads/mL) and 80 µL of Propidium Iodide (PI) 

stain solution. Live lymphocytes were gated according to their Forward Scatter/ Side Scatter 

(FSC/SCC) profile and dead cells excluded by PI positive mark. Five hundred counting beads 

were acquired in the beads gate in the FSC/SCC, allowing to deduce the number of 

lymphocytes acquired in the same volume of the sample (Fig. 15A) as described in material 

and methods section. 

In young animals, no differences were observed between SPF and H. hepaticus raised animals 

(within animals with the same genotype). In all organs, Tg animals showed increase in 

lymphocyte numbers compared with Wt-littermate control animals, being statistically 

significant in spleen for both microbiota condition, SPF (*p<0.05) and Helico (**p<0.01) and 

in mesLN for SPF (**p<0.01) alone according with Mann-Whitney statistical tests.  

With age, Tg SPF raised mice showed a decrease in number of live lymphocytes, reaching 

almost Wt-littermate control levels, contrary to the Helico condition where the numbers 

stayed constant. Therefore, at 20 weeks of age the number of live lymphocytes in Tg Helico 

mice were bigger than in SPF for spleen (***p<0.001), iabLN (**p<0.01) and mesLN 

(*p<0.05). In the Helico condition this decrease was delayed and only occurred in much older 
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mice in both iabLN (*p<0.05) and mesLN (*p<0.05) (data not shown). In Wt-littermate 

control animals, the numbers of live lymphocyte were maintained mainly constant both 

during the aging process and or microbiota status.  

In specific intestinal lymphocytes (IELs) the H. hepaticus colonized mice (both Tg 

(**p<0.01) and Wt-littermate control animals (*p<0.05) have increased number of live 

lymphocytes compared with SPF control. But the small increase in lymphocyte numbers in Tg 

compared Wt-littermate control in both microbiota conditions, had no statistical significance. 

For LPLs, Tg mice showed an increased number comparing to their Wt-littermate control 

mice in both SPF (*p<0.05) and H. Hepaticus (**p<0.01) and further increase in numbers in 

H. hepaticus colonized mice compared with SPF raised, both Wt-littermate control (*p<0.05) 

and Tg (**p<0.01) mice (Fig.15B). That could be the result of H. hepaticus extra-stimulation 

at the site of colonization. 

 

Together these results evidence that: 

 1) In initial phases of the disease there is an increase in numbers of T lymphocytes in 

both Tg SPF and H. hepaticus colonized mice compared with Wt-littermate control; 
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 2) With the disease progression the numbers in secondary lymphoid organs in Tg SPF 

raised decrease as a possible consequence of tissue lymphocytic infiltration and this 

decrease is delayed in Tg colonized with H. hepaticus.  

 

2.2.3.2.  Variation in helper and cytotoxic T cell frequency and number  

In the periphery, TGFβ is necessary for the survival of naïve T cells, and it also maintains 

peripheral tolerance by inhibiting the proliferation and differentiation of self-reactive T helper 

and cytotoxic T cells. Next the subsets of helper and cytotoxic T cells were determined within 

the lymphocytic population. Using the beta chain of the T cell receptor (TCRβ) as T cell 

lineage marker and CD4 or CD8 as cell surface co-receptor for respectively: T helper cells or 

cytotoxic T cells subpopulation. The frequencies were obtained by gating on CD4+ or CD8+ 

positive cells within live lymphocytes (Fig.16A).  
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Figure 16 – Tg mice SPF vs. Helico condition. Frequency of CD4+ and CD8+ TCRβ+ 

lymphocytes. (A) Representative dot plot showing CD4+ versus CD8+ lymphocytes gated inside live 

TCRβ+ lymphocytes and scheme of dot plot readout, showing T helper cells CD4+CD8- and cytotoxic 

T cells CD8+CD4-. (B) Frequency histogram of CD4 and CD8 positive lymphocytes for selected 

organs. Individual graphs as supplementary figure (Fig.28), and number of animals used per condition 

(Table 1). 
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In the first phase of the disease, it was observed a small decrease in the frequency of CD4+ T 

cells in Tg mice compared with their Wt-littermate control for mice raised in both microbiota 

(SPF and H. hepaticus). This decrease was especially higher in iabLN from Tg SPF raised 

mice compared to their Wt-littermate control (**p<0.01) or to Tg H. hepaticus colonized 

mice (*p<0.05) (Fig.16B).  

This decrease is even more notable in Spleen with increasing age and disease progression, in 

both microbiota conditions SPF (**p<0.01) and Helico (*p<0.05) and in Tg mice H. 

hepaticus colonized in iabLN (*p<0.05). Still, a decrease was also observed in Wt-littermate 

control SPF (*p<0.05) splenocytes with age. In contrast, in the intestinal/mucosal 

lymphocytes (both IELs and LPLs) Tg animals shown an increase in the frequency of CD4+ 

lymphocytes compared with their Wt-littermate control mice, been statistically significant in 

H. hepaticus colonized mice (*p<0.05). Nevertheless, no differences were observed between 

animals within the same genotype (Fig.16B). Individual graphs as supplementary figure 

(Fig.28A). 

In the frequency of CD8+ T cells, before the first signs of disease (first group) there were no 

noteworthy differences between Tg and Wt-littermate control animals in both SPF and Helico 

conditions. Overt signs of disease were corroborated with first differences in CD8+ 

frequencies between Tg and Wt-littermate control animals. Significant increase in CD8+ 
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subpopulation was observed in Tg SPF mice compared with Wt-littermate control for spleen 

(**p<0.01), iabLN (**p<0.01) and mesLN (***p<0.001). With age H. hepaticus colonized 

Tg mice also showed an increase in CD8+ T cells subpopulation in spleen (**p<0.01), iabLN 

(*p<0.05) and mesLN (*p<0.05), comparing with younger animals of the same genotype and 

condition. Yet, no differences were observed between the different microbiota conditions. In 

IELs the huge variability and low number of animals analysed do not allow for any solid 

conclusion, but if anything looks like that there are no differences between Tg and Wt-

littermate control mice colonized with H. hepaticus, nor between Tg mice raised in both SPF 

and Helico microbiota, just the Wt-littermate control raised in SPF showed a smaller 

frequency in CD8+ T cells. LPLs from Tg mice of both SPF and Helico (*p<0.05) conditions 

showed increased frequency of CD8+ T cells comparing with their respective Wt-littermate 

control (Fig16B).  

 

Together these results reveal:  

1) Progressive decrease in the frequency of CD4+ T cells in Tg mice, with specific impact 

in the Spleen from both microbiota conditions and in the iabLN of those colonized with 

H. hepaticus. 
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2) Delay in the increase of CD8+ T cells frequencies to later phases of the disease 

progression in both Tg raised conditions without differences between them. 

 

To test if the differences in frequencies would correspond to differences in size of the relative 

populations, the frequencies were translated to numbers of CD4+ and CD8+ T cells (Fig.17) 

by multiplying the respective frequencies (Fig.16) by the total lymphocyte numbers (Fig.15). 
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Figure 17 – Tg mice SPF vs. Helico condition. Numbers of CD4+ and CD8+ lymphocytes for 

selected lymphoid organs. Graph for total number of live (A) CD4 positive lymphocytes, and (B) 

CD8 positive lymphocytes. For total numbers, the total lymphocyte number was multiplied by the 

respective frequency.  
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Total numbers, were deduced from multiplied total lymphocyte numbers in each organ 

(Fig.15B) by the respective CD4+ and CD8+ T cells frequencies (Fig.16B). In young mice it 

was observed an increased number of CD4+ lymphocytes in spleen (*p<0.05) and mesLN 

(**p<0.01) in Tg mice compared with Wt-littermate control animals, while the microbiota 

(SPF versus H. hepaticus) did not seem to influence the number in any condition. In Tg mice 

SPF raised, with age the number of CD4+ T cells significantly decreases (***p<0.001) in 

spleen, iabLN and mesLN, possible through cell-migration to tissues were they were detected 

by H&E histological analysis (Fig. 11B). A decrease was also observed in the Tg H. 

hepaticus colonized mice, significantly in mesLN (*p<0.05) but with less extent than in SPF. 

Resulting in a significant lower number of CD4+ T cells in Tg SPF compared with H. 

hepaticus condition for spleen (**p<0.01), iabLN (**p<0.01) and mesLN (*p<0.05). In both 

IELs and LPLs, Tg H. hepaticus colonized mice showed a significant increase in the number 

of CD4+ compared with Tg raised in SPF (*p<0.05) and their respective Wt-littermate control 

(*p<0.05). As expected in Wt-littermate control mice no differences are observed in-between 

microbiota or ages (Fig.17A).   
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Concerning CD8+ T cells numbers, an increase in Tg mice (both SPF and H. hepaticus 

colonized) was observed, compared with their respective Wt-littermate control since early 

time-points, in all organs analysed. Statistically significant for Spleen in both microbiota 

conditions (*p<0.05), and for iabLN (**p<0.01) just in SPF. With disease progression, a 

small decrease could be observed in Tg mice SPF raised significantly in iabLN (**p<0.01), 

while in Tg mice colonized with H. hepaticus the increase in CD8+ T cells number became 

more expressive, been significantly higher than the Tg mice raised in SPF in all organs, 

specifically (*p<0.05) for Spleen and mesLN and (**p<0.01) for iabLN (Fig.17B).  

 

The results in this section indicate that: 

1) At the initial onset of the disease numbers of CD4+ and CD8+ T cells in Tg mice were 

increased similarly in both microbiota conditions.  

2) With age, the number of CD4+ in Tg animals raised in both conditions displayed a 

decrease, more significantly in SPF. For CD8+ T cell numbers just for Tg SPF raised this 

decrease was observed, as Tg mice colonized with H. hepaticus exhibited an increase in 

this subpopulation. Both IELs and LPLs of Tg mice colonized with H. hepaticus showed 

an increase in the T cell numbers compared with Tg SPF raised mice. 
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2.2.3.3.Variation in lymphocyte activation 

To explore if the peripheral T cell expansion was associated with T cell activation, T helper 

cells (CD4+) and cytotoxic (CD8+) T cells (Fig.16), were tested for activation CD44 and naïve 

CD62L markers respectively. Discriminating that way for naïve (CD62LhiCD44-), activated 

(CD44+CD62Llo) and memory (CD44+CD62Lhi) subpopulations (Fig.18). These 

subpopulations will be from now on denominated as naïve (CD62Lhi), activated (CD44+) and 

memory (CD44+CD62Lhi). 
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Figure 18 – Tg mice SPF vs. Helico condition. Activation markers in T cells for selected organs. (A) 

Representative dot plot showing CD44+ versus CD62L+ within CD4+ or CD8+ lymphocytes gated inside live 

lymphocytes. Frequency histogram for activation status within CD4+ (B) and within CD8+ (C). Individual 

graphs as supplementary figure (Fig.29) 
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showing less activated phenotype at both age groups (*p<0.05). As expected the frequency of 

naïve subpopulation, characterized by the CD62Lhi mark followed the inverse profile of the 

CD44+ activation marker. Surprisingly, the bigger differences between the same genotype 

raised in the difference microbiota came from the CD4+ CD44+ CD62Lhi T cell subset (central 

memory T cells) especially within the earlier stages of disease onset. In Tg animals colonized 

with H. hepaticus, the central memory population was significantly increased in both iabLN 

(**p<0.01) and mesLN (*p<0.05) compared with SPF and inversely decreased in spleen 

(*p<0.05). In the Wt-control animals there were no differences between ages or microbiota 

colonization. In both IELs and LPLs intestinal populations, no differences could be seen 

between Tg and Wt-littermate control animals raised with H. hepaticus colonization, but Tg 

SPF raised animals showed an increase in activation inside the CD4+ populations and 

decrease in CD44+CD62Lhi subpopulation compared with their Wt-littermate control animals 

(Fig.18B). Individual graphs as supplementary figure (Fig.29).  

Concerning the activation (CD44+) levels in CD8+ cytotoxic T cells, Tg animals displayed 

increased frequencies in all conditions comparing to their Wt-littermate control. In the initial 

phases there was no differences between the Tg animals raised in the different microbiota, but 

as the disease evolved, the frequency of CD8+ activated T cells increased significantly in the 

iabLN (*p<0.05) and mesLN (***p<0.001) from Tg SPF raised mice. In contrary, the 
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frequency of activated CD8+ T cells in Tg mice colonized with H. hepaticus was maintained 

almost without alterations, resulting in smaller activation levels in Tg mice colonized with H. 

hepaticus than in Tg mice raised in SPF, significantly for iabLN (*p<0.05) and mesLN 

(*p<0.05). The memory phenotype (CD44+CD62Lhi) was increased in all Tg mice compared 

with their Wt-littermate control in all phases of the disease, and no major differences could be 

detected between animals raised in different microbiota conditions. In contrary, the levels of 

activation and memory phenotype within the CD8+ population of the IELs and LPLs where 

increased similarly in both Tg and Wt-littermate control mice colonized with H. hepaticus 

compared with mice SPF raised. And though no significant differences could be observed 

between the different genotypes in Helico condition, the Tg SPF raised animals had increased 

activation profile within both CD4+ and CD8+ T cells comparing to their Wt-littermate control 

(Fig.18C). Individual graphs as supplementary figure (Fig.29). 

 

The results in this section indicate that: 

1) In SPF raised Tg animals, the increased activation phenotype (CD44+) in both the 

CD4+ and CD8+ T cells was observed in the initial phase and strengthen with age 

contrary to the Tg H. hepaticus colonized animals where, although showing a more 

activated phenotype comparing with their Wt-littermate control animals did not show 
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much age related increase and in some conditions were less activated than the Tg SPF 

raised animals.  

2) Surprisingly, although with less importance in later phases of the disease, Tg animals 

colonized with H. hepaticus showed in the LN populations an increase in the central 

memory population (CD44+CD62Lhi) within the CD4+ T cells compared with the Tg SPF 

raised that was almost abolished with the disease progression. 

3) Concerning CD8+ central memory population (CD44+CD62Lhi) all Tg animals display 

a frequency increase towards the Wt-littermate control but no differences were 

observed between microbiota and age. In contrary, in IELs population there was an 

increase in activation profile (CD44+) in both CD4+ and CD8+ T cells subpopulations and 

an increase in central memory (CD44+CD62Lhi) phenotypes within the CD8+ T cells in 

H. hepaticus colonized mice compared with SPF raised. 
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2.2.3.4.Variation in T helper cell subsets  

Another feature of T cell activation is the production of cytokines by activated cells. To 

determine this, splenocytes were stimulated with Phorbol 12-myristate 13-acetate/Ionomycin 

(PMA/IONO) and Brefeldin A (as described in material and methods section) to detect 

cytokine production by flow cytometry. PMA/IONO stimulation mimics the cell activation by 

binding to and activating the PKC signal together with increasing calcium (Ca2+) intracellular 

levels. Brefeldin A optimizes the detection by inhibiting protein transportation, preventing 

cytokines secretion, thus trapping them in intracellular compartments. This technique allows 

for the simultaneous intracellular detection of two cytokines within a single-cell. 

 

The frequency of cytokine producing cells within the CD4+TCRβ+ and CD4-TCRβ+ 

subpopulations was higher in Tg mice compared with Wt-littermate control, and it was 

progressively increasing with the disease development, since there were no differences within 

Wt-littermate control mice throughout aging process (Fig.19B). 
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Figure 19 – Tg mice SPF vs. Helico condition. Cytokine expression in activated splenocytes. (A) 

In splenocytes detection of intracellular cytokines (IL4 and INFγ) expression was measured after 

stimulation with PMA/IONO and Brefeldin A. Representative dot plot showing IL4 versus IFNγ 

expression within CD4+TCRβ+, CD4-TCRβ+ and CD4-TCRβ- T cells subpopulations gated inside live 

lymphocytes. (B) Frequency histograms for IL4 and IFNγ production within CD4+TCRβ+, CD4-

TCRβ+ and CD4-TCRβ-, from activated splenocytes. Different frequency scales were used to adjust to 

different levels of cytokine production. Individual graphs as supplementary figure (Fig.30). 
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the disease progressed, the IFNγ producers increased, especially in H. hepaticus raised mice 

(*p<0.05) followed by a decrease in the IL4 population (**p<0.01) (Fig.30A). In the SPF 

raised there was also an increase with age of cytokine producing cells, especially IL4 

producers and, although no statistical differences could be obtained, Tg SPF raised animal 

(with 20-24 weeks old) had more cells capable of producing IL4 than the Tg H. hepaticus 

colonized (Fig.19B).  

Regarding the CD4-TCRβ+ population, again it could be observed an increase of cytokine 

producing cells in Tg animals compared with the Wt-littermate control animals. Comparing 

Tg animals raised in the different microbiota, in the initial phases there were more IFNγ 

(*p<0.05) and less IL4 (*p<0.05) producing cells in H. hepaticus colonized mice than in SPF 

raised. With the evolution of the disease, there was an increase in IFNγ (**p<0.01) and a 

decrease in the IL4 producers more important in the SPF animals, resulting in increased 

frequencies of IFNγ (**p<0.01) in Tg SPF raised mice compared with Tg colonized with H. 

Hepaticus (Fig.19B) and for a more detailed information supplementary figure (Fig.30B). 

As expected in the CD4-TCRβ- subpopulation the production of IFNγ or IL4 was almost 

inexistent, however, very surprisingly, in the group of younger Tg animals colonized with H. 

hepaticus showed increase production of IFNγ compared to the SPF raised (*p<0.05) and 

with the onset of the disease in the group of Tg SPF raised with 20 to 24 weeks of age, a 
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significant population of IFNγ producing cells appeared (*p<0.05) (Fig.19B). Individual 

graphs as supplementary figure (Fig.30). 

 

Overall, these results indicate that: 

1) Tg animals displayed increase cytokine expression within both TCRβ+ CD4+ or CD4- 

T cells than their respective Wt-littermate control animals. With development of the 

disease, SPF raised Tg showed an increase in IFNγ and IL4 producing populations 

within the CD4+TCRβ+ T cell population.  

2) Comparison between animals raised in different conditions, it could be observed that 

Tg animals colonized with H. hepaticus, in the initial phases of the disease had more 

CD4+TCRβ+ cells producing IL4, but with time that population decreased, contrary to 

the one in the SPF raised animals.  

3) For the CD4-TCRβ+ subpopulation, at both time-points of the disease, Tg SPF raised 

mice exhibited an increase in IFNγ-IL4+ production compared to H. hepaticus colonized 

mice. 
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2.2.3.5.Variation in Treg numbers  

During the course of an infection, it is essential the proper function of the homeostatic 

mechanisms of immune regulation with appropriated balance between effector and regulatory 

responses. As regulatory Treg cells are of most importance in the maintenance of peripheral 

tolerance and TGFβ has been shown to be required for their activity, addressing the status of 

Foxp3+ Treg was of pivotal importance. 

Usually Treg are described as belonging to the Foxp3+CD4+TCRβ+ T cell subset, but we 

wanted to see if in this disease condition where CD4+ cells cannot sense TGFβ, it would be 

possible to detect the appearance of another population. The proportion of Foxp3+ (Treg) 

cells, within TCRβ+ T cells from either CD4+ or CD4- subsets (Fig.16A) was determined by 

intracellular flow cytometry staining (Fig.20).  

In spleen, there were almost no differences between genotypes, microbiota or age condition. 

However, in LN, consistently, the Tg mice showed increase proportion of Foxp3+ cells 

especially in CD4+ within both SPF raised and H. hepaticus colonized mice (without detected 

differences between them). In the initial phase of the disease there was a small but significant 

decrease in the frequency of Treg cells within the CD4- T cells subset in iabLN (*p<0.05) and 

mesLN (**p<0.01) from Tg mice raised in SPF compared with those colonized with H. 

hepaticus.  



Contribution of the microbiota to the severity of immuno-inflammatory diseases 

 85	  

 

Figure 20 – Tg mice SPF vs. Helico condition. Foxp3 expression in T cells for selected organs. 

(A) Representative dot plot showing Foxp3 expression within CD4+TCRβ+ or CD4-TCRβ+ live cells 

(from now on referred as CD4+ and CD4- respectively). (B) Histogram with the proportion (%) of cells 

expressing Foxp3, within CD4+, CD4- or within all lymphocytes, for each of the selected organ. 

Individual graphs as supplementary figure (Fig.31). 
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Even though without statistically power, with the onset of the disease an increase in this 

frequency could be observed for Tg SPF raised mice. This increase in the Treg population 

with disease progression was also observed for the Foxp3+ within the CD4+ T cells for the Tg 

mice raised in both microbiota conditions, and significantly for SPF in iabLN (***p<0.001) 

and mesLN (*p<0.05). In IELs, the frequency of Foxp3+ cells within CD4+ and CD4- T cells 

was smaller than the observed in the LN, and although without statistic significances, Tg mice 

seam to have a decrease in the Foxp3+ population comparing with Wt-littermate control 

animals. But no differences could be detected between mice with the same genotype raised in 

the two-microbiota conditions.  

In LPLs the Foxp3+ cells within CD4+ population was decreased in Tg mice compared with 

their Wt-littermate control, but, irrespectively of the microbiota condition, with similar 

frequencies between animals with the same genotype. Within the CD4- subset, Foxp3+ 

frequency within LN, of both Tg and Wt-littermate control mice colonized with H. hepaticus 

had an increase comparing with SPF animals in the first age group. With the disease 

progression this frequency was diminished for the Tg mice colonized with H. hepaticus and 

inversely increased in the SPF raised animals. Stressing the idea of the intestinal flora 

impacting locally to the regulatory populations (Fig.20B). To further characterize Treg 

subpopulation in different experimental groups, the expression of CD25 was measured within 
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the Foxp3 expressing cells Treg, nonetheless, no differences were observed in that expression, 

and therefore these results did not bring any further information about the function of Treg 

and were excluded from this report (data not shown). 

 

Together, these data reveal that: 

1) Comparing to the respective Wt-littermate control animals, the regulatory T cell 

population (Foxp3+) in Tg animals was increased, especially within the CD4+ T cells 

subsets isolated from LN and decreased in intestinal specific lymphocytes (LPLs). As the 

disease evolved, the regulatory T cells population increase in Tg SPF raised mice, 

especially in LN and significantly in mesLN, considering all Foxp3+ population.  

2) In LPLs, the Foxp3+ population showed an increase in Tg mice colonized with H. 

hepaticus compared with SPF raised coming from a CD4- T cell population since the 

Foxp3 frequency within CD4+ T cells were similar in both conditions an even smaller 

that the Wt-littermate control mice. 
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CONCLUSIONS 

No major differences were detected from the comparison of Tg animals raised in SPF 

conditions or colonized with H. Hepaticus during the course of the experiment, for body 

weight loss or seric Ig titers and profiles. Concerning absolute Ly numbers in younger 

animals, they were increased similarly in both Tg mice compared to their respective Wt-

littermate control but, with disease progression the Ly numbers in SPF raised mice dropped 

significantly as those from H. hepaticus colonized mice would be kept higher.  

Although, with smaller frequency and higher numbers of CD4+ T cells (than their respective 

Wt-littermate control) both Tg mice, exhibited with disease evolution a progressive decrease 

of the CD4+ T cell subpopulation specially in the SPF raised mice. Contrary to the CD8+ T 

cell population where the frequency (for both Tg mice) and the numbers (just for those 

colonized with H. hepaticus) of this T cell subset increased with age. 

Both Tg mice had a more activated profile and this difference was enlarged with disease 

progression especially in the Tg SPF raised, while in the H. hepaticus colonized mice the 

activation profile was maintained mainly constant. Both mice displayed an increase in the 

central memory phenotype compared with their respective Wt-littermate control animals. 

Within CD8+ T cells to all ages and to CD4+ T cells in the early onset, with increased 
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frequency in Tg mice colonized with H. Hepaticus compared with Tg SPF raised especially 

for LN.  

Increased cytokine expression in Tg mice, with further increases in IFNγ production 

especially in Tg mice colonized with H. hepaticus with age within CD4+ T cell subset, and for 

Tg SPF raised animals within CD4- T cell subset. Concerning the IL4 production with age it 

decreased in CD4+ from Tg mice colonized with H. hepaticus.  

In the early phases of the disease there were not observed much differences in the frequency 

of the regulatory T cell population within splenocytes between Tg mice raised in different 

microbiota. However, in LN and especially in mesLN an increase in the Tg mice colonized 

with H. hepaticus could be seen. As the disease progresses SPF Tg mice displayed increases 

toward their Wt-littermate control mice as Tg mice colonized with H. hepaticus revealed 

almost no changes.  

 

2.3. IMPACT OF ABSENCE OF MICROBIOTA ON DISEASE PROGRESSION  

To determine the role of commensal microbiota antigens in this lymphoproliferative disease, 

C57BL/6 CD4-dnTGFβRII (Tg) mice were rederived to an axenic environment, called Germ-

Free (GF) condition. Since this transfer to the GF condition is a very demanding process, only 

one transfer could be done. From the analysis of previous work of disease progression, it was 
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concluded that the second group (later onset of the disease) was the one giving more 

differences, so animals raised in GF were analysed aging between 20 and 24 weeks old. Two 

litters of foetuses were generated from the mating of C57BL/6 females with B6.CD4-

dnTGFβRII Rag2-/- males and posteriorly adopted by GF foster mothers. A total of nine 

animals survived the transfer both genotypes Wt (n=5) control and Tg (n=4) animals and were 

raised in GF condition until reached 20 weeks of age. At the end of the experiment, spleen, 

mesLN and iabLN were collected and transformed into single-cell suspensions to Flow 

cytometry analysis of T cell components. Serum to Ig detection by ELISA and previously 

selected organs to following H&E-section staining were also collected, including the 

intestines, therefore the IELs and LPLs were not analysed in this GF condition. 

 

2.3.1. VARIATION IN SERIC IG TITRES 

To test the Ig levels in the serum, blood was collected and the serum isolated as described in 

material and methods. ELISA was used to assess the circulating levels of different Ig isotypes. 
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Figure 21 – Tg mice SPF vs GF condition. Seric Ig titers from Tg and Wt mice raised in SPF and 

GF. Seric Ig titers for IgM, IgG total, IgG1 and IgE from the first group (20 to 24 weeks old) Wt (n=4) 

and Tg (n=3) mice raised in SPF conditions and from 20 weeks of old Wt (n=2) and Tg (n=2) raised in 

GF condition mice. For IgA only GF and H. hepaticus colonized animals were tested Wt (n=2) and Tg 

(n=2) animals.  

 

There was not much difference detected between animals raised in GF condition compared 

with the SPF raised ones for IgM, and IgG total. In both conditions IgG1 was increased in Tg 

animals comparing with their Wt-littermate control, although both animals (Wt and Tg) in GF 

conditions displayed small seric titers comparing with the same genotype from SPF raised 

animals. Surprisingly there was a 100x increase in IgE from Tg GF mice sera. The 

comparison between IgA levels was only possible with H. hepaticus colonized mice. As 

expected the IgA titers in GF mice were lower than in H. hepaticus positively colonized mice 

(Fig.21). Still the levels in Tg mice raised in GF condition were higher than in Wt-
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littermate control animals, revealing that microbiota has a role but is not essential for 

this feature of the autoimmune disease development. 

 

2.3.2. VARIATION IN LYMPHOCYTE NUMBERS 

As for the previous comparison between SPF and H. hepaticus colonized mice, the GF mice 

analysis begun by achieving the lymphoproliferative condition, reflected by the numbers of 

lymphocytes in the selected organs (Fig.22). 

 

Figure 22 – Tg mice SPF vs. GF condition. Number of live lymphocytes in selected lymphoid 

organs. Graphs showing total numbers of live lymphocytes in different lymphoid organs: Spleen, 

iabLN and mesLN. Live lymphocyte counts were deduced from the acquisition of a fixed number of 

latex beads mixed with a known volume of unstained cell suspension in propidium iodide as 

previously described.  
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As for the SPF, also in GF the Tg mice showed an increase in numbers of total lymphocyte in 

both iabLN and mesLN (*p<0.05) comparing to their Wt-littermate control animals, in 

regards to the spleen there were no major differences. Although very subtle, Tg GF mice had 

more lymphocytes than the Tg SPF raised, in both spleen and mesLN and a significant 

increase in iabLN (*p<0.05). Nevertheless, this result has to be taken with precaution, since it 

was observed in the analysis of the disease progression that the Tg SPF had an important 

reduction of lymphocyte numbers with time, due most probably to the migration to the tissues 

as infiltrating cells. No differences were detected between Wt control animals raised in 

different microbiota conditions.  

 

In conclusion, although devoid of microorganisms, the Tg mice raised in GF still display 

increase numbers of lymphocytes especially in LN comparing both to their GF raised 

Wt-littermate control animals and Tg SPF raised animals at later phases of the disease 

(20 weeks of age). 
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2.3.3.  HELPER AND CYTOTOXIC T CELL VARIATIONS 

The subpopulations of T helper cells and cytotoxic were once more marker as CD4+ and 

CD8+ respectively. And the numbers deduced by multiplying the frequencies (Fig.23) by the 

correspondent numbers (Fig. 22). 

 

Figure 23 – Tg mice SPF vs. GF condition. Frequency of CD4+ and CD8+ lymphocytes for 

selected lymphoid organs. Frequency of CD4 positive lymphocytes and CD8 positive lymphocytes 

for selected organs. Individual graphs as supplementary figure (Fig.32). 

 

Tg GF mice although without statistical significances had a decrease in the frequency of 

CD4+ T cells in Spleen and iabLN comparing with their Wt-littermate control mice, but no 

differences were obtained for mesLN. The comparison between Tg mice revealed that GF 

raised mice, had a small increase compared with SPF raised in Spleen, nevertheless without 

statistical confidence. Individual graphs as supplementary figure (Fig.32). 
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Concerning the CD8+ population in GF mice, the Tg mice displayed, although without major 

statistical confidence a small increase compared with Wt-littermate control mice in all organs 

analysed. Comparing with Tg SPF raised, the Tg raised in axenic condition exhibited a 

smaller proportion of CD8+ T cell subset. (Fig.23).  

Nevertheless, the frequencies of CD4+ and CD8+ T cells in Tg GF raised mice were very 

similar to those of Tg SPF raised mice. Although no statistical differences were detected, 

the subset proportions were still higher in Tg SPF raised mice (for CD8+ T subset) and 

in Wt-littermate control GF raised animals (for CD4+ T subset) than in Tg GF raised 

mice.  

The conversion of frequencies to numbers for Wt-littermate control GF raised mice showed 

no differences comparing to SPF mice with the same genotype for both CD4+ and CD8+ 

populations in all analysed organs. 
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Figure 24 – Tg mice SPF vs. GF condition. Numbers of CD4+ and CD8+ lymphocytes for selected 

lymphoid organs. (A) Number of live CD4 positive lymphocytes. (B) Number of live CD8 positive 

lymphocytes. Counts for CD4+ and CD8+ live lymphocytes deduced by frequency of CD4+ or CD8+ 

respectively to of live lymphocytes acquired for each organ.  
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littermate control animals in all organs and significantly in mesLN (*p<0.05) as well as 

compared with Tg SPF mice in Spleen and significantly in iabLN (*p<0.05), although no 

differences were detected between Tg in mesLN (Fig.24).  

The conversion of frequencies to numbers follows the total lymphocyte numbers 

observation with Tg GF having larger population of CD4+ and CD8+ T cells in the 

periphery specially in LN compared with Tg SPF raised and showing larger size 

population especially for CD8+ or similar CD4+ size subset except for mesLN comparing 

with their Wt-littermate control GF raised animals. 

 

2.3.4.  VARIATION IN LYMPHOCYTE ACTIVATION 

Following the same strategy to determine the activation phenotype of both CD4+ and CD8+ T 

cells, surface staining to CD44 and CD62L were performed as indicated above. 
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Figure 25 – Tg mice SPF vs. GF condition. Activation markers in CD4+ and CD8+ T cells subsets 

in selected organs. (A) Within CD4+ and, (B) within CD8+ T cells. Individual graphs as 

supplementary figure (Fig.33). 

 

Although, Tg GF mice had a significantly higher increase in activation phenotype (CD44+) 

within CD4+ T cell population than their Wt-littermate control animals in all organs analysed 

(*p<0.05), the frequencies were significantly lower if compared with mice with the same 

genotype raised in SPF condition, more significantly in Spleen (*p<0.05) and iabLN 

(**p<0.05). However, the Tg GF mice displayed higher increase in the memory phenotype 

than the SPF raised Tg mice in spleen (*p<0.05) and mesLN. For the Wt-littermate control 

Spleen iabLN mesLN 

Spleen iabLN mesLN 

A 

B 

Fr
eq

ue
nc

y 
(%

) a
ct

iv
at

io
n 

m
ar

ke
rs

 
w

ith
in

 C
D

4+  
liv

e 
Ly

m
ph

oc
yt

es
 

Fr
eq

ue
nc

y 
(%

) a
ct

iv
at

io
n 

m
ar

ke
rs

 
w

ith
in

 C
D

8+  
liv

e 
Ly

m
ph

oc
yt

es
 



Contribution of the microbiota to the severity of immuno-inflammatory diseases 

 99	  

mice comparison, GF mice showed less activation than the Wt-littermate control mice raised 

in SPF, significant in Spleen (**p<0.01) and iabLN (*p<0.05). In contrary, Wt-littermate 

control mice raised in GF display increased central memory phenotype (CD44+CD62Lhi) than 

the SPF raised, significantly in Spleen (**p<0.01) and mesLN (**p<0.01). Nevertheless, 

comparing Tg GF mice to their Wt-littermate control, revealed no differences in spleen as in 

mesLN (*p<0.05) they exhibited less memory within CD4+ T cells. 

The same profile of activation detected in CD4+ T cells was followed within CD8+ T cells. 

Although, once more Tg mice displayed more activation than their respective Wt-littermate 

control, GF raised mice showed a significantly reduction comparing with Tg SPF raised mice 

in all organs analysed (**p<0.01). Again Wt-littermate control GF mice display less 

activation phenotype than Wt-littermate control SPF raised mice in all organs analysed 

(***p<0.001) but without differences in central memory. Concerning central memory 

phenotype in all organs analysed, there was an increase in this phenotype in Tg GF raised 

mice compared with the Tg SPF raised (*p<0.05) and with their respective Wt-littermate 

control GF raised mice (*p<0.05) (Fig.25).  

These results surprisingly reveal that, within both CD4+ and CD8+ T cells, the 

proportion of activated (CD44+) cells was higher in Tg GF than in Wt-littermate control 

GF mice but, significantly smaller than in Tg SPF raised, indicating that although the 
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microbiota is neither crucial nor the main cause for spontaneous CD4+ /CD8+ T cell 

activation, it impacts in the activation profile of T lymphocytes. This activation is 

counterbalanced by an increase in the central memory subpopulation within both the 

CD4+ and CD8+ T cells in Tg GF versus SPF Tg mice as compared with their GF Wt-

littermate control animals. 

 

2.3.5.  VARIATION IN T HELPER CELL SUBSETS 

The proportion of cytokine producing cells was determined by stimulatory culture of 

splenocytes with PMA/IONO and Brefeldin A as previously described (Fig.19A). 

 

Figure 26 – Tg mice SPF vs. GF condition. Frequency of intracellular cytokine expression in 

activated splenocytes. Proportion of IL-4 and IFNγ cytokine producing cells within CD4+TCRβ+, 

CD4-TCRβ+ and CD4-TCRβ- lymphocyte subsets (gated inside live lymphocytes) after PMA/IONO 

stimulation as described previously (Fig.19). Individual graphs as supplementary figure (Fig.34). 
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As already described within CD4+TCRβ+ T cells, the Tg SPF raised mice had a significantly 

increase in the production of IFNγ+ (***p<0.001) and IFNγ+IL4+ (**p<0.01) compared with 

their respective Wt-littermate control mice. However, in GF condition, no differences were 

observed between Tg and Wt-littermate control mice, expressing both similar levels as Wt-

littermate control SPF and lower than Tg SPF raised mice, especially significant for 

IFNγ+IL4+ (**p<0.01).  

Within the CD4- T cell population, no differences were observed within Wt-littermate control 

mice raised in different conditions. Concerning IFNγ+ producing cells in GF mice; the Tg 

showed an increase compared with their Wt-littermate control mice, although their frequency 

was slightly diminished when compared with the SPF raised animals. In IL4+ and IFNγ+IL4+ 

producing cells within CD4- and in CD4-TCRβ- cells too much variability was observed and 

therefore, no conclusions can be taken (Fig.26). This analysis suggest that Tg GF raised 

mice express lower cytokine frequencies than TG SPF raised mice, but still more than 

their respective Wt-littermate control.  
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2.3.6.  VARIATION IN TREG NUMBERS 

 

Figure 27 – Tg mice SPF vs. GF condition. Foxp3 expression in CD4+, CD8+ T and total Treg 

population in selected organs. Frequency of Foxp3 expressing cells, within total lymphocytic 

population or  within CD4 and CD8 T cells subpopulations. Individual graphs as supplementary figure 

(Fig.35). 

 

In Wt-littermate control animals, there were no major differences between the animals raised 

in different conditions, except for a small increase in the mesLN within the CD4+ T cells in 

the GF mice. In all genotypes and conditions there were no differences inside the spleen, as 

for the CD4- T cells in all the organs. In both LN populations from Tg GF mice, the frequency 

of Treg within CD4+ T was reduced compared with Tg SPF raised mice, but still higher than 

in Wt-littermate control GF mice.  
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Regarding the proportion of Foxp3+ regulatory cells, no major differences were 

observed in the spleen. In LN Tg animals displayed an increased frequency of Treg 

compared with Wt-littermate control and although small there was a decrease in Tg GF 

compared with the SPF especially important in iabLN. Interestingly, the GF Wt-

littermate control mice had a significant increase in CD4+ Treg subpopulation in the 

mesLN. 
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C57BL/6 FOXP3-DEFICIENT MICE 

It had been previously shown that Foxp3-mutation caused the scurfy phenotype, characterized 

by fatal lymphoproliferative autoimmune disease. Although the general characteristics were 

maintained in the different studies conducted, other features were dependent on the mutation 

background and rodent housing facilities and also of microbiota composition. During this 

project a genetically homogenous colony of Foxp3sf on the C57BL/6 background was 

established, as this is the most used background in the Treg field. In the scurfy model it was 

observed the development and progression of a severe lymphocytic autoimmune disease, with 

reduced lifespan and failure to thrive, although with much less severity than previously 

described11, 16. Strikingly, the survival curve revealed great individual variation; B6.Foxp3-

deficient mice could survive much longer than 50 days with some individuals reaching more 

than 100 days of age. The impairment in body weight gain and multi-organ tissue infiltration 

showed also signs of this somatic variability. Hyperimmunoglobulinemia in SPF raised scurfy 

mice detected by ELISA highlighted a Th2 type response (hyper IgG1 and IgE). The 

hypothesis that this allergic-like phenotype could be mediated by the antigen presentation of 

food components as described previously in some cases of IPEX syndrome59 was further 

tested and rejected by feeding animals with aa-food. Testing the contribution of specific 

microbiota to this autoimmune inflammatory phenotype revealed that colonization of scurfy 
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mice with common pathogen H. hepaticus does not change the final outcome but impacts on 

the progression of disease, as assessed by body weight gain. Overall, it does not change the 

antibody inflammatory component, as mice displayed the same serum Ig profile with 

increases mucosal related IgA, as expected. Finally, although results from scurfy mice raised 

in total absence of microbiota are very preliminary and only take into account the Ig seric 

isotypes at 4 weeks of age, they suggest that Foxp3-deficiency in complete absence of 

microorganisms have similar Ig profile as those raised in a SPF condition, with the only 

exception of increased in IgG1 isotype titers.  

 

C57BL/6 CD4-DNTGFβRII - SPF VERSUS NATURALLY HELICOBACTER 

HEPATICUS COLONIZATION 

Housing in SPF microbiota condition the B6.CD4-dnTGFβRII mice model of impaired 

signalling in the T cells, leads to a reduced body weight gain with increased severity with the 

disease progression and survival up to 10 months. Similarly to what was previously reported, 

these mice start to exhibit signs of sickness between 3 and 4 months40, and no differences 

were observed by the natural colonization with common pathogen H. hepaticus, except for 

diarrhoea and rectal prolapse in 7 months old animals. Although no external morphological 

changes could be detected by 11 weeks of age, preliminary results from H&E-sections 
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analysis of lung, liver and colon revealed a lymphocyte tissue infiltration in Tg versus Wt-

littermate control animals. In a later time-point of the disease progression (20 to 24 weeks 

old) an increase in the seric levels of IgG1, a Th2 T cell-dependent immunoglobulin, could be 

detected in both type of Tg mice compared with their Wt-littermate control. However, seric 

immunoglobulin profile was, overall, not affected by the microbiota in the mutant mice. This 

model was described, as suffering from an increased secretion of autoreactive IgG antibodies, 

a parameter that it was not monitored in this work but consider for the future. Finally, the fact 

that T cell independent IgM was not affected, but the T cell-dependent IgG1 showed a small 

increase, indicates that B cell tolerance depends on T cell tolerance. 

 

T CELL SUBSETS 

Gorelik and Flavell (2000)40 suggested that diminished TGF signalling in T cells results in 

their spontaneous activation and, later Marie JC and Rudensky (2006)38 with the model of 

complete abrogation of TGF- signalling in αβT cells, proposed that the phenomena could be 

due to preferential expansion of self-reactive TGFβRII-deficient T cells. 

To clarify the T cell subset composition in this autoimmune inflammatory disease, secondary 

lymphoid organs (spleen, gut-draining mesLN and peripheral-draining iabLN) and intestinal 
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specific subsets of IELs and LPLs were analysed for T cell numbers, lineage, activation 

marker and ability to secrete cytokines. In all organs tested, Tg animals showed increased 

lymphocyte numbers when compared to Wt-littermate control. With age, Tg mice raised in 

SPF showed a decrease in the number of live lymphocytes, reaching almost Wt-littermate 

control levels, contrary to the H. hepaticus condition where the numbers remained constant. 

In initial phases of the disease development, all Tg mice independently of their microbiota 

compositions had an increase in total cell numbers with a more dramatic manifestation in the 

mesLN. With the disease progression, the total lymphocyte numbers in Tg mice raised in SPF 

decreased, possibly as a consequence of tissue lymphocytic infiltration, with Tg mice 

colonized with H. hepaticus showing a delay in this tendency, only occurring much later in 

disease development.  

The cellular nature of this increased lymphocyte numbers, was assessed by surface expression 

of co-receptor markers of CD4+ and CD8+ T cells. These results indicate a progressive 

decrease in frequency of CD4+ T cells in both type of Tg mice compared with their Wt-

littermate control, with special impact in the splenocytes from SPF raised animals and, a delay 

in the increase of CD8+ T cells frequencies to later phases of the disease progression in both 

Tg raised conditions although without differences between them. By 11 weeks of age it was 

already possible to detect an expansion of CD4+ and CD8+ T cells, with the numbers of both 
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cell subsets similarly increased in both microbiota conditions. With time, Tg animals raised in 

both conditions displayed a decrease in those numbers, nevertheless more significant in SPF. 

Both IELs and LPLs from Tg H. hepaticus colonized mice showed a significant increase in 

the number of CD4+ compared with SPF, corroborating the hypothesis of additional 

inflammatory stimuli occurring in H. hepaticus colonized animals, responsible for enhanced T 

cell activation. 

 

ACTIVATION PHENOTYPES 

Upon exposure to Ag, variation in the levels of expression of activation markers occurs as 

CD4+ and CD8+ T cells differentiate from naïve to effector and/ or memory phenotypes. 

Among the different markers that can be used to subdivide the T cells into these subsets, it 

was chosen the CD44 and the CD62L. Results from the comparison between Wt-littermate 

control and Tg either raised in SPF or colonized with H. hepaticus indicate that during the 

early-onsets of the disease, Tg animals had an increased in activation phenotype (CD44+) 

within both the CD4+ and the CD8+ T cells in comparison with their Wt-littermate control, but 

no differences were detected under the influence of different microbiota. As the disease 

progresses, the activation phenotype in Tg raised in SPF increases while these remain stable 

in Tg H. hepaticus colonized animals.  It results that, although with higher activated 
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phenotype than the Wt-littermate control, the Tg mice colonized with H. hepaticus were less 

activated than the SPF. Surprisingly, although with less importance in early phases of the 

disease, Tg H. hepaticus colonized animals showed an increase in the central memory 

population (CD44+CD62Lhi) within the CD4+ T cells from LN and contrariwise a decrease in 

splenocytes compared with the SPF raised animals. In contrast, the IELs population displayed 

higher activation (CD44+) and increase memory (CD44+CD62Lhi) phenotypes within the 

CD8+ T cells in H. hepaticus compared with SPF raised. Concerning CD8+ central memory 

population (CD44+CD62Lhi), all Tg animals displayed an increase in frequency compared 

with the Wt-littermate control but no major differences were observed between microbiota 

and age. 

  

FOXP3+ REGULATORY TREG 

It was previously demonstrated that TGFβ was crucial to expansion of Foxp3+ regulatory cells 

in a specific inflammatory condition64, but in another experimental condition was suggested 

that T cell responsiveness to TGFβ was not required for the development or peripheral 

function of thymic-derived Treg cells, with the development of Treg CD4+CD25+ in the 

absence of TGFβ and, that TGFβRII deficient effector cells could escape the control of 

Foxp3+ Treg cells65. It was demonstrated that the peripheral (spleen) numbers of Foxp3+ Treg 
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cells were diminished in the complete absence of TGFβ signalling in T cells (αβT) but not in 

the dn-TGFβRII model38. 

One of the features, which could contribute to the spontaneous activation of both T cell 

subsets, is the inability of Treg cells to control TGFβRII-deficient effector cells. 

Alternatively, it results from the need of TGFβ for Foxp3+ Treg cell development and 

differentiation. Assessing the frequency of Treg population by intracellular flow cytometry 

staining of Foxp3+, it was observed an increase in this immunosuppressive cell population in 

both Tg animals versus Wt-littermate control, especially within the CD4+ T cells. Further 

increase was noted in Tg SPF raised animals along disease progression especially in LN and 

significantly higher in mesLN considering the total Foxp3+ population. In the LPLs, the 

Foxp3+ cell population showed an increase in Tg mice colonized with H. hepaticus when 

compared with SPF raised, surprisingly coming from a CD4- T cell population as the Foxp3+ 

frequency within CD4+ T cells were similar in both conditions and smaller that the Wt-

littermate control one. 
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CYTOKINE PRODUCTION 

To further clarify the profile of the T cells that spontaneously differentiate into activated 

effector/memory effector phenotype in the Tg mice, the capacity of those cells to become 

cytokine-producing cells by culture of total splenocytes with PMA/IONO and Brefeldin A 

was tested. Tg animals display increased cytokine expression within either TCRβ+ CD4+ 

(CD4+) or CD4- (CD8+) T cells than Wt-littermate control mice. With disease progression 

SPF raised Tg showed an increase in IFNγ+IL4- (IFNγ+) cells, Th1 related and in IL4+IFNγ- 

(IL4+) cells, Th2 related populations within the CD4+ T cell population, while within CD8+ 

only IFNγ expression was increased. No significant differences were found between Tg mice 

SPF raised or colonized with H. hepaticus, although there was a decrease in IL4+ (Th2) 

production in the H. hepaticus colonized mice. With the development of the disease, for the 

CD8+ subpopulation the opposite was happening with increase IFNγ+ in the SPF Tg raised 

mice compared with H. hepaticus colonized animals. 
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C57BL/6 CD4-DNTGFβRII  - SPF VERSUS GERM-FREE CONDITION 

T CELL SUBSETS 

The generation of GF animals via caesarean section and foetus adoption by GF foster-mothers 

is a very demanding process, as it requires the establishment and maintenance of the complete 

sterility conditions inside the isolator during the entire experimental project. Only one foetus 

transfer session was made, so the results concerning GF mice are the product of Wt (n=5) and 

Tg (n=4) individual mice analysed in one experiment. The analysis of the B6.CD4-

dnTGFβRII discussed in the previous section, allowed to select which of the time points to 

analyse the GF raised animals. The time point 20 to 24 weeks of age was chosen because the 

differences were more marked. Hence, only the late time point of the disease was analysed in 

GF mice and, since intestines were collected among other selected organs for H&E-stained 

section analysis, it was not possible to isolate the IELs and LPLs population in this part of the 

project. 

Although in complete absence of microorganisms, the Tg mice still displayed an increase in 

total numbers of lymphocytes especially in LN comparing both to their GF raised Wt-

littermate control and Tg SPF raised animals (no statistical significance). Nevertheless, the 

frequencies of CD4+ and CD8+ T subpopulations were very similar to those of Wt-littermate 
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control GF raised mice. Tg GF mice still exhibited a decrease in the CD4+ frequency and an 

increase in the proportion of CD8+ T cells, although without statistical difference. 

The conversion of frequencies to CD4+ numbers revealed no differences in spleen and iabLN 

between GF animals. The larger size of this population in Tg mice raised in GF compared 

with raised in SPF are the results of the intense decrease that these animals suffer at later 

disease time points.  The results for the CD8+ numbers indicate an increased proliferation in 

Tg animals, with GF mice exhibiting more or the same population size as Tg SPF raised. 

These results have to be taken with caution, as Tg SPF raised in this later time point of 

disease showed a continuous decrease of lymphocytes, most probably due to migration to the 

tissues as infiltrating inflammatory cells. Comparing to the Tg H. hepaticus colonized mice, 

the Tg GF animals have slightly less or similar total T cell numbers, CD8+ frequencies and 

numbers, especially in LN and show the same frequencies and numbers of CD4+ subset. 

 

ACTIVATION PHENOTYPES 

Surprisingly, within both CD4+ and CD8+ T cells, the proportion of activated (CD44+) cells 

was significantly higher in Tg GF than in Wt-littermate control GF but significantly smaller 

than Tg SPF raised indicating that the microbiota, although not crucial nor the main cause for 
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spontaneous CD4+ T cell activation, do have an impact in the disease progression and 

severity. This activation is counterbalanced by an increase in the central memory 

subpopulation within both the CD4+ and CD8+ T cells in Tg GF versus SPF as it is already in 

Tg animals compared with Wt-littermate control. 

 

FOXP3+ REGULATORY TREG CELLS  

Concerning the proportion of Foxp3+ regulatory cells, no major differences were observed in 

the spleen. In LN, Tg animals displayed an increase in the frequency of Treg compared with 

Wt-littermate control and, although small, there is a decrease in Tg GF compared with the 

SPF specially important in iabLN. Interestingly, the GF Wt-littermate control mice had a 

significant increase in CD4+ Treg subpopulation in the mesLN comparing with Wt control 

SPF raised.  

 

CYTOKINE PRODUCTION 

Finally, the frequency of cytokine producing cells, either IFNγ+IL4- or IL4+INFγ-, was similar 

in Tg mice raised in GF or SPF condition and between GF Tg and Wt-littermate control.  
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The Foxp3+ regulatory T cells and TGFβ cytokine are part of the same mechanism of 

immunoregulation. TGFβ impacts on immune regulation, acting in antibody generation, T cell 

lineage commitment, inhibiting the immune response, proliferation and differentiation of T 

cell and Foxp3+ Treg. On the other hand, Foxp3+ Treg can inhibit the function of natural 

killer, supress CD8+ cytotoxic in a TGFβ-dependent manner and TGFβ could inhibit Th1 

cells in the scurfy mice21.  Moreover, the similarities exhibited by TGFβ-deficient and Foxp3-

deficient mice, (early death, lymphoproliferation and autoimmunity) highlighted the TGFβ 

crucial role mediating Treg suppression. In both models studied in this project, there was an 

impact of microbiota in the autoimmune disease, although with much less effect in the 

extreme Foxp3-deficiente phenotype. Moreover, the total absence of the microorganisms does 

not abolish disease development, confirming the autoimmune nature of the syndrome in both 

mouse models. 
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FUTURE WORK/PERSPECTIVES 

To consolidate the findings presented in this thesis, the analysis of biological samples 

collected during this project will be completed. Specifically, the titre of Ig sub-classes will be 

determined in all sera stored from CD4-dnTGFβRII animals raised in SPF and in Helico 

environment and collected at different time points. Moreover, all tissues collected from these 

same animals at the time of cellular analysis will be processed for histology analysis of H&E-

sections to score tissue infiltration and destruction. Finally, the sample size in the analyses of 

scurfy and CD4-dnTGFβRII animals raised in GF condition will be increased, by performing 

additional foetus transfer and repeating all cellular, seric and tissue analyses, including 

intestinal infiltration. The sum of these data should allow reaching solid conclusions 

satisfying publication in an international peer-reviewed journal.  

Beyond the original objectives of the project, future investigations may focus on identifying 

the nature of the cells that translate the microbiota stimulus to the lymphocyte compartment. 

In addition, further identification of the microbiota species that modulate intestinal 

inflammation in autoimmunity-prone mice would open a new perspective for the management 

of autoimmune disease affecting intestinal tissues such as Crohn's disease and Ulcerative 

colitis. 
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MICE 

B6.Foxp3sf mice (sf), carrying the “scurfy” null mutation of the Foxp3 gene (35) on C57BL/6 

background were purchased from Jackson Laboratory as B6.Cg-Foxp3sf/J (N8+N20F1) and 

were crossed N7 in the C57Bl/6 background at the IGC.  C57BL/6 CD4dn-TGFβRII 66 

transgenic mice were kindly provided by R.A. Flavell. C57BL/6 mice were originally 

purchased from Charles River. The C57BL/6 Rag2-/- mice were purchased from CDTA 

Orleans and are N10 to C57BL/6 background. Germ-free mice were produced and maintained 

according to EMMA Standard Operation procedure (www.emmanet.org). All remaining 

animals were bred and maintained under Specific Pathogenic-Free (SPF) conditions at the 

Instituto Gulbenkian de Ciência rodent Facility. The Institutional Ethical Committee and the 

Portuguese Veterinary General Division approved all Mouse experimental protocols. 

 

BREEDING STRATEGIES 

Mus musculus strains usually have a gestation period of about 19-21 days and give birth to a 

6-8 average litters size. Weaning should occur between 23 and 30 days after birth and males 

are sexually mature by 6 weeks of age and females reach sexual maturity at 8 weeks. Normal 

mice can live up to 2 years but they lose their reproductive capacity around 15 months of age. 

Upon arrival the strategy to produce hemizygous scurfy males was to breed C57BL/6 
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Foxp3sf/+ females with C57BL/6 males. As scurfy is a X-linked mutation, from this breeding 

half of the males could have the mutation and develop the scurfy phenotype, and half would 

be Wt-littermate control and completely healthy, while the heterozygous females remained 

healthy and were kept for the next breeding generation. This approach was not very efficient 

to maintain a continuous production of genetically homogenous scurfy mice. In the Tg line 

the first method of breeding was C57BL/6.CD4-dnTGFβRII males with C57BL/6 females, 

which was giving some problems of maintenance of the line because the Tg started to 

decrease their breeding efficiency around 5 months of age as consequence of the development 

of pathology.  

To simplify and improve breeding efficiency, in 2007, Foxp3sf and CD4dn-TGFβRII+/- mice 

were backcrossed with Rag2-deficient mice. The scurfy and Tg lines in a Rag2-/-background 

are devoid of lymphocytes and, therefore, also free of lymphocyte-mediated disease, these 

were denominated maintenance breeding. A series of backcrosses were made as described for 

each line to set the line C57BL/6 Foxp3sf Rag2KO and C57BL/6.CD4-dnTGFβRII Rag2KO. 

To choose the proper genotype of each of the new breeders PCR was performed on DNA 

extracted from tail tip biopsy to determine the Rag2 gene, the Foxp3 gene or the transgene 

C57BL/6.CD4-dnTGFβRII respectively.  
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ESTABLISHING THE FOXP3SF MAINTENANCE BREEDING 

Females C57BL/6 Foxp3sf/+ were crossed with males C57BL/6 Rag2-/-. The next generation, 

females C57BL/6 Foxp3sf/+ Rag2+/- were crossed with males C57BL/6 Rag2-/- to produce 

females C57BL/6 Foxp3sf/+ Rag2-/-. Thereafter, intercrosses produced females C57BL/6 

Foxp3sf/sf Rag2-/- and males C57BL/6 Foxp3sf/y Rag2-/- (Fig.1B). These animals do not 

develop the scurfy disease since they lack lymphocytes. Since then, the Foxp3sf allele has 

been kept in a colony of females C57BL/6 Foxp3sf/+ Rag2-/- mated with males C57BL/6 

Foxp3+/y Rag2-/- (Fig.1B). To produce scurfy males for experimental purposes, female 

C57BL/6 Foxp3sf/sf Rag2-/- mice were bred with male C57BL/6 (Fig.1C). These animals are 

hemizygous for the foxp3sf allele and heterozygous for the Rag2 mutation. Crossing females 

carrying the Foxp3 mutation in a Rag2-deficient background with C57BL/6 males, it was 

obtained the Foxp3Sf mice; C57BL/6 Foxp3Wt males from the IGC rodent facility were used 

as control mice. Scurfy is a X-linked recessive mutation; only Male hemizygous for Foxp3Sf 

or Foxp3Wt-control were used in this work.  

 

ESTABLISHING THE C57BL/6 CD4-DNTGFβRII MAINTENANCE BREEDING 

To generate the C57BL/6 CD4dn-TGFβRII 66 transgenic mice, males carrying the Tg in the 

Rag2-deficiente background (CD4dn-TGFβRII+/-Rag2-/-) were crossed with C57BL/6 females 
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to create the final working breeding. The animals resulting from this final breeding CD4dn-

TGFβRII+/-Rag2-/- X C57BL/6 are all Rag2+/-, half carried the Tg (CD4dn-TGFβRII+/-Rag2+/-) 

and were used to characterize the disease progression and half do not have the Tg (CD4dn-

TGFβRII-/-Rag2+/-) and served as Wt-littermate control animals. Since this part of the project 

was related with the progression of the disease up to 24 weeks, and contrary to males, females 

of different ages can be grouped in the same cage, only females were used because of space 

logistic demands.  

 

CONTROLLING MICROBIOTA 

The Specific-Pathogen-Free (SPF) rodent facility is positive air pressured, with restricted key 

personal entrance, autoclaved bedding, food and water. Microbiological status of standard 

SPF bio-containment level obey to FELASA Recommendations and ensures that animals 

raised there are free from a list of microorganism that can cause disease in normal healthy 

animals. Health status in SPF is surveyed every three month by the Instituto Gulbenkian de 

Ciência rodent facility.  

To introduce H. hepaticus in the microbiota of SPF mice, on-going breeding from the Foxp3-

deficient and the Tg CD4dn-TGFβRII strains were moved from SPF to the Helico section of 
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the IGC vivarium. The colonization was performed by exposing the animals for a week to 

bedding of animals with confirmed colonization of H. hepaticus. To confirm successful 

natural colonization of the introduced animals, faeces were collected during the lifespan and a 

small colon biopsy was taken when mice were sacrificed. Both faeces and colon biopsy were 

processed to extract DNA, and PCR was performed to detect the presence of H. hepaticus.  

Conversion to complete sterile environment, named as Germ-Free 66 condition was obtained 

via caesarean section and adoption by GF foster-mothers. After confirmation of the isolator’s 

sterility, pregnancy mating was scheduled inside and outside isolators. As donor line, it was 

used C57BL/6 females mated with either B6.Foxp3sf/y Rag2-/- or B6.CD4dn-TGFβRII+/-Rag2-

/- mice, for each part of the project. On day 19 of pregnancy, the uterus from the donor-mother 

was isolated, transferred to the GF isolator (ISOLAB H2, Getinge-La Calhène) by sterile 

procedures, and pups were adopted by a GF foster-mother.  After the transfer and, during the 

maintenance of the animals inside the isolator, sterility was confirmed regularly by 

microbiological culture, by the Germ-Free facility staff (EMMA consortium).  
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FOOD 

To test whether Scurfy mice develop food allergy, breeding of C57BL/6 Foxp3sf/sf Rag2-/- 

females with C57BL/6 males, and C57BL/6 Rag2-/- females with C57BL/6 males were fed 

with amino acid diet (Ssniff) referred as aa-food. Foxp3Sf Rag2+/- and Foxp3Wt Rag2+/- mice 

respectively resulting from these breeding’s were fed with the same amino acid food after 

weaning (by 21 days of age) until the end of the experiment. Amino acid experimental diet 

composition is based on crystalline amino acids, without intact protein.  

 

HISTOLOGY 

For the histological survey, at determined end-time point, animals were sacrificed and the 

selected tissues isolated and fixated in 10% formalin. Paraffin-embedded sections were 

stained with haematoxylin/eosin (H&E) and examined by DM LB2 microscopy (Leica). 

Inflammatory damage was scored according to the severity of inflammatory infiltration, as no 

infiltrates (0); trace (1); mild (2); moderate (3); severe (4) and very severe (5). For the scurfy 

project were collected: ear, lung, heart, liver, pancreas, stomach, jejunum, colon, kidney and 

testis. For the CD4-dnTGFβRII project were collected: lung, liver, pancreas, stomach, 

duodenum, jejunum and colon.  
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CELL ISOLATION 

Selected lymphoid organs: Spleen; mesenteric lymph nodes (mesLN), inguinal, axillary and 

braquial lymph nodes (iabLN) and Payer Patches (PP) were collected in PBS (GIBCO) 

containing 2% FBS (Invitrogen) from now on referred as PBS2%FBS and processed into 

single-cell suspensions using a nylon 100µm mesh (Garal Lab).  

For isolation of intraepithelial lymphocytes (IEL) and Lamina Propria lymphocytes (LPL), 

intestines were collected in HBSS (Invitrogen) complemented with 5% FBS and PP were 

removed. A pool of two identical animals ensured the recovery of enough lymphocytes to 

perform at least one staining. Intestines were carefully washed and mucus completely 

removed from the epithelial surface. Intestines were then cut into 1cm pieces and transferred 

into HBSS 5% FBS media containing 500mM EDTA (Sigma). Intestines were incubated in 

37ºC orbital shaking incubator (240rpm) for 20 minutes. Decanted with a 100µm filter (BD 

Falcon) this operation was performed 3 times. In the end-recovered supernatant containing 

IELs were centrifuged 1500rpm (Sigma) for 15 minutes and wash twice with HBSS 5% FBS. 

The remaining tissue was minced and incubated with HBSS 1mg/mL Collagenase VIII 

(Sigma) in 37ºC orbital shaking incubator (240rpm) for 40 minutes. The supernatant was 

filtered through a 100µm filter and the end-recovered supernatant containing LPLs were 

centrifuged 1500rpm (Sigma) for 15 minutes and washed twice with HBSS 5%FBS. Both 
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IELs and LPLs were pelleted by centrifugation 1500rpm for 15 minutes and re-suspend in 

40% Percoll (XX) carefully add to a 75% Percoll, without mixing the two concentrations. 

Percoll gradient was achieved by centrifugation 2500rpm for 30 minutes at room temperature. 

Lymphocytes were recovered from the interphase between 40 and 75% Percoll and washed 

twice in HBSS 5%FBS and re-suspended in 1mL PBS 2%FBS for further procedures.  

 

CULTURE TO CYTOKINE STIMULATION 

For intracellular cytokine staining, 1x106 splenocytes were stimulated for 4 hours with 

Phorbol 12-myristate 13-acetate (50ng/mL, Sigma) and Ionomycin (500ng/mL, Calbiochem) 

(PMA/IONO). Brefeldin A (10mg/mL, Sigma) was added for the final 2 hours of stimulation, 

and cells were harvested to further surface and intracellular staining. 

 

FLOW CYTOMETRY ANALYSIS 

All samples were re-suspended in a 1mL single-cell suspension to perform cell-counts. To 

deduce live lymphocyte counts it was mixed 10µL of the sample with 10µL of 10µm latex 

beads (at 5x105/mL) (BeckmanCoulter) and 80µL of propidium iodide solution (Sigma) (PI). 

Next, by flow cytometry 500 beads from the mix was acquired on a beads gate, and the total 
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number of cells acquired from the same sample on a lymphocyte gate corresponds to the 

number of total cells per µL of sample. Flow cytometry data was acquired on a Cyan ADP 

(Beckman Coulter) and analysed with Summit and Flowjo (TriStar Inc.) software. 

SURFACE STAINING 

For surface staining, 1x106 cells per well were plated and pellet by centrifugation 1500rpm 

for three minutes. Previous to antibody staining were incubated with Fc-block (α-

CD16/CD32, produced in house) for 15-30 minutes at 4ºC. Next, the cells were a pelleted 

again and incubated with suitable antibody mix, for 30 minutes at 4ºC. Then they were 

washed with PBS 2% FBS twice, pelleted in-between and re-suspended in 200mL of PBS 

2%FCS including propidium iodide to exclude the dead cells or re-suspended in 

Fixation/Permeabilization buffer (eBioscience) to intracellular staining. Between each step the 

cells were centrifuged for three minutes at 1500rpm. 

INTRACELLULAR STAINING (FOXP3 AND CYTOKINE) 

After fixation of the cells overnight at 4ºC, cells were washed once with PBS and washed 

twice with permeabilization buffer (ebioscience) and incubated with FC-block in 

permeabilization buffer during 20 minutes at 4ºC. Next, added the appropriate antibody mix 

and incubated for 30 minutes at 4ºC.  Next, cells were washed twice with permeabilization 
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buffer and re-suspended in PBS 2%FBS for flow cytometry analysis. Between each step the 

cells were centrifuged for three minutes at 1500rpm. 

 

ANTIBODIES 

The following antibody conjugates were used for immunostaining: Fluorescein (FITC)-

conjugated α-CD44 (1M7), Phycoerythrin PE-conjugated α-IL4 (11B11) and FITC-

conjugated α-IFNγ (XMG1.2) were purchased from BD Biosciences (BD). PE-conjugated α-

Foxp3 (FJK-16s) and PE-conjugated α-CD62L (MEL14) antibodies were purchased from e-

Biosciences. Pacific-Blue (PB)-conjugated α-CD4 (GK1.5-8), Alexa-Fluor647-conjugated α-

CD25 (PC61), Alexa-Fluor647-conjugated α-CD8 (YTS169.4) and FITC-conjugated α-

TCRβ (H57-597) were produced and labelled in house.  

 

SERUM IG ISOTYPING  

Serum was isolated from all blood by incubation 1 hour at 37ºC followed by centrifugation 

2000rpm for 15 minutes; the supernatant was collected and centrifuged the same way to 

isolate pure serum that was stored at -20ºC until ELISA procedure.  

Serum Ig isotypes were quantified by Sandwich ELISA to IgM, total IgG, IgG1, IgE and IgA. 
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The procedure used to determine the presence of the antibody was Sandwich ELISA in 96 

wells plates (Nunc) and to IgE special 96 wells (Costar), previously coated with specific 

UNLB capture antibodies to specific to each isotype: IgGtotal, IgG1 IgA (SBA), IgM 

(produced in house) and IgE (BD) overnight at 4ºC. The coating solution was removed and 

the plates washed twice in PBS 0.1% Tween 20 (Sigma). The remaining protein-binding sites 

were blocked with blocking agent (PBS 1% gelatine) for 1 hour at 37ºC. The blocking was 

washed and serum and a known concentration of standard Ig for each isotype: IgGtotal, IgG1 

IgA, IgM (SBA), and IgE (BD) were added and further incubated for 1 hour at 37ºC. Plates 

were actively washed and the detection antibody specific for each isotype added: Ig-Horse 

Radish Peroxidase-HRP (SBA) and incubated for 1 hour at 37ºC. Plates were washed three 

times again in PBS alone to avoid bobbles and the subtract solution added (hydrogen peroxide 

and o-phenylenediamine dihydrochloride). The incubation period was between 2 and 15 

minutes, at room temperature. The duration of this period is determined by the experience of 

the analyst. Next, the enzymatic reaction was stopped using a solution of H2SO4. The plates 

were then read in a spectrophotometer at 490 nm and using Igor (WaveMetrics) Elisa program 

plotted the result. 
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DNA EXTRACTION  

All animals were weaned at 21 days of age, tagged for identification and genotyped by PCR 

analysis of tail tip biopsy DNA. Briefly, a small fragment of tail was incubated overnight at 

56ºC in 200µL of lysing-buffer (Tris-HCl, EDTA, SDS and NaCl) and 100µg/mL proteinase 

K (Sigma). Centrifuged for 15 minutes at 13000rpm, the supernatant was collected and added 

to the same volume of isopropanol for DNA precipitation. The DNA pellet was rehydrated in 

water to achieve a final DNA concentration between 60-100ng/µL. For detection of the 

presence of H. hepaticus, fresh faeces were collected and incubated 3 minutes at 95ºC in a 

NaOH/EDTA, vortex and heated for 7 minutes at 95ºC to complete pellet dissolution. The 

solution was centrifuged 60 seconds at 13000 rpm, the supernatant recovered and added to a 

TrisHCl solution ready to use as sample DNA. For detection of H. hepaticus in colon, 1cm 

long biopsy of rectum was collected at sacrifice time and processed as tail for DNA 

extraction. To each PCR, 1µL template DNA was added to 24µL of PCR reaction mix 

containing: reaction-buffer (1x), MgCl2 (25mM), dNTP’s (10mM), primers (10pmol) and 

0.4u/run Taq-polymerase (GoTaq polymerase, Promega). The solution submitted to a PCR-

reaction in thermocyler (BioRad) and samples analysed by agarose gel (Sigma) 

electrophoresis stained with Green Safe (NZYTech), with molecular rulers (MM) 100bp 

(NZYTech) or 1kb (Fermentas) accordingly. 
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PCR 

To genotype B6.Foxp3-deficient animals the following primers were used: Hori-Sf _5' - TCA 

GGC CTC AAT GGA CAA A - 3 ' and Hori-Common_5' - AAA CAC GGG GCC CAA 

GGC- 3 '. To detect endogenous Foxp3 gene it was used primer Hori-Wt_5' - TCA GGC CTC 

AAT GGA CAA G- 3 ' and Hori-Common primer as to detect the mutation. Both PCRs used 

the next cycling condition: initial denaturation of 3 minutes at 94°C, followed by 35 cycles of 

denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C 

for 60 seconds, followed by an additional 10 minutes at 72°C for final extension, achieving a 

PCR product of 350bp. Heterozygous females will have a band in both PCRs. 

To detect expression of CD4dnTGFβRII transgene (400bp band), the following primers were 

used: forward TGFβ_5'-CCCAACCAACAAGAGCTCAAG-3' and reverse TGFβ_5'-

TTGGGGTCATGGCAAACTGTCTC-3'. Cycling condition were: initial denaturation of 5 

minutes at 94°C, followed by 3 cycles of denaturation at 94°C for 5 minutes, annealing at 

55°C for 30 seconds, and extension at 72°C for 40 seconds, followed by 30 cycles of 

denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C 

for 40 seconds, finishing with an additional 10 minutes at 72°C for final extension. 

To assess the Rag2 status the following primers were used: Rag Up_5' - CCA GCA GTG 

AAT TGC ACA GTC -3'; Rag Low_5' - TCA ATC GTG TTG TCC CCT AGA - 3' and Rag 
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Neo_5' - TAA TATGCG AAG TGG ACC TGG - 3'. And Cycling conditions: initial 

denaturation of 5 minutes at 94°C, followed by 3 cycles of denaturation at 94°C for 5 

minutes, annealing at 57°C for 30 seconds, and extension at 72°C for 35 seconds, followed by 

30 cycles of denaturation at 94°C for 30 seconds, annealing at 57°C for 30 seconds, and 

extension at 72°C for 35 seconds, finishing with an additional 10 minutes at 72°C for final 

extension. The product of this PCR reaction is a 160bp band for the endogenous and a 240bp 

band for the mutant Rag2 alleles; heterozygote animals will have both 160 and 240bp bands. 

To detect the presence of H. hepaticus, 2 different PCRs were done simultaneously one to 

Helicobacter spp. C97Helico 5’-GCTATGACGGGTATCC-3’ and CD5Helico 5’-

ACTTCACCCCAGTCGCTG-3’ and other to H. hepaticus using primer hepaticus_Fwd: 5' 

GCA TTT GAA ACT GTT ACT CTG 3' and hepaticus_Rev: 5' CTG TTT TCA AGC TCC 

CC 3'. The Helicobacter PCR gave a 1220bp band and these were the cycling conditions: 

initial denaturation of 5 minutes at 95°C, followed by 35 cycles of denaturation at 95°C for 60 

seconds, annealing at 52°C for 60 seconds, and extension at 72°C for 2 minutes, followed by 

an additional 10 minutes at 72°C for final extension. To the H. hepaticus PCR the cycling 

conditions were: initial denaturation of 5 minutes at 95°C, followed by 35 cycles of 

denaturation at 95°C for 60 seconds, annealing at 54°C for 60 seconds, and extension at 72°C 

for 60 seconds, followed by an additional 10 minutes at 72°C for final extension, obtaining a 
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417bp band in the end. The specific cycling conditions for each of the PCRs used were 

improved in the course of master project.  

 

STATISTICAL ANALYSIS 

Data are presented as mean±s.em unless otherwise note. Statistical significance was 

determined using Student’s T test with Mann-Whitney nonparametric statistics p<0.05 

considered significant (*, p<0.05; **p<0.01; ***p<0.001; NS, not significant). 
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Figure 28 – Tg mice SPF vs. Helico condition. Frequency of CD4+ and CD8+ TCRβ+ lymphocytes 

Graphs with individual animals. (A) Frequency of CD4+, (B) CD8+ within live TCRβ+ lymphocytes. 
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Figure 29 – Tg mice SPF vs. Helico condition. Activation markers in T lymphocytes. Graphs 

with individual animals. Within CD4+: activated CD44+ (A), memory CD44+CD62Lhi (B). Within 

CD8+: activated CD44+  
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Figure 29 – Tg mice SPF vs. Helico condition. Activation markers in T lymphocytes. Graphs 

with individual animals. (C) and memory CD44+CD62Lhi or (D) live lymphocytes. 
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Figure 30 – Tg mice SPF vs. Helico condition. Cytokine expression in splenocytes. Graphs with 

individual animals. (A) Within CD4+TCRβ+, (B) CD4-TCRβ+ or (C) CD4-TCRβ- live lymphocytes. 
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Figure 31 – Tg mice SPF vs. Helico condition. Foxp3 expression in T cells. Graphs with 

individual animals. (A) Within CD4+TCRβ+, (B) CD4-TCRβ+. 
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Figure 31 – Tg mice SPF vs. Helico condition. Foxp3 expression within T cells. Graphs with 

individual animals. (C) total live lymphocytes. 
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Figure 32 – Tg mice SPF vs. GF condition. Frequency of CD4+ and CD8+ TCRβ+ lymphocytes 

Graphs with individual animals. (A) Frequency of CD4+ or (B) CD8+ within live TCRβ+ 

lymphocytes. 
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Figure 33 – Tg mice SPF vs. GF condition. Activation markers in T lymphocytes. Graphs with 

individual animals. Within CD4+ activated CD44+ (A), memory CD44+CD62Lhi (B). 
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Figure 33 – Tg mice SPF vs. GF condition. Activation markers in T lymphocytes. Graphs with 

individual animals. Within CD8+ activated CD44+ (C) memory CD44+CD62Lhi (D) or within live 

lymphocytes. 
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Figure 34 – Tg mice SPF vs. GF condition. Cytokine expression in splenocytes. Graphs with 

individual animals. (A) Within CD4+TCRβ+, (B) CD4-TCRβ+ and (C) CD4-TCRβ- live lymphocytes. 
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Figure 35 – Tg mice SPF vs. GF condition. Foxp3 expression in T cells. Graphs with individual 

animals. (A) Within CD4+TCRβ+, (B) CD4-TCRβ+ and (C) total live lymphocytes. 
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