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Abbreviation

Description
AIRE Autoimmune regulator
APC Antigen presenting cell
Bcl-2 B-cell lymphoma 2
CCR Chemokine receptor
CD Cluster of differentiation
¢jTRECs Coding-joint TRECs
CM] Corticomedullary junction
c¢TEC Cortical thymic epithelial cell
CTLA-4 Cytotoxic T-lymphocyte antigen 4
DAPT N-[N-(3,5-difluorophenyl)-L-alanyl]-sphenylglycine t-butyl ester
DC Denderitic cell
D11 Delta-like 1
DN Double negative
DNA Deoxyribonucleic acid
DP Double positive
EDP Early double positive
Foxp3 Forkhead box P3
FTOC Fetal thymus organ culture
ye Common y chain
GALT Gut-associated lymphoid tissues
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GARP Glycoprotein A repetitions predominant
GATA3 GATA-binding protein
GFP Green fluorescent protein
GITR Glucocorticoid-induced tumor necrosis fact'or (TNF) receptor family-
related gene/protein
GW Gestational week
hmFTOC Human/mouse hybrid FTOC
ICOS Inducible T cell co-stimulator
IL Interleukin
IPEX Immune iysregulation., polyendocrinopathy, enteropathy,
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Immature single positive
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Description

Abbreviation

Jak
LAP
mAb
MHC
mTEC
NK
nTreg
PCR
PD-1
PDC
PECAM-1
pTa
RAG
RNA
RTE
RTOC
RT-PCR
RUNX
SCID
SEM
sjTRECs
SOCS1
SP
STAT5
TCR
TEA
TEC
TGF-$
Th

Th-POK

TN

TNF
TOC

Janus kinase
Latency-associated peptide
Monoclonal antibody
Major histocompatibility comlex
Medullary thymic epithelial cell
Natural killer
“Natural” Treg
Polymerase chain reaction
Programmed cell death 1
Plasmacytoid dendritic cell
Platelet endothelial cell adhesion molecule 1 (CD31)
Pre-TCRa
Recombinase activating gene
Ribonucleic acid
Recent thymic emigrant
Reaggregate thymic organ culture
Reverse transcription PCR
Runt-related transcription factor
Severe combined immune deficiency
Standard error of mean
Signal-joint TRECs
Suppressor of cytokine signaling 1
Single positive
Signal transducer and activator of transcription 5
T cell receptor
T-early a
Thymic epithelial cell
Transforming growth factor 8
T-helper
T-helper inducing POZ/Kruppel-like factor
Triple negative
Tumor necrosis factor

Thymic organ culture
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Abbreviation Description
TOX Thymus high mobility group (HMG) box protein
Trl Type 1 regulatory T cells
TRA Tissue restricted antigens
TREC TCR rearrangement excision circles
Treg Regulatory T cell
TSLP Thymic stromal lymphopoietin
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O timo é um o6rgao linféide primério essencial para o desenvolvimento das
células T, sendo responsavel pela formacdo de um repertério capaz de combater
possiveis patogéneos estranhos ao organismo sem comprometer a tolerancia ao préprio.
Esta toleréncia é maioritariamente garantida pelo timo, quer pela eliminacdo de
linfécitos T potencialmente auto-reactivos, quer pela producdo de uma populagdo de
células T, denominadas células T regulatoras (Treg), devotada ao controlo da resposta
imune, particularmente no contexto de processos autoimunes e inflamatorios.

A diferenciacdo no timo de progenitores provenientes da medula 6ssea em
células T CD4 ou CD8 maduras ocorre através de uma sequéncia de estadios de
desenvolvimento que podem ser definidos com base na expressdao das moléculas CD3,
CD4 e CD8. Em humanos, células CD4- CD8- CD3- triplamente negativas (TN) adquirem
inicialmente CD4 (estadio CD4 monopositivo imaturo, CD4ISP) e posteriormente CDS,
tornando-se células CD4+ CD8+ duplamente positivas (DP). Na sequéncia de rearranjos
genéticos do receptor de células T (TCR), este é expresso a superficie e é testada a sua
capacidade de reconhecer o complexo de histocompatibilidade major (MHC),
fundamental para a apresentacdo de antigénios. Células cujo TCR ndo reconheca MHC
morrem por apoptose (“morte por negligéncia”). Apenas células apresentando TCRs que
reconhecem MHC do préprio recebem sinais de sobrevivéncia (“selec¢ao positiva”) e de
diferenciacdo em células T CD4 ou CD8 maturas. Estudos no ratinho mostram que a
intensidade e duragdo da sinalizacdo pelo TCR durante a diferenciagdo timica sao
determinantes na decisdao de uma célula se tornar uma célula T CD4 ou CD8. Uma
sinalizagcdo excessivamente intensa pelo TCR induz “seleccdo negativa”, resultando na
apoptose de linfécitos potencialmente autoreactivos. A sinalizagdo pelo TCR é também
essencial para o desenvolvimento timico de Tregs. Pensa-se que a sua selecgdo ocorre
num intervalo muito restrito de afinidade das ligagdes TCR-ligando, entre a seleccado
positiva de células T convencionais e a seleccao negativa de linfécitos T autoreactivos
com TCR de alta afinidade. Neste sentido, tem sido atribuida as Tregs a caracteristica
peculiar de possuirem uma autoreactividade aumentada.

Actualmente, o factor de transcricao Foxp3 (forkhead box P3) é considerado o
marcador mais adequado para a identificacdo de Tregs. O seu papel essencial no

desenvolvimento e fun¢do de Tregs é suportado pela associagdo de mutacoes de Foxp3
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com o sindrome fatal IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome, sindrome auto-imune linfoproliferativo severo) e também pelo sindrome
autoimune fatal observado em ratinhos scurfy, “naturalmente” deficientes em Foxp3.
Outras moléculas cuja expressdo tem também sido associada a Tregs incluem a cadeia a
do receptor de interleucina 2 (IL-2Ra, CD25), CTLA-4 (cytotoxic T-lymphocyte antigen
4), o ectoapirase CD39 e baixos niveis da cadeia a do receptor de IL-7 (IL-7Ra, CD127).

Neste estudo investigimos o desenvolvimento de Tregs, identificadas pela
expressao de Foxp3 e de outros marcadores associados, em timos de individuos em
idade pediatrica. Em particular, perguntdmos quando ocorre o comprometimento dos
timocitos para a linhagem de Tregs durante o desenvolvimento, uma vez que esta
questdo é relevante para o repertério das Tregs. Perguntdmos ainda como se compara o
desenvolvimento das Tregs com o de linfécitos T convencionais.

Na primeira parte do trabalho analisamos o padrao de expressao de Foxp3 em
timdcitos humanos e murinos. Os nossos resultados revelam a expressao de Foxp3 em
fases anteriores ao estadio DP, nomeadamente em timoécitos no estadio CD4ISP em
humanos e no estadio CD4- CD8- duplamente negativo 4 (DN4) em ratinhos. Mostram
ainda que, em ratinhos, células Foxp3+ DN4 possuem rearranjos genéticos da cadeia a
do TCR (TCRa). Recorrendo ao ratinho deficiente em TCRa como uma ferramenta
genética mostramos que, na auséncia de TCRa, a expressao de Foxp3 no estadio DN4 é
abolida. Colectivamente, os nossos dados revelam a expressdao de Foxp3 em fases pré-DP
em timocitos humanos e murinos e confirmam que a expressao precoce de Foxp3 é
dependente do TCR.

Na segunda parte do trabalho estuddmos a inducdo de Foxp3 no estadio DP e a
possivel diferenciacdo de timoécitos Foxp3+ DP no estadio mais maturo Foxp3+ SP.
Usando um ensaio de reexpressdo, que consiste na clivagem de moléculas de superficie
usando pronase e na sintese e reexpressao em cultura de moléculas transcripcionalmente
activas, mostramos que a expressdo de Foxp3 na fase DP ocorre em “verdadeiras”
células DP. Mostramos ainda que os timécitos Foxp3+ DP apresentam um fenétipo
maturo e uma distribuicdo das familias TCR Vp que se assemelha a dos timécitos DP que
nado expressam Foxp3. Identificamos também uma populacdo de timécitos Foxp3+ DP
que apresenta um aumento do programa transcripcional associado com o fenétipo
activado/supressor na periferia, expressando elevados niveis de marcadores associados
com Tregs, tais como CD25, CTLA-4, CD39 e MHC classe II (HLA-DR). Esta populacao

estd também presente em timoécitos Foxp3+ CD4SP, nos quais a intensidade de expressao
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dos marcadores supramencionados parece decair antes da exportacdo das células do
timo para a periferia. Os timoécitos Foxp3+ CD8SP nao apresentam a referida populacao,
mas expressam a molécula CD103 (ag), constituinte da integrina agfs. A expressdo de
CD103 est4d associada com a migracdo para a mucosa, o que pode explicar os niveis
reduzidos de Tregs CD8 circulantes. Mostramos ainda que a molécula CD103 esta ja
presente em células Foxp3+ no estadio DP, o que sugere uma possivel relagdo precursor-
progenia entre os timdcitos Foxp3+ CD103+ DP e CD8SP. A possivel diferenciacdo de
timocitos Foxp3+ DP em Foxp3+ SP foi analisada com base num modelo estatistico de
andlise de regressao mdaltipla. Este modelo suporta um contributo significativo das
células Foxp3+ DP para o pool Foxp3+ SP. Em resumo, os nossos dados indicam que
Foxp3 é induzido na fase DP e que uma parte significativa dos timécitos Foxp3+ DP se
diferencienciam em células Foxp3+ SP, que irdo incorporar o pool de Tregs na periferia.

Em contraste com o que é observado na periferia, mostramos que uma fracgao
significativa dos timocitos Foxp3+ DP expressa niveis consideraveis do receptor de IL-7.
A funcionalidade deste receptor a superficie dos timoécitos Foxp3+ DP foi confirmada
através do estado da fosforilagdo da molécula STATS (signal transducer and activator of
transcription 5), associada a accdo da IL-7, apds estimulagdo de timoécitos com esta
citoquina. Mostramos ainda que IL-7 induz o aumento de intensidade de CD25 nos
timocitos Foxp3+ DP em cultura. Estes resultados sugerem que a IL-7 poderd ter um
papel significativo no desenvolvimento timico de Tregs em humanos. Esta observagao
pode ser de importancia particularmente significativa em situacdes onde ha alteracoes
dos niveis de IL-7, tal como no contexto de situacdes clinicas de linfopénia como
observado, por exemplo, na patologia do HIV.

Em conclusao, os nossos dados suportam que a expressao de Foxp3 em timocitos
humanos requer sinalizacdo pelo TCR e ocorre antes da decisio CD4 vs. CD8.
Mostramos que os timécitos Foxp3+ DP expressam um fenétipo activado semelhante ao
apresentado em Tregs activadas na periferia mas associado a expressao de receptor de
IL-7 funcional, o que naquela fase possivelmente protege os timdcitos de
apoptose/seleccao negativa. Identificdimos ainda uma subpopulagdo das células Foxp3+
DP que expressa CD103 e que esta provavelmente na origem das células Foxp3+ CD8SP,
com migragao preferencial para a mucosa. Finalmente, modelos de andlise de regressao
multipla suportam que um comprometimento significativo para a linhagem Treg ocorre

na fase DP, com possiveis implicagdes para o repertério e funcao da populagao de Treg.
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Palavras-chave: Estudos humanos, Timo, Desenvolvimento de Células T, Células T

reguladoras, Foxp3.
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SUMMARY

The thymus is a primary lymphoid organ crucially involved in the development
of T cells. While producing a self-tolerant T cell repertoire that warrants surveillance to
foreign pathogenic threats, the thymus also produces a lineage of regulatory T cells
(Tregs) that are deeply involved in the control of immune responses, particularly in the
context of inflammatory and autoimmune processes.

Differentiation of blood-derived T cell progenitors to mature CD4 or CD8 T cells
in the thymus is accomplished by sequential development through a series of stages that
can be defined by the expression of CD3, CD4 and CD8. In humans, CD4-CD8-CD3-
triple negative (TN) cells first acquire CD4 (CD4 immature single positive stage, CD4ISP
stage) and then CD8 to become CD4+CD8+ (double positive stage, DP stage) cells. Upon
T cell receptor (TCR) gene rearrangements, DP cells “test” their TCR for recognition of
the antigen-presenting molecules named major histocompatibility complex (MHC).
While cells that are unable to recognize self-MHC undergo “death by neglect”, DP
thymocytes bearing TCRaf complexes that can engage self-MHC molecules are signaled
to survive, a process designated as “positive selection”, and to differentiate into
functionally mature CD4 single positive (CD4+CD8-CD3high, CD4SP) or CD8 single
positive (CD4-CD8+CD3high, CD8SP) T cells. Data from mouse models suggest that the
strength and duration of TCR signaling is determinant in CD4 vs. CD8 lineage decision
during thymic differentiation. Strong TCR signaling induces “negative selection”,
resulting in programmed cell death of potentially auto-reactive cells. TCR signaling has
been shown to be essential for Treg differentiation in the thymus. It has been proposed
that Treg selection may occur within a very narrow window of affinity of TCR-ligand
interactions, between positive selection of conventional CD4 T cells and negative
selection of high-affinity self-reactive T cells. In agreement, increased self- reactivity is
considered a unique feature of Tregs.

At present, the forkhead winged-helix transcription factor Foxp3 is considered
the best available marker to identify Tregs. The essential role of Foxp3 in Treg
development and function is supported by the association of Foxp3 defects with the fatal
condition IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome) and also by the lethal autoimmune syndrome observed in scurfy and Foxp3

knock-out mice. Other molecules whose expression has also been associated with Treg



xii

function include the interleukin 2 receptor a chain (IL-2Ra, CD25), the cytotoxic T-
lymphocyte antigen 4 (CTLA-4), the ectoapyrase CD39 and low levels of the IL-7
receptor a chain (IL-7Ra, CD127).

We have investigated the development of human Tregs, as identified by the
expression of Foxp3, as well as of other Treg-associated markers, in human pediatric
thymuses. Specifically, we asked when commitment to the Treg lineage occurred during
T cell development, since this is particularly relevant for the generation of the Treg
repertoire. In addition, we assessed the developmental pathway of Tregs in the thymus.
In particular, we asked whether Treg development occurred similarly to what is
observed in conventional, Foxp3- T cells.

In the first part of the work we dissected the early expression pattern of Foxp3 in
human and murine thymocytes and showed that Foxp3 expression can be detected in
pre-double positive (pre-DP) subsets, particularly in CD4ISP thymocytes in humans and
in double negative stage 4 (DN4) cells in mice. We further showed that Foxp3-expressing
murine thymocytes at the DN4 stage possess productive TCRa gene rearrangements. In
addition, using the TCRa-deficient mouse model as a genetic tool we have found that
Foxp3 expression was abolished in TCRa-deficient DN thymocytes. Collectively, our
data have identified the pre-DP expression of Foxp3 in human and murine thymocytes
and confirmed the TCR-dependency of the early Foxp3 expression in pre-DP
thymocytes.

In the second part of the work we studied the induction of Foxp3 at the DP stage
and the possible differentiation of Foxp3+ DP thymocytes into the SP stages. Using a re-
expression assay, where surface molecules were cleaved using pronase and
transcriptionally active molecules were allowed to be synthesized and re-expressed, we
were able to show that Foxp3 expression at the DP stage occurs in bona fide DP
thymocytes. We also showed that Foxp3+ DP thymocytes have a mature phenotype and
a TCR VP family distribution that closely resembled that of Foxp3 negative DP
thymocytes. We further found that a population within Foxp3-expressing DP
thymocytes presented an up-regulation of the transcriptional program associated with
an activated/suppressor phenotype in the periphery and expressed high levels of the
Treg-associated markers CD25, CTLA-4, CD39 and MHC class II (HLA-DR). This
population was also found within Foxp3+ CD4SP thymocytes, in which the expression

of those markers appeared to decline prior to thymic egress. While Foxp3+ CD8SP
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thymocytes were devoid of high expression of those markers, they homogeneously
expressed CD103 (ag), which is part of the agpyintegrin. CD103 expression is associated
with migration to the mucosa, which might explain the very low levels of circulating
CD8 Tregs. In addition, we found that Foxp3+ cells expressing CD103 were already
present at the DP stage, indicating possible precursor-progeny relationship between
Foxp3+CD103+ DP and CD8SP thymocytes. In order to further investigate a possible
direct precursor-progeny association between Foxp3-expressing DP and SP cells we
performed statistical analysis of our data using multiple regression analysis. This model
supported the significant weight of Foxp3+ DP cells to the SP pool. Overall, our data
thus indicate that considerable Foxp3 induction occurs at the DP stage and that a
significant part of Foxp3+ DP thymocytes probably progresses to the SP stages, and will
incorporate the Treg pool upon thymus egress.

In addition, and in clear contrast to what is observed in the periphery, we found
that a large proportion of Foxp3+ DP thymocytes expressed considerable levels of IL-7
receptor (IL-7R). We assessed the functionality of IL-7R at the surface of Foxp3+ DP cells
and showed that phosphorylation of STAT5 (“signal transducer and activator of
transcription 5”), a downstream target of IL-7, was readily observed upon exposure to
that cytokine. Furthermore, short-term culture with IL-7 induced the upregulation of
CD25 on Foxp3+ DP thymocytes. Together, these results suggest that IL-7 may play a
role in the development of human Tregs. Although requiring further investigation, this
finding may be of particular significance in the context of situations where IL-7 levels are
altered, such as lymphopenia, as observed in HIV pathology.

In conclusion, our data support that the expression of Foxp3 in human
thymocytes requires TCR signaling and occurs prior to CD4 or CD8 lineage
commitment. Foxp3+ DP thymocytes were shown to express an activated phenotype
that is reminiscent of that found in peripheral activated Tregs but is associated with the
expression of a functional IL-7 receptor, which may protect them from cell
death/negative selection. A subpopulation of Foxp3+ DP expressing CD103 is likely to
give rise to a population of Foxp3 CD8 T cells with preferential homing to the mucosa.
Finally, multiple regression models support that a significant commitment to the Treg
lineage occurs at the DP stage, with possible implications for Treg repertoire and

function.

Keywords: Human studies, Thymus, T cell development, Regulatory T cell, Foxp3.
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CHAPTER I: INTRODUCTION

A. HUMAN T CELL DEVELOPMENT AND INSIGHTS FROM MOUSE MODELS

‘1. THE THYMUS: BRIEF HISTORICAL PERSPECTIVE

The word “thymus” is thought to come from the Latin derivation of the greek Bupog
(“thymos”), meaning “warty excrescence”, but also “soul” or “spirit”’, and the ancient
Greeks believed it to be the seat of the soul. Later, it was also considered to be the organ
of purification of the nervous system, a protective thoracic cushion and a center of
regulation of fetal and neonatal respiration (1).

Originally described by Claudius Galen of Pergamum (130-200 AD) during his
precise descriptions and studies of neurological functions and anatomy, the thymus was
considered an “organ of mystery” for almost 2000 years. Galen observed that the thymus
was proportionally largest in size during infancy and that it shrunk with aging (1).
Studies on the evolution of thymic size during fetal and infant life were also performed
by William Hewson in 1777. He further noted that the thymus was filled with “particles’
resembling those in lymph and blood, and believed that “the thymus exists during the
early periods of life only when those particles seem to be the most wanted” (2).

By the mid 50’s the lymphopoietic function of the thymus was established. However,
immunologists still did not believe it to have an immunological function and considered
the thymus an evolutionary redundant “lymphocyte graveyard” (2). In the early 1960’s,
Jacques Miller’s work on the role of the thymus in mouse lymphocytic leukemia and the
impact of neonatal thymectomy in tolerance (3-5) lead the way for the recognition of the
thymus as a non-redundant specialized organ of the immune system with a unique

function in the establishment and maintenance of the T cell pool.

2. PHYLOGENY, ONTOGENY AND STRUCTURE OF THE THYMUS

The thymic structure has not been identified in species more primitive than jawed
vertebrates and is a common feature to all of them (6). Its precise embryological origin,
the number of organs per animal and the final anatomical positions all vary markedly in
different species. In spite of this, they share their origin from pharyngeal pouches, which
arise as specialized pockets of the foregut endodermal tube and harbor primordia for
organs and tissues later found in chest, neck, or head regions, including the thymus and

the parathyroid gland (7).
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The human thymus is located anatomically in the anterosuperior mediastinum, in
front of the heart and behind the sternum. It achieves the maximum absolute size during
the first year of life (8). The thymus undergoes a process named “involution”, whereby it
starts reducing its mass and changing its architecture with age, and extensively fills with
adipose tissue after puberty (1, 8).

The thymus consists of two distinct lobes joined by a connective tissue isthmus. A
thin connective tissue capsule surrounds each lobe and, in most species (although not in
mouse), gives rise to septa that partially subdivide the thymus into interconnecting
lobules of variable size and orientation. It is morphologically similar across species,
being divided into cortical and medullary regions separated by a vascular
corticomedullary zone (9, 10). Those areas can be distinguished histologically (Figure 1).
While the cortex contains densely packed immature thymocytes within a sparse thymic
epithelial framework, the medulla is less dense and contains prominent epithelial cells
and Hassall's bodies (or Hassall's corpuscle). First described by the British physician
Arthur Hill Hassall in 1849, Hassall's bodies are concentric structures composed of
stratified keratinizing epithelium that are rare in rodents but rather frequently found in
humans and other primates (9-11). They were suggested to represent the “graveyard” for
dead thymocytes or the “privileged” area for the maturation of medullary thymocytes,
and also to be active in cell signaling, transcription and metabolism mediated by

cytokines or growth factor receptors (11-17).

Figure 1: Structure of the human thymus. Hematoxylin/eosin staining of a section of a
pediatric thymus (7 year old boy). The cortex is composed of densely packed thymocytes (A, B)
while in the medulla thymocyte density is lower and contains Hassall’s bodies (B). Magnification:
10x (A), 40x (B).
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The epithelial thymic primordium begins its development at the end of the 4t
gestational week (GW) and it is present by the 7th GW, with a distinct organization into a
peripheral and central cell layer by the 8th GW (18). Seeding of the thymus is a very early
event, with the first lymphoid progenitor cells arriving by the 8t GW via the peripheral
blood (18-20). At this time progenitor cells that seed the thymus originate from the fetal
liver (19, 20). Colonization of the thymic primordium by T cell progenitors is necessary
for further development of the thymic microenvironment, including the
compartmentalization into cortex and medulla and the development of Hassall's
corpuscles (21, 22). Mature T cells are not detected in the thymus before 12 to 13 GW and
progressive colonization of the periphery occurs between 13 and 14 GW (23-26). After
the 16th GW fetal liver precursor cells colonize the bone marrow, which becomes the
main source of thymic progenitors from the 22nd GW onwards throughout adult life (20).

The thymus has no afferent lymphatics, and thymic progenitors are thought to enter
the thymus through the large venules at the corticomedullary junction (CM]). T cells re-
enter the circulation through the vascular lining of post-capillary venules at the CM],

where efferent lymphatics drain into an adjacent pair of lymph nodes (10).

3. COMPOSITION OF THE THYMIC STROMA

The unique capacity of the thymus to efficiently promote T cell differentiation and
repertoire selection is mediated by thymic epithelial cells (TECs), which are the major
constituents of the thymic stroma. This epithelial nature of the thymus makes it a unique
lymphoid organ (10). Cortical and medullary TECs are currently thought to be mainly
derived from a bipotential cTEC-mTEC progenitor population present in the thymus
anlage and possibly persisting beyond the embryonic period (27-29). Nonetheless,
epithelial cells of the thymic microenvironment are very heterogeneous, and distinct cell
types occur in the subcapsular zone, cortex, medulla and Hassall's corpuscles (18). They
differ in their ultrasctructural characteristics, antigenic expression and their capacity to
synthesize thymic hormones, which are important for intrathymic maturation and
modulation of lymphocyte responsiveness (10).

The thymic stroma also comprises several non-epithelial cell types, such as
endothelial cells, which contribute to the vasculature, and mesenchymal cells, that
influence TECs and T cell progenitors (29). Bone-marrow derived cells are also present,
including dendritic cells (DC), B cells and macrophages, involved in the shaping of the T

cell repertoire and the elimination of apoptotic thymocytes (9, 29). Macrophages are
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found throughout the thymus but occur at higher density in the cortex, while DCs are
frequently present along the thymic CM]J and medulla (18) and B cells are mostly found
in the medulla (30, 31).

4. OVERVIEW OF T CELL DEVELOPMENT

The highly ordered thymic architecture plays a crucial role in normal thymic
function. Phenotypically distinct thymocyte populations are present in specific thymic
areas (Figure 2). Progenitor cells lacking CD4 or CD8 expression (double negative cells,
DN) enter the thymus at the CMJ and move through the cortex to the subcapsular zone,
where they undergo early events. Large, mitotically active lymphoblasts can be found in
the subcapsular zone (10, 29). The thymic cortex contains smaller CD4+CD8+ double
positive (DP) thymocytes, while in the medulla single positive CD4+ CD8- (CD4SP) and
CD4- CD8+ (CDS8SP) T cells are screened for self reactivity before leaving the thymus
through the CM]J (9, 29).

Figure 2: Thymic T cell development.
T cell progenitors enter the thymus
through the blood vessels at the CM]J.
Development of CD4-CD8- double
negative (DN) cells is accompanied by
an outward movement towards the
subcapsular zone. CD4+CD8+ double
positive (DP) cells scan the cortex for
positively  selecting ligands. After
positive  selection and  lineage
commitment, single positive (SP) cells
move to the medulla, where they scan
medullary antigen presenting cells,
mainly dendritic cells (DCs) and
medullary thymic epithelial cells

(mTECs), before they leave the thymus.

Progenitor Mature T cell
gent ature T ee cTEC: cortical TEC. Adapted from (32).
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5. T CELL COMMITMENT AND EARLY T CELL DEVELOPMENT

Hematopoietic precursors in humans are present within a population of cells that
express CD34 (33). CD34 is expressed on pluripotent stem cells, as well as on progenitor
cells that are already committed to particular hematopoietic lineages, but not on their
differentiated progeny (34-36). In the thymus, CD34+CD38lo cells include the most
immature population, based on TCR rearrangement status (Figure 3) (37) and on their T,
natural killer (NK) and DC precursor potential (36, 38). The presence of multipotential
precursors in the human thymus indicates that T cell commitment takes place within the
thymus itself (39). This is also supported by the fact that TCR gene rearrangements,
which are the most definite marker for T cell commitment, were not found in fetal liver
or cord blood CD34+ cells (40, 41). Neonatal cord blood CD34+ cells were also found not
to express recombinase activating gene (RAG-1) or pre-TCRa mRNA (41). Thus, at least
a proportion of the precursors that seed the human thymus are multipotential and

commit to the T cell lineage in the thymus (20).

DN4/ CD4SP or
- +
DN1/TN DN2/TN DN3/TN CD4ISP DP CD3- DP CD3 CD8SP
" CD44+ || CDa4+ || cD44- || cD44- ggg: ggg: ggg: or
ouse _ -
CD25 cD25+ || cD2s+ || cD25 ps ooy || ooy
CD34+ || CD34+ || CD34+ || op,. CD4+ CD4+ || CD4+or
Human | CD38- || CD38+ || CD38+ || Gpaww || CD8* CD8+ || CD8+
CD1a- || CD1a- || CD1a+ CD3- CD3+ || CD3+
Va-Ja |
TCR D/A SRec-yJa \ SiTREC '
D5-D5 D5-J5 VS-D-JN
TCR G | Vy-dy \

TCRB | ___DfJp—  Vp-D-Jp |

Figure 3: Stages of T cell development in human and mouse thymus and occurrence of TCR
rearrangements. Parallel between the stages of T cell development in human and mouse and
timing of TCR rearrangements. TN, triple negative (CD4-CD8-CD3-); CD4ISP, CD4 immature
single positive (CD4+CD8-CD3low). Adapted from (37).



Cells expressing the highest levels of CD34 lack CD1la, a molecule that is widely
expressed in cortical thymocytes (42, 43). Appearance of CDla on CD34+ thymocytes
marks an important checkpoint in early T cell development, since it is associated with
the induction of T cell commitment, as CD34+CD1a+ thymocytes largely lose the ability
to develop into non-T cells (36). CD34+CD1la+ cells, in contrast to CD34+CD1la-
precursors, have strong T cell, but little NK-cell, and no DC or plasmacytoid DC (PDC)
precursor activity (36). CD34 is downregulated in the subsequent population, which
expresses CD4 but not CD8 or surface CD3, and is known as CD4 immature single
positive (CD4ISP) (42, 44). CDA4ISP cells are fully committed to the T cell lineage, since
they lack NK or DC precursor activity but can develop into T cells, as demonstrated
using a hybrid human-mouse fetal thymic organ culture (hmFTOC) system in which
human thymocytes are cultured in murine fetal thymic lobes (45).

Human T cell development is critically dependent on the cytokine interleukin 7 (IL-
7). The IL-7 receptor consists of two chains, an a chain (IL-7Ra) and a common y chain
(yc), shared with the receptors for IL-2, IL-4, IL-9, IL-15 and IL-21. Genetic defects in
genes encoding for yc (46, 47), IL-7Ra (48, 49) or the Janus kinase Jak3, a component of
the IL-7-induced signaling transduction pathway (50, 51), are associated with profound
T cell deficiency and account for most severe combined immune deficiencies (SCID). The
precise function of IL-7 on human T cell development is not completely understood.
CD34+ thymic T cell progenitors proliferate in response to IL-7, and development from
CD34+ precursors in a fetal thymic organ culture (FTOC) in the presence of inhibition of
IL-7R signaling almost completely blocks the transition of CD34+CDla+ cells into
CD4ISP (52). Furthermore, IL-7 may be directly involved in the induction of TCRp V-D-]
rearrangements, although this is yet to be confirmed (53). In support of this, IL-7
addition enhances the levels of episomal DNA resulting from TCR gene rearrangements,
known as TCR rearrangement excision circles (TREC; see section 7), in human thymic
organ cultures (TOCs) (54).

Notch proteins constitute a family of highly conserved transmembrane receptors
whose receptor-ligand interactions have also been shown to play a crucial role in T cell
development (55-58). This is supported by studies where cord-blood and bone marrow
CD34+ cells co-cultured with the murine bone marrow stromal cell line OP9 expressing
the Notch ligand DL1 (delta-like 1) were shown to undergo full T cell development (58,
59). On the other hand, the y-secretase inhibitor DAPT (N-[N-(3,5-difluorophenyl)-L-
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alanyl]-Sphenylglycine t-butyl ester), which inhibits Notch signaling, strongly impaired
T cell development in both the FTOC (60) and OP9-DL1 (61) systems. However,
inhibition of TCRaf development by DAPT was rescued by forced expression of
intracellular Notchl by retrovirus-mediated gene transfer (61). Furthermore, TCRp V-DJ
but not D-JB rearrangements were strongly inhibited by DAPT (60). These findings

indicate that Notch is required for induction and maintenance of T cell specification.

|6. EARLY TCR REARRANGEMENTS AND B-SELECTION OF DEVELOPING
| THYMOCYTES

The TCR expressed by the majority of T cells is a heterodimer composed of a and 3
chains. TCR diversity is generated by random rearrangement of multiple germline-
encoded variable (42 Va and 47 V(3 segments), diversity (2 DB segments), and joining (61
Ja and 13 Jp segments) gene segments, non-germline-encoded N region insertions, and a
and [ chain pairing (62, 63). In humans, an estimated >108 different TCR can be
produced and the diversity of TCR in a human at any given time has been estimated to
be > 2x107 (63).

During the early stages of T cell development, the TCR loci undergo rearrangement
in the sequence TCR D>G>B>A (37, 64, 65). The current model of TCR rearrangements in
early T cell development, as described by Dik et al. (37), is depicted in Figure 3.
However, there is some controversy with respect to the cell phenotype in which each
rearrangement of particular loci occurs, probably due to the sensitivity of the methods
used to analyze TCR rearrangements.

Studies in the mouse have shown that productive rearrangement of TCRB genes
leads to the transport to the cell surface of a pre-TCR complex consisting of TCR
protein associated with an invariant pre-TCRa (pTa) chain and the CD3 complex (66-69),
and the presence and association of those molecules has also been shown to occur in
human thymocytes (70, 71). Signaling through the pre-TCR induces survival,
proliferation, differentiation and initiation of TCRA gene rearrangements (69, 71). This
process, known as “f-selection”, represents the first checkpoint of T cell development, as
cells that fail to generate a TCRP chain do not proceed along the af lineage
differentiation pathway (69). In the mouse, this checkpoint mainly occurs at the DN3

stage and has been associated with the expression of CD27 (72, 73)



In humans, occurrence of TCRpP rearrangements and ensuing [-selection has
generated some debate. While a PCR-based and GeneScalling analysis found some
productive TCRP V-DJ rearrangements within CD34+CD1a+ cells (37), a less sensitive
southern blot analysis detected the first TCRP V-DJ rearrangements in CD4ISP cells (65).
Intracellular TCRp protein can be detected in CD4ISP cells and at higher frequency at the
subsequent CD4+CD8a+CD8f3- stage (early double positive stage, EDP) (65, 74).
However, intracellular TCRP negative populations have been found in CD4+CD8a+[3-
DP cells (65, 75), indicating that not all populations downstream of CD34+CD1a+CD4-
cells are post-p selection. A study by the Toribio group (75) has located the [-selection
checkpoint later in development, at the transition from the CD4+CD8a+CDS8p- to the
CD4+CD8a+CD8p+ stage, since the later subset expresses surface TCRB and pTa.
However, in this study no surface pre-TCR was found in EDP cells, while a low level of
CD3 was detected on a small proportion of EDP in the study of Blom et al. (65).
Furthermore, pTa mRNA is mainly present at the CD4ISP stage (70, 71, 76) and is
downregulated but still expressed in EDP and TCRap- DP cells (65, 70, 71), while it is
absent at other stages of development (70, 71), supporting the possibility that [-selection
occurs at early stages of human T cell development.

Recently, CD28 expression at the CD4ISP stage has been described as a marker of
cells that have passed the p-selection checkpoint (76). CD4ISP CD28+ thymocytes
express intracellular TCRP and differentiate into CD3+ TCRap+ cells in the OP9 system,
in the absence of Notch signaling (76). In this study pTa mRNA was shown to be highly
expressed in CD4ISP CD28- cells and almost completely downregulated in CD4ISP
CD28+ thymocytes. In contrast, expression of TCR Ca, which marks opening of the
TCRa locus (73), was strongly and specifically induced in CD4ISP CD28+ thymocytes
(76). CD4ISP TCRP+ cells had been previously suggested to be in cycle, to express
elevated levels of CD1a, CD4, CD28, CD45RO and CD71 and to differentiate in FTOC
into TCRaf+ T cells with faster kinetics than CD4ISP TCRp- cells (39). These data further
indicate that -selection can occur within the CD4ISP population.

Overall, it is considered that p-selection in human thymocytes may not be directly
associated with a particular stage. It may begin in a small subset of CD34+CD1a+CD4-
cells, while a larger proportion occurs in cells that have up-regulated the expression of

CD4, and subsequently CD8a or both CD8a and CD8.
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7. TCRa REARRANGEMENTS IN IMMATURE THYMOCYTES

Rearrangements at the TCRA locus are initiated after TCRB-expressing cells have
expanded, as a result of f-selection, and returned to slow cycle conditions (53, 71).

The human TCRA and TCRD gene segments are interspersed on chromosome 14q11,
with the TCRD locus being located between the Va and Ja gene segments (Figure 4) (77).
Therefore, deletion of the TCRD gene plays an important role in the differentiation of
TCRap cells. Excision of the 6 locus during TCRa gene rearrangements results in the
generation of DNA circles that persist episomally, producing two types of TRECs that
are identical in ~70% of T cells (78). Two non-functional TCR3-deleting gene segments,
SRec and yJa, have been identified that flank the major part of the TCRS gene (79). The
high frequency of Rec-yJa rearrangements in human thymocytes suggests that a major
fraction of the thymocytes use this rearrangement to delete their TCRS genes (79).
Rearrangement of SRec to yJa produces signal-joint (sj) TRECs. Subsequent Va-Ja
rearrangement deletes the remaining V3 gene segment and produces coding-joint (cj)
TRECs. Since the a locus is not subject to allelic exclusion (80, 81), a maximum of two

sjTRECs and two ¢jTRECs may be present per cell (53).

TCRD locus D Jo cs
Figure 4: Generation of sjTRECs and cjTRECs. Vo v ORec p g Wo g, ey Y
Simplified representation of the TCRD locus Ev—G—A~a-H- —» (S]TREC
flanked by portions of the TCRA locus (Va, Ja L.o)

and Ca). From (82).

SRec-yJo
Vo V8 Jo Ca

@D—ﬂ- —> (TREC

TCRA rearrangements were proposed to occur mainly in the small CD3- DP
population (64, 71). In the mouse, productive TCRA rearrangements and transcripts have
been shown to already be present at the DN stage (83), despite being generally
associated with the wave of expression of RAG-1/RAG-2 at the DP stage (84). In
agreement, Dik et al. recently showed, using the more sensitive real time quantitative
PCR technique, that Rec-yJa rearrangements in humans can already be detected at the
CD4ISP stage (37). Furthermore, analysis of T-early a (TEA), whose transcription
initiates TCRA recombination by opening the 5" site of the Ja cluster, showed that TEA-
Ca transcripts are already detected at the CD34+CD38+CD1a+ stage (37).
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’8. TCRaB T CELL DEVELOPMENT: INSIGHTS FROM MOUSE MODELS

fa. Positive and negative selection of developing thymocytes

Studies in the mouse have shown that thymocytes expressing surface TCRap will
only survive if their TCR forms an MHC-restricted receptor that is signaled by low
affinity self-peptides, a process called “positive selection”. Thymocytes that fail to signal
through their TCR undergo apoptosis, which is termed “death by neglect”, while high-
affinity contacts will also result in programmed cell death, and this is known as
“negative selection” or “clonal deletion” (Figure 5) (53). Experimental affinity
measurements thus support the idea that TCR affinity for positive selection ligands is
lower than that for negative selection ligands (85-87). However, the “selection paradox”
that recognition of self is essential for thymocyte survival but may also induce cell death

remains an incompletely resolved issue (32).

@ Figure 5: The affinity model of
§‘ thymocyte selection. According to this
5 model, the affinity of the TCR-peptide-
o Death by neglect Positive Negative selection MHC interaction is the key determinant of
a (apoptosis) selection (apoptosis) T cell selection. Only thymocytes with
o (survival and . . L. ; .

T proliferation) intermediate affinity receive a survival
2 signal and undergo positive selection, CD4
=]

Z or CD8 T cell lineage commitment and

Low Intermediate High

maturation to become part of the peripheral
T cell pool. Low affinity for self-peptide-
MHC complexes results in death by neglect, which is thought to account for 80-90% of the loss of
thymocytes during thymic selection, while high-affinity binding induces cell death by apoptosis
(negative selection or clonal deletion). DP: double positive. Adapted from (32).

Affinity of TCR-peptide-MHC interaction

Despite an inherent propensity of the TCRap receptor to bind to MHC, probably
enforced by the expression of CD4 and CDS8, the generation of MHC-restricted receptors
from random a/f3 pairs is thought to be relatively infrequent (88-91). However, the a
locus is structured such that multiple V/] recombination events can occur on the same
allele, thus allowing several productive TCRa gene rearrangements to be tested per cell
(92).

Efficient positive selection of developing thymocytes requires interactions with self-
peptide-MHC complexes displayed by cTECs (93-96), and some studies have also

assigned a role for cTECs in negative selection (29, 97). cTECs provide specialized
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accessory interactions that MHC+ epithelial cells from other tissues do not (98). These
accessory molecules are poorly defined, although CD83 has been shown to be involved
in CD4 T cell development (29, 99). Despite studies demonstrating that intrathymic
expression of MHC molecules by non-TECs, including thymocytes themselves, can
support positive selection, the relative efficiency of this process and the nature of the
TCR repertoire that is selected are unclear (100-104).

The physiological peptide-MHC repertoire expressed by cTECs in vivo, including the
number and nature of the self-peptides involved in positive selection, and the way that
these complexes might shape the polyclonal aff T cell repertoire are largely unknown
(32, 105). Positive selection of functional T cells apparently requires peptides with
antagonist or partial agonist properties (106) that are structurally related to ligands that
can fully activate mature T cells (32), thus emphasizing the importance of the quality
(affinity) rather than the quantity (avidity) of the TCR-peptide-MHC interaction (32, 85).
Furthermore, the generation of a fully diverse T cell repertoire in vivo has been shown to
be positively correlated with the complexity of selecting ligands (105).

Evidence suggests that the TCR must remain engaged and sustain signaling for the
duration of positive selection (107). In a study where Bousso et al. used two-photon
microscopy and reaggregate thymic organ cultures (RTOCs), a system that allows the
organotypic reaggregation of discrete thymocyte populations with stromal cells, to study
thymocyte-stromal cell interactions these were shown to last on average 6 to 12h when
MHC recognition occurred (108). Those interactions took place both as long-lived
cellular associations displaying stable cell-cell contacts and as shorter, highly dynamic
contacts (108).

Positive selection induces a signal that results in RAG gene repression, long-term
survival, migration into the medulla and differentiation into mature T cells (105). The
quality control of developing T cells through interactions with peptide-MHC complexes
on medullary APCs is indispensible for central tolerance (32), as revealed by the severe
manifestations of systemic autoimmunity in murine models where there is inhibition of
positively thymocytes to enter the medulla or premature egress of thymocytes (109, 110),
disorganization of the medullary architecture (111) or disrupted development of mTECs
(112-116).

mTECs are unique in their “promiscuous” gene expression ability (117-119). A subset
of mTEC selectively expresses the gene that encodes the autoimmune regulator AIRE, a

transcriptional regulator of target genes that greatly controls the ectopic transcription of
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numerous tissue restricted antigens (TRAs) in the thymus and is essential for T cell
tolerance (119). AIRE is defective in the human autoimmune condition APECED
(polyendocrinopathy-candidiasis-ectodermal dystrophy) (120, 121), and its deficiency in
mice results in a reduction in the expression of TRAs in mTECs, defective tolerance
induction and organ-specific autoimmunity (118, 122, 123). AIRE expression in mTECs
enables intrathymic self-antigen presentation, thereby aiding in the establishment of
thymocyte tolerance to peripheral antigens (29).

Promiscuous gene expression is thought to be a stochastic process, with only 1 to 5%
of mTECs expressing a particular TRA (117, 124). However, it was recently found that
mature mTECs are replaced every 2 to 3 weeks and are thus continuously altering the
topology of antigen expression within the medulla (125, 126). Tolerance induction
towards TRAs expressed in few dispersed mTECs may result from the numerous
encounters with APCs in the 4 to 5 days that thymocytes spend in the medulla (127, 128)
and/or from the transfer of mTEC-derived TRAs to neighbouring DCs (129, 130), which
are known to have a central role as APCs in negative selection in the medulla and also in
the cortex (100, 127, 131), thus increasing the probability that such antigens are

encountered by developing thymocytes.

b. CD4 and CD8 lineage decision of developing TCRaB T cells

Positively selected DP thymocytes ultimately develop into CD4SP or CD8SP T cells,
depending on whether they received signals through MCH class II or MHC class I,
respectively (132). Classical models considered that CD4/CD8 lineage choice resulted in
the transcriptional termination of one or the other coreceptor gene as a consequence of
the same TCR signaling event that mediated positive selection, with the random or
instructed nature of the termination of transcription underlying the “stochastic” (133-
138) or “instructive” (139-142) models. Currently, CD4/CDS8 lineage choice seems to be
best explained by the kinetic signaling model (Figure 6), which proposes that lineage
choice is determined by TCR-signal duration and that cytokines, such as IL-7, serve as

“sensors” that detect that duration (143-145).
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In order to identify potentially useful TCRs, unselected DP thymocytes are
unresponsive to other survival signals, such as IL-7, both through the downregulation of
surface cytokine receptors and the expression of suppressor of cytokine signaling 1
(SOCS1), which is a potent intracellular suppressor of cytokine signal transduction (146,
147).

According to the kinetic model, TCR-signaled DP thymocytes first terminate their
Cd8 gene transcription and then assess the effect of the absence of CD8 on TCR signaling
(142, 143). Whether TCR-mediated positive selection signals persist or cease in the
absence of CD8 determines if the cell becomes a CD4 or CD8 T cell, respectively. This
implies that positive selection and lineage choice are sequential and not simultaneous
events, and that TCR-mediated positive selection signals terminate Cd§ gene
transcription and convert DP thymocytes into intermediate lineage-uncommitted
Cd4+Cd8- cells, with lineage decision at this stage depending on whether TCR signaling
persists or ceases (142). Since the progressive decrease in cell-surface CD8 eventually
disrupts CD8-dependent signaling by MHC-class I-restricted TCRs, IL-7 or other y chain
cytokines are important for cell survival in the absence of TCR signaling (142, 148).
Furthermore, IL-7 and other y chain cytokines have been shown in vitro to promote “co-
receptor reversal” by enhancing Cd4 silencing and promoting reinitiation of Cd8 gene
transcription (143, 148).

Several transcription and nuclear factors have been identified that are involved in the
regulation of Cd4 and Cd8 gene transcription. Th-POK (T-helper inducing
POZ/Kruppel-like factor) seems to be both necessary and sufficient for CD4-lineage

specification, probably acting as a master regulator of CD4 T cell differentiation (149,
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150), while RUNX (runt-related transcription factor) proteins, in particular RUNX3, seem
to promote CD8 T cell differentiation (151-153). Th-POK and RUNX3 negatively regulate
each other’s expression and thus reinforce lineage choices (154-158). TOX (thymus high
mobility group (HMG) box protein) (159) and GATA3 (GATA-binding protein) (160)
also appear to play a role in lineage commitment, particularly in CD4 lineage choice

(142).

‘9. DEVELOPMENT OF HUMAN TCRaB T CELLS

The transitional stages that thymocytes undergo during their differentiation and
maturation in the human thymus have mainly been studied using hmFTOCs and SCID-
hu mice, a model that consists in transplanting small pieces of human fetal liver and

thymus under the kidney capsule of SCID mice (Figure 7) (161-164).

1I1-CD8SP, > 1V-CD8SP| > V-CD8SP

CD3-TCR Low Low/+ Low/+ + + + o
CD1a + + + + + . _
CD69 - ¥ ¥ ¥ 45 45 Low
CD27 - - - + + + +

CD45RA - = = - - - +

CD45RO + + + + + + )
RAC.; ++ + + - - _ .

transcripts

Development 27 CD4sp CD8SP or CDS8SP or
in hmI?T oC and None and CD8sP CD4SP CDA4SP CD4sP
CD8SP CD8SP respectively respectively

Figure 7: Stages of human T cell development. Delineation of human T cell development
stages, as defined by the studies of the Vandekerckhove group in the 1990’s using hmFTOCs,
SCID-hu mice and pronase re-expression assays (161-164). Adapted from (53).
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Expression of CD69 on human thymocytes is induced at the CD3low to CD3high
transition and has been linked to positive selection (162). In support of this, CD69- CD3+
thymocytes were found to be corticosteroid-sensitive, whereas CD69+ CD3+ cells were
resistant (162), and these populations express high and low levels of RAG-1 mRNA,
respectively (163). Post-selection CD69+ thymocytes, which are initially CD27- CDla+
CD45RA-, sequentially up-regulate CD27, down-regulate CDla and eventually acquire
CD45RA upon maturation (161-164). The identification of an early postselection
CD69+CD27-CD4SP population that gives rise to both CD4SP and CDS8SP cells when
cultured in hmFTOC has been suggested to indicate that, similarly to what has been
described in the mouse model, human DP thymocytes down-regulate CD8 expression
soon after positive selection (162, 163). Cells committed to the CD4 lineage will then
permanently stop the production of CD8, while CD8 lineage-committed cells will
terminate the production of CD4 and start re-expressing CD8 (163).

Down-regulation of CD8f during positive selection appears to parallel CD69 up-
regulation (163). The expression of CD8a and CD8p chains is differentially regulated on
human thymocytes (Table 1) (74). On cells differentiating into CD4SP the expression of
CD8p chains is more rapidly lost, whereas CD8aa chains may remain expressed well

after the acquisition of CD27 (162).

TABLE 1: REGULATION OF CD8a AND CD8B EXPRESSION DURING HUMAN T CELL DEVELOPMENT.

Antigen TN CD4ISP EDP DP CD4SP CD8SP
CD4 - + + N N i
CD8a . - + + ] +
CDSB - - - - - -

TN: triple negative; ISP: immature single positive; DP: double positive; EDP: early DP; SP: single positive.

Interestingly, one study has suggested that CD69 expression might be maintained by
the thymic microenvironment and only lost during or after emigration from the thymus
(162). In the SCID-hu model, where virtually all human peripheral cells can be
considered to be recent thymic emigrants (RTEs) due to their short half-life (<24h), RTEs
were found to resemble that of cord blood T cells, being mostly CD3highCD69-
CD27+CD1a-CD45RA+ (162). However, around 10 to 30% of the emigrant T cells have a
CD45RA-/dullCD45RO+ phenotype, indicating that both CD45RA+CD45ROdull and
CD45RA-/dullCD45RO+ thymocytes emigrate from the thymus (162). Accordingly, it
has been shown that a minor fraction of cord blood T cells are CD45RA-/dull, and that
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these cells are functionally immature, likely corresponding to recently emigrated
thymocytes (165).

TRECs (see section 7) have been proposed by Douek et al. to represent a molecular
marker of recent thymic emigrants in humans, as had been previously proposed in
chickens (166), allowing the assessment of thymic output in the periphery (82). Studies in
the mouse have shown that TRECs are stable (167) and are not duplicated during
mitosis, and are thus diluted out with cell proliferation (168). sjTREC levels were found
to be predominantly present in CD45RA+ naive but not in CD45RO+ memory peripheral
blood, reflecting the enrichment in RTEs and/or the lack of extensive cell division of the
former population (82). Moreover, they were lower in thymectomized individuals as
compared to age-matched controls, further supporting the thymic origin of sjTRECs (82).
Although sjTRECs do decline with age, they are still found in 80 year old individuals,
indicating that thymic function persists throughout life (82).

Other markers that have been described to be preferentially, but not exclusively,
expressed on RTEs are the cell-surface molecules CD31 (platelet endothelial cell
adhesion molecule 1, PECAM-1) (169) and CD103 (ar component of the agf; integrin)
(170) on naive CD4 and CD8 T cells, respectively, which identify populations enriched in
TRECs.
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B. DEVELOPMENT OF REGULATORY T CELLS

‘ 1. REGULATORY T CELLS: IDENTIFICATION AND ROLES IN HEALTH AND
| DISEASE

Although the existence of T-cell mediated immune suppression was highly
controversial several decades ago and the suppressor-T-cell concept was abandoned in
the 1980’s due to its elusive nature, studies in 1995 by Sakaguchi et al. hinted at a rebirth
of the idea of a population of cells specialized in immune suppression (171). Classical
experiments showed that thymectomy of mice 3 days after birth prevented the export of
Tregs from the thymus into the periphery and predisposed the mice to systemic
autoimmune diseases, which could be ameliorated through the transfer of thymocytes or
splenocytes from adult euthymic mice (11, 172-175). Sakaguchi and colleagues described
a population of IL-2 receptor a chain (CD25)-expressing CD4+ T cells that were capable
of suppressing immune responses in a variety of experimental models, including
neonatal thymectomy (171). Several mechanisms of Treg-mediated suppression have
been described, mediated by secreted soluble factors, including the production of anti-
inflammatory cytokines, by direct cell-cell contact or by modulating the activation state
and function of antigen presenting cells (176). Noteworthy, once activated by a particular
antigen, Tregs can suppress responder T cells irrespective of whether they share antigen
specificity with the Treg (177).

The presence in humans of CD4+CD25+ T cells that exhibited similar features to the
homologous mouse CD4+CD25+ regulatory T cell subset has also been demonstrated
(178-182). However, CD25 expression in human peripheral blood CD4 T cells does not
define a distinct population, as it does in mouse. Furthermore, while up to 30% of
human CD4 T cells express low levels of CD25, only the 2-4% expressing the highest
levels of CD25 have been shown to be functionally suppressive and are considered Tregs
(183). The majority of CD4+ CD25high cells express the memory marker CD45RO,
CD62L (L-selectin) and the IL-2RP chain (CD122) (182, 183). Within this population,
HLA-DR expressing cells have been shown to have the highest suppressive capacity
(184). The in vitro characteristics of the human CD4+CD25high T cells were similar to
those observed in the murine population. For instance, Tregs did not proliferate when
stimulated through their TCR in the absence of exogenous IL-2 and were able to
suppress the activation of other T cells in a cell-cell contact dependent manner (183).

Furthermore, Tregs in both humans and mice could suppress both proliferation and
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cytokine production of CD4+CD25- responder T cells in response to a number of
different polyclonal stimuli, as measured by in vitro assays (176, 183, 185).

There is now solid evidence that a population of regulatory T cells (Tregs) is
physiologically relevant and that disruption of its development or function is a primary
cause of autoimmune and inflammatory diseases in humans and animals. Depletion of
thymic-generated Tregs, also known as “naturally-occurring” (or “natural”) Tregs, has
been shown both to elicit autoimmunity and to augment immune responses to non-self-
antigens (186). Treg depletion is associated with inflammatory bowel disease, which
likely results from excessive immune responses to commensal bacteria in the intestine
(187). In addition to their roles in maintenance of self-tolerance and the control of
autoimmunity (188, 189), the prevention of escape responses to pathogens or allergens
and the balance with microbial flora (190), Tregs also facilitate the escape of tumors from
immunological monitoring (191). Tregs may act to impede immune surveillance against
cancers in normal individuals and suppress potential responsiveness to autologous
tumors in cancer patients (192). Furthermore, Tregs have been shown to suppress
allergy, establish tolerance to organ grafts, prevent graft-versus-host disease after bone
marrow transplantation and promote feto-maternal tolerance (186). Tregs thus represent
a promising clinical approach for the treatment of autoimmune disease and

inflammation and for cancer immunotherapy (193).

‘2. FOXP3 AS A MOLECULAR Treg MARKER

“Naturally-occurring” Tregs express the transcription factor Foxp3 (forkhead box
P3), a member of the forkhead/winged-helix family of transcription factors. Members of
the Fox family are both transcriptional activators and transcriptional repressors, many of
which have been implicated in regulating immune system development and function
(194). For example, mutations in the Foxnl gene are responsible for the phenotype seen
in nude mice, rats and humans (195, 196), characterized by abnormal development of the
epidermis, lack of hair, and absence of a thymus.

The Foxp3 gene was first identified as the defective gene in scurfy mice as an X-
linked recessive mutant that is lethal in hemizygous males within a month after birth,
exhibiting hyperactivation of CD4+ T cells and overproduction of proinflammatory
cytokines (197). The severe autoimmune diseases and allergy in scurfy resemble the

diseases observed following depletion of CD25+CD4+ Tregs in rodents, and inoculation
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of CD25+ CD4+ T cells from normal mice has been shown to prevent severe systemic
inflammation in scurfy mice (198). It has also been shown that continued expression of
Foxp3 is needed to maintain the lineage identity and function of peripheral mature Treg
cells, since ablation of Foxp3 in mature Treg cells resulted in the loss of their suppressive
function and of the transcriptional program established by Foxp3 during regulatory T
cell lineage commitment in the thymus (199).

Mutations of the human gene FOXP3, located at Xq11.23-Xq13.3, have also been
shown to be closely related to the genetic disease IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome) (200, 201), which represents the
human counterpart of the scurfy phenotype. Immunopathology associated with the IPEX
syndrome becomes apparent around the first month after birth and includes eczema or
psoriasis-like lesions, watery diarrhea, type 1 diabetes mellitus, excessive cytokine
production and chronic inflammation, leading to death (202). To date, there are over 20
known FOXP3 mutations resulting in IPEX syndrome with these manifestations. (202).

Importantly, ectopic retroviral transduction of the Foxp3 gene in naive CD25- CD4+
T cells can convert them to CD25+ CD4+ Treg-like cells that are able to suppress
proliferation of other T cells in vitro and inhibit the development of autoimmune disease
and inflammatory bowel disease in vivo (198, 203). Foxp3 transduction in naive T cells
also up-regulates the expression of CD25 and other Treg-associated molecules, such as
cytotoxic T cell associated antigen-4 (CTLA-4) and glucocorticoid-induced tumor
necrosis factor (TNF) receptor family-related gene/protein (GITR), whereas it represses
the production of IL-2, IFN-y, and IL-4 (198). Similarly, Foxp3 gene transfer confers
suppressor function to naive human CD4+ T cells (204, 205). Interestingly, Foxp3 was
less efficient in reprogramming the memory T-cell subset into regulatory cells (205).

Two main isoforms of Foxp3 are expressed in humans. While the complete isoform
represents the ortholog to mouse Foxp3, a deletional isoform lacking the proline-rich
exon 2 (amino acids 71-105) has been described that has not been reported in mouse
CD4+CD25+ Tregs (206). Whether the same T cell expresses both isoforms
simultaneously is currently not known. In addition, it is unclear if there is a functional
difference between the two isoforms (206), although either isoform can confer regulatory
function when strongly overexpressed (204, 207, 208).

In the mouse, Foxp3 has been shown to directly or indirectly control hundreds of
genes and to directly bind ~10% of them (209, 210), including those encoding signal

transduction molecules, transcription factors, cytokines (such as IL-2), cell-surface
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molecules (such as IL-2Ra and CTLA-4), enzymes for cell metabolism and intergenic
microRNAs (such as miR-155). It functions as an activator as well as a repressor of
transcription depending on the target (189).

Foxp3 is currently the most reliable molecular marker for natural Tregs in both
humans and mice (189). However, it has become evident in recent years that Foxp3+
Treg cells could also be generated in vitro and in vivo outside the thymus from
conventional Foxp3- CD4 T cells under a variety of conditions, including TCR
stimulation, the cytokines transforming growth factor § (TGF-p) and IL-2 or retinoic acid
(Figure 8) (189, 211). The differentiation of these so called “inducible” or “adaptive”
Tregs is apparently associated to particular environments, such as the gut-associated
lymphoid tissues (GALT) and mesenteric lymph nodes, with their generation probably
being induced by distinct gut-associated antigens such as food and commensal
microbiota-derived antigens (185). Nevertheless, the different microenvironments of
adaptive Treg cell development in vivo are still incompletely understood, as is the
contribution of adaptive Tregs to the peripheral pool of Foxp3+ Tregs (189, 211).
Furthermore, there are differences in Foxp3 expression upon activation of conventional T
cells in human and mice (206). Although stable high expression of Foxp3 is restricted to
Treg cells in both species, Foxp3 is induced at low levels upon stimulation of human T
cells (207, 212-215). However, this Foxp3 expression is transient and does not result in
the acquisition of a Treg cell phenotype and suppressor function by activated
conventional human T cells (212, 215). The transient Foxp3 expression by activated T
cells has been proposed to be a consequence of the methylation status at the FOXP3
promoter region, with only the complete demethylation of the conserved FOXP3
promoter region supporting stable long term Foxp3 expression and a committed Treg
phenotype in humans (216-218). On the other hand, populations of Foxp3-negative
adaptive Tregs have also been described, such as type 1 regulatory T cells (Trl) and T
helper-3 T cells (Th3) (Figure 8), that may play a role in the control of the development of

autoimmunity and in promotion of transplantation tolerance (202).
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Thymus Periphery Figure 8: Thymic and peripheral
Thefecior generation of Foxp3+ Tregs. The
Foxp3- CD4+ Th naive 111  peripheral Treg population

(nTreg), which differentiate in the

thymus and migrate to peripheral

Foxp3-iTreg tissues, and  “adaptive” or

Tr1  “inducible” Tregs (iTregs), which

Th3 " differentiate in secondary lymphoid

organs and tissues. Adapted from
(211).

1h2  comprises both “natural” Tregs
. —> — Th17 &

Foxp3+ nTreg Foxp3+ nTreg Foxp3+ iTreg

oe—e @

Peripheral Foxp3+ Treg population

Tregs are thus currently best identified in both mice and humans by the high levels
of Foxp3, and/or CD25, in situations where there is no apparent immune activation in
vivo (219). In addition, it has been shown that a further discriminating marker for this
population can be the low levels of CD127 (220-222). Of note, up-regulation of CD127
has been recently reported in activated Tregs in mice (223). The expression of CD39
(ectonucleoside triphosphate diphosphohydrolase 1) has also been linked to the Treg
phenotype and function in both humans and mice, which is in great part related to the
generation of the immunosuppressive nucleoside adenosine in association with the 5'-
ectonucleotidase CD73 (224, 225). Expression of the mucosal-homing associated
molecule CD103, the agsubunitof the agP integrin, has also been described as a marker
of Tregs specialized for the crosstalk with epithelial environments, although its
significance in mice is apparently more pronounced than in humans (226-229). A list of
markers associated with Tregs is presented in Table 2.

Importantly, Foxp3+ natural Tregs retain their suppressive function after expansion
in vivo and in vitro (230, 231), allowing envision of the use of clonally expanded antigen-
specific natural Tregs in the therapeutic or clinical context, namely in transplantation

tolerance and suppression of graft rejection.
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TABLE 2: TREG CELL MARKERS.

Transcription  Activation and Homing and Suppressive and Apoptosis,
factor memory origin effector function survival or other
Foxp3 CD45RA CCR4 CTLA4 CD27

CD45RO CCR6 ICOS 0OX40
CD25 CCR9Y CD39-CD73 CD9%5
HLA-DR CD103 LAP PD-1
Lack of CD127 CD304 Granzyme B GITR
CD69 CD31 Galectin 1 Galectin 3
Lack of CD49d Galectin 10 GARP
TRANCE MS4A4B
CD80 and CD86 IL-1R
IL-10 CDé6
CD2
Lack of IL-2

CCR, chemokine receptor; GARP, glycoprotein A repetitions predominant; ICOS, inducible T cell co-
stimulator; LAP, latency-associated peptide; MS4A4B, membrane-spanning 4-domains, subfamily A,
member 4B; PD-1, programmed cell death 1, TRANCE, TNF-related activation-induced cytokine. Adapted
from (193).

3. THYMIC Treg DEVELOPMENT: INSIGHTS FROM MOUSE MODELS

Foxp3+ thymocytes have been observed in the thymus at a late CD4+CD8+ and
constitute ~5% of mature CD4SP thymocytes and less than 1% of CD8SP or DN
thymocytes (232). Very few Foxp3+ thymocytes develop in mice deficient in both MHC
class I and II, indicating a crucial role for TCR signaling and self-peptide/ MHC ligands
in the development Foxp3+ thymocytes or their Foxp3- precursors (Figure 9) (232).
Moreover, commitment to the Treg lineage must directly or indirectly reflect differential
signals received through the TCR, since natural Tregs are thought to possess TCRs with
higher affinity for thymic MHC/self-peptide ligands than those of other T cells (189).
Engagement by agonist ligands favors the selection of Treg cells either by inducing
differentiation along the lineage, as observed in transgenic systems (233, 234), or because
Foxp3+ cells are inherently more resistant to clonal deletion (122, 235, 236). In addition,
the intensity of the interaction between T cell accessory molecules and their ligands on
thymic stromal cells contributes to the generation of natural Tregs (Figure 9). For
example, deficiency of CD28, CD40 or CD80 and CD86 results in a substantial reduction
of CD25+ CD4+ Tregs in the thymus and periphery (186).

Although the overwhelming majority of Foxp3+ cells are found within the medulla
of the thymus, scattered cortical Foxp3+ thymocytes are also present in the cortex (232).
The relative role of cortex vs. medulla in Treg induction and in the determination of the

Treg fate is still matter of debate. In a study where thymic migration from the cortex to
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the medulla was blocked by administering pertussis toxin to mice there was an
accumulation of cortical CD4SP Foxp3+ thymocytes, indicating that the thymic cortex is
sufficient to initiate Foxp3 expression (237). Furthermore, CCR7-deficient mice, which
have impaired thymocyte trafficking from the cortex to the medulla, also present an
increase in Foxp3+ Tregs in the cortex (109, 237). In another study where the role of
cortical MHC class II was examined it was shown that mice expressing MHC class II
only in the cortex were able to give rise to Tregs, although at 60% of normal numbers
(238). These studies show that murine Tregs are capable of developing within the cortical
region of the thymus. Nevertheless, other co-stimulatory signals appear to be required

for Treg lineage commitment and/or survival (202).

Figure 9: Differentiation of
Thymus thymic Tregs. According to the
current view of murine Treg
development (adapted from (185))
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The Hsieh and Farrar groups have proposed a two-step model of Treg cell
differentiation. According to this model, recognition of high-affinity self-peptides by
developing thymocytes and consequent increased TCR signal result in the up-regulation
of CD25, increasing the responsiveness/survival of Treg precursor cells to consequent
IL-2 signals within the medulla, which results in induction of Foxp3 and progression

into the Treg lineage (Figure 9) (239, 240). This importance of IL-2 in eliciting Foxp3
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expression is consistent with the profound Treg cell defects in mice lacking the IL-2
receptor or the IL-2 signal transducer STATS5 (signal transducer and activator of
transcription 5) (241-243). STATS5, activated downstream of IL-2R and other common y-
chain cytokine receptors, does represent a likely candidate transcription factor for direct
regulation of Foxp3 expression (239, 243).

A recent study has suggested that AIRE+ mTECs expressing TRAs may induce or
facilitate the development of TRA-specific Tregs in normal thymus, and that scarcity of
TRA-specific Tregs may contribute to the occurrence of autoimmune disease in AIRE
deficiency (244). However, in another study AIRE deficiency was shown not to result in
a reduced generation of Tregs but in a compromised negative selection of pathogenic
self-reactive effector T cells in thymus, suggesting that AIRE may not be involved in the
positive selection of Tregs (245). The possible role of AIRE in Treg selection is thus not

completely understood.

4. THYMIC DEVELOPMENT OF HUMAN Tregs

As aforementioned, the development of Treg in the murine thymus and their export
out of the thymus seem to be slightly delayed compared with that of conventional T
cells, as shown by neonatal day 3 thymectomy experiments (11). In contrast, human
CD25+ CD4SP Tregs are already present in the thymus as early as the 13t GW and in
peripheral organs by the 14th GW (26). Importantly, the generation of CD25+CD4SP
Tregs appears concomitant to the generation of other mature CD25- CD4SP or CD8SP
cells (26). Furthermore, fetal thymic CD25+ CD4SP Tregs presented phenotypic and
functional characteristics of Tregs present in adults, since they expressed intracellular
CTLA-4, surface CD45RO and CD62L and FOXP3 mRNA and already suppressed T cell
proliferative responses (26, 246). These characteristics were also observed in CD25+
CD4SP human postnatal thymocytes (247-249). Moreover, postnatal CD25+ CD4SP
thymocytes were found to be poor producers of IL-2, IL-4, IL-5, IL-13 and interferon y
after polyclonal activation, while a few of them produced IL-10 (249). The suppressive
activity of those cells was contact-dependent and was completely blocked by a mixture
of anti-CTLA-4 and anti-TGF-p1 monoclonal mAbs (249). Inmunohistochemical analysis
of CD25 expression in the human postnatal thymus localized this population to the

medulla and fibrous septa (249, 250).
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Studies in human fetal and postnatal thymuses have revealed the presence of CD25
on other populations besides the CD4SP population. The earliest stage where CD25
expression was reported was the DP stage, and CD25 expression in DP thymocytes was
associated with high levels of CD3 (26, 246) and with the acquisition of the maturation
marker CD27 (246) in fetal thymocytes. Furthermore, most CD25+ DP cells expressed the
early activation marker CD69, suggestive of TCR signaling and of possible commitment
to the Treg lineage during positive selection (246). This population constitutively
expressed FOXP3 mRNA and was able to suppress the proliferation of autologous
CD25- CD4SP thymocytes, as shown in human postnatal thymuses (251). Although this
suggests some degree of maturity of DP CD25+ thymocytes, it has been reported that
this population expresses RAG-2 mRNA (252). In addition, CD25 expression was also
described in fetal (26, 246) and postnatal (253) CD8SP thymocytes, although at lower
levels as compared to CD4SP thymocytes (246, 253). CD8SP CD25+ thymocytes
expressed intracellular CTLA-4, GITR and FOXP3 mRNA, were localized to the thymic
medulla and septa and suppressed the proliferation of autologous CD25- T cells via a
contact-dependent mechanism (253). Recent studies confirmed the expression of Foxp3
expression on postnatal DP, CD4SP and CD8SP thymocytes (252), and identified earlier,
previously unacknowledged populations expressing that Treg marker (254).

Of interest, CD25+ DP cells in human fetuses reportedly up-regulated CD127
expression earlier that CD25- DP cells, to levels that were lower than those observed in
CD25- SP thymocytes (246). The authors state that the majority of CD25+ DP cells do not
express the thymic stromal lymphopoietin (TSLP) receptor complex, formed by CD127 in
association with the TSLP receptor (TSLPR), indicating that IL-7 and not TSLPR should
act directly on that population (246). In contrast to these findings, a recent study on
human postnatal thymuses does not find significant expression of CD127 in Foxp3+ DP
thymocytes (252).

Studies on the Treg developmental pathway in the human thymus have also
attributed an important role to both plasmacytoid and myeloid DCs in thymic Treg
differentiation (250, 255, 256). It was recently suggested that human Treg progenitors
may selectively reside within mature DP thymocytes expressing high levels of CD69
and TCRaf, since these cells develop into CD4SP Treg in response to activated
autologous plasmacytoid and myeloid DCs (256). Induction of Foxp3 at the DP stage
was suggested to involve signaling through CD28 in humans, as previously

demonstrated in mice (250, 256, 257). CD25- CD4+ CD8- thymocytes have also been
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shown to be able to differentiate into Foxp3+ CD25+ CD4 Tregs upon co-culture with
mature DCs, and a role for the TSLP produced in the Hassall’s bodies in DC maturation
and Treg development has been proposed (250, 255).

Treg development in the human thymus thus remains largely undefined, and
additional studies are essential and mandatory to provide valuable knowledge on the

generation of this peculiar but fundamental lineage in immune homeostasis.
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CHAPTER II: OBJECTIVES AND WORKPLAN

Thymic-derived Tregs constitute a T cell lineage dedicated to immune regulation
that is vital for the prevention of autoimmunity and the maintenance of immune

homeostasis.

The overall objective of this work was to investigate the development of Tregs in
the human thymus in order to clarify the developmental stage at which the Treg lineage
diverges from other T cell fates and the developmental program that Treg precursors
undergo to give rise to mature Foxp3+ cells.

At the time this work was initiated previous studies relied on CD25 expression as
a marker of Tregs, and the few studies examining the expression of the then recently
described Foxp3 transcription factor did so only at the RNA level, due to the lack of
Foxp3-specific human antibodies. We took advantage of the collaboration with Hospital
de Santa Cruz, which allowed us to study human thymuses from pediatric cardiac
surgeries that would otherwise be discarded, and of the recent availability of human

anti-Foxp3 antibodies to investigate the development of human Tregs.

Our first specific aim pertained to the earliest stage during human T cell
development where the expression of Foxp3, thus far considered the best marker of
Tregs, could be detected. With this purpose, we examined the expression of both Foxp3
RNA and protein throughout the developmental stages described for human T cell
development based on CD3, CD4 and CD8 expression in 21 pediatric thymuses.
Although the mechanisms of Treg generation have been the focus of intense
investigation during the last decade in the mouse system, several issues are still matter
of debate, namely pre-DP Foxp3 expression. Identification of early, pre-DP Foxp3
expression in the human thymus raised the question of whether this would also be
observed in the mouse model, and, promoted the use of murine tools, such as the Foxp3-
GFP and TCRa-deficient mice, to evaluate the TCR-dependency of this early Foxp3
expression during T cell development. The results of this study are presented in Chapter

I1I.

Our second specific aim concerned the expression of Foxp3 at the DP stage and
the relationship between Foxp3-expressing DP and SP thymocytes. Several approaches

were used to address these questions. First, the existence of bona fide Foxp3+ DP
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thymocytes was attested using a re-expression assay, consisting on the stripping of
surface molecules and the re-expression in culture of transcriptionally active molecules.
Then, we aimed to estimate the induction of Foxp3 at the DP stage and the relative
contribution of Tregs generated at this stage for the mature Treg pool. Maturation and
proliferation markers, as well as several Treg associated-markers, were used to
characterize Foxp3+ DP thymocyte differentiation using up to 10-parameter flow
cytometry, in addition to in vitro assays. Moreover, in order to assess a possible
precursor-progeny relationship between Foxp3-expressind DP and SP thymocytes we
developed a regression analysis model to fit the data. Results from this study are

presented in Chapter IV.

In agreement with Decreto-Lei 388/70, art. 8°, pardgrafo 2, the results presented here
were published or are currently being prepared for publication in the following scientific

journals:

Nunes-Cabaco H, Ribot JC, Caramalho I, Serra-Caetano A, Silva-Santos B, Sousa AE

Foxp3 induction in human and murine thymus precedes the CD4+ CD8+ stage but requires

early T-cell receptor expression.

Immunology and Cell Biology (2010), 88 (5): 523-28.

Nunes-Cabaco H, Caramalho I, Septlveda N, Sousa AE

Regulatory T cell differentiation in the human thymus occurs mainly at the double positive stage.

Manuscript submitted.



Chapter 1li

Foxp3 expression in pre-DP
human and murine thymocytes

Immunology and Cell Biology 2010; 88 (5); 523-8

Foxp3 induction in human and murine thymus precedes the CD4+ CD8+ stage

but requires early T cell receptor expression.

Helena Nunes-Cabacol, Julie C. Ribot?, Iris Caramalho!, Ana Serra-Caetano?,

Bruno Silva-Santos?* and Ana E. Sousa*

“Co-senior author

Unidade de Imunologia Clinica, 2Unidade de Imunologia Molecular,
3Unidade de Citometria de Fluxo, Instituto de Medicina Molecular, Faculdade de Medicina,

Universidade de Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisboa, Portugal.






55

CHAPTER Ill: FOXP3 EXPRESSION IN PRE-DP HUMAN AND MURINE
THYMOCYTES

ABSTRACT

The thymus generates a T cell lineage dedicated to immune regulation, “naturally-
occurring” regulatory T cells, best specified by the forkhead family transcription factor
Foxp3. Here we have conducted a parallel study in humans and mice where we
dissected the earliest stages of Foxp3 induction during thymocyte development. By
analyzing a large collection of 21 human thymuses we show that Foxp3 can be
consistently detected in CD4 immature single positive thymocytes that precede the
CD4(+)CD8(+) (double positive, DP) stage. The reduced levels of CD3 expression found
at this stage of human thymocyte development raise the question of TCR requirement
for Foxp3 induction. We further show that, in mice, Foxp3 expression was also detected
in pre-DP thymocytes of TCRa-sufficient but not in TCRa-deficient animals, genetically
demonstrating the TCR-dependence of Foxp3 expression at pre-DP stages of T cell

development.
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INTRODUCTION

The existence of a thymic-derived lineage devoted to regulatory function ensures the
maintenance of a peripheral regulatory T cell (Treg) pool throughout life 1 2. The
forkhead family transcription factor, Foxp3, remains the best, albeit non-specific, Treg
marker in both humans and mice 3 4. The biological importance of Foxp3 is attested by
the highly aggressive multi-organ autoimmune disease that develops in its absence or
mutation both in mice and humans, as demonstrated by the association of IPEX
syndrome in humans (immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome) with foxp3 mutations 57. Foxp3 induction and regulation are therefore
of crucial importance for the development of Treg-based therapeutic strategies for
tolerance achievement and control of immunopathology. Over the last decade many
reports have highlighted the important roles played by Treg in the control of immune
responses, particularly in the context of inflammatory or autoimmune processes 8 9, and
Treg-based therapeutic strategies are currently being tested in the clinic °.

The thymic cortex has been shown to fully support the induction of Foxp3 in the murine
system 1012, In spite of previous data suggesting an absolute requirement for TCRaf3
expression for Foxp3 gene induction in murine thymocytes 13, it was recently reported
that human CD4- CD8- (double negative, DN) thymocytes can express Foxp3 the in the
absence of surface TCR staining 4. However, the possibility of Foxp3 induction
independently of TCRaf expression was subsequently questioned by a study showing
that the large majority of the DN Foxp3+ cells were CD3/TCRa.flow 15.

DP thymocytes are traditionally regarded as the first population to complete TCRa
rearrangements and thus express a mature TCRafy complex. However, it has been clearly
demonstrated that productive TCRa rearrangements and transcripts can be found in
mouse DN thymocytes 16 17. Moreover, TCRf selection and initiation of TCRa
rearrangements in humans was also recently shown to occur earlier than previously
thought, namely at the CD34+ CD38+ CD1a+ stage of thymocyte development 18.

Here we carefully dissected the expression pattern of Foxp3 in human and murine early
thymocyte development and formally tested the requirement of TCRa expression, the
rate-limiting factor for the assembly of the mature TCRaf complex, for Foxp3 gene

induction.
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RESULTS

FOXP3 EXPRESSION IN EARLY HUMAN T CELL DEVELOPMENT

Data on Foxp3 expression in the human thymus are scarce 4 1921, Human T cell
development is known to proceed through a series of phenotypically distinct stages. T
cell progenitors contained within the early CD3- CD4- CD8- triple negative population
(TN) initially acquire CD4 (CD4 immature single positive cells, CD4ISP) and
subsequently CD8 to become DP cells. A progressive increase in surface expression of
CD3 occurs in parallel with surface TCRap in DP cells, followed by differentiation into
CD4 or CD8 SP cells. We used 8-parameter flow cytometry to quantify Foxp3 protein
expression in 21 thymuses of immunologically healthy children aged 5 days to 13 years,
and found no significant differences according to age (r=-0.1799, n=17) or sex (p=0.3139,
n=17), in agreement with previous reports 19 22,

In order to assess the early stages of thymocyte development we applied stringent gating
criteria using a panel of lineage markers. Foxp3 expression in TN thymocytes was not
uniformly observed in all thymuses assessed (Fig. 1A and B and Supplemental Fig. 1A).
Within CD4ISP cells we could observe consistent Foxp3 expression, although at low
levels (Fig. 1A and B and Supplemental Fig. 1A). Moreover, within DP cells Foxp3
expression was found in cells with negative/low CD3 levels and increased with the
upregulation of surface CD3 (Fig. 1A and B). The same profile was found when assessing
the expression of Foxp3 in relation to TCRaf within DP (Fig. 1A). Of note, similar results
were observed with different commercially available anti-Foxp3 antibody clonotypes
(Supplemental Fig. 1A and B).

To further elucidate the expression of Foxp3 in the early phases of T cell development
we sorted the different subsets to purity and analyzed foxp3 mRNA expression. The
levels of transcriptional foxp3 assessed by real-time PCR were significantly correlated
with the levels of protein expression measured by flow cytometry in total thymocytes
(r=0.7956, p=0.0059, n=10). The real-time PCR data confirmed the inconsistency of foxp3
expression in TN cells, since amplification was only observed in 2 out of 4 thymuses and
at low levels. foxp3 transcripts were detected in CD4ISP and in DP CD3-/low cells,
though at much lower levels than those found in DP CD3+/high cells and in SP
thymocytes (Fig. 1C).
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Fig. 1. Foxp3 expression in the early stages of human thymocyte development.
(A) Representative dot-plots of Foxp3 protein expression (clone PCH101) in the human thymus as assessed
by 6-color flow cytometry using a FACSCanto. Lineage- CD3- CD8- cells were analyzed according to
absence or presence of CD4 expression in order to discriminate the TN and CD4ISP populations,
respectively. Numbers represent the percentage of Foxp3+ cells as defined by the illustrated gates within the
thymocyte populations mentioned in the top of the dot-plots. (B) Proportion of Foxp3+ cells within the
different thymocyte subsets in 14 thymuses assessed with the same staining protocol. (C) Quantitative RT-
PCR (qPCR) for foxp3 in sorted thymocyte subsets from 4 thymuses (children aged 12 days, 2 months, 2 years
and 7 years). A combination of lineage markers (CD14, CD16, CD20, CD56 and HLA-DR) with CD3, CD8
and CD4 were used to sort TN (Lin-CD3-CD8-CD4-) and CD4ISP (Lin-CD3-CD8-CD4+) thymocytes. gapdh
was used as housekeeping gene for normalization of cDNA content. Bars represent mean+SEM. (D)
Immunofluorescence confocal microscopy analysis of a thymic frozen section from a 46 day old child stained
for Foxp3 (clone PCH101; red) and a cortical marker, CD1a (green), illustrating the expression of Foxp3 in
the thymic cortex. (E) Representative analysis of the phenotype of CD4ISP Foxp3+ thymocytes. Comparison
with CD4SP thymocytes was performed in order to confirm the immaturity of this population. Graphs show
the expression of the cycling marker Ki67 and the surface levels of CD3, CD25 and CD127 within
Foxp3+CD4ISP, Foxp3-CD4ISP, Foxp3+CD4SP and Foxp3-CDA4SP gated cells.

Thymocyte development is known to be topographically organized within the thymus
with the initial stages occurring in the cortex and mature cells being found in the
medulla. Using immunostaining in thymic sections we confirmed the presence of Foxp3
in cortical CD1a+ thymocytes, although, as expected, the majority of Foxp3 positive cells
were found in the medulla and corticomedullary junction (Fig. 1D). Moreover, to attest
the immature phenotype of CD4ISP, we analyzed the expression of surface markers
CD127, CD25 and CD3, and assessed their proliferative status by Ki67 staining. The
results show that CD4ISP are proliferating cells that display a CD3lowCD25lowCD127+
phenotype characteristic of pre-DP thymocytes (Fig. 1E).
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These data demonstrate that Foxp3 is expressed at the immature CD4ISP stage of human

thymocyte development.

FOXP3 EXPRESSION IN EARLY MOUSE T CELL DEVELOPMENT

We next asked whether Foxp3 expression was also present in pre-DP stages of murine T
cell development, since a careful dissection of Foxp3 expression in early thymocyte
subsets has not been described. Importantly, Treg development is strongly influenced by
cortical events that affect DN progenitors??. We subdivided DN cells into well-
established developmental stages characterized by CD44, CD25 and c-Kit expression 2,
and analyzed foxp3 mRNA levels by quantitative RT-PCR. The first T cell-committed DN
subset (CD44+ CD25+ c-Kit+), known as pro-T or stage 2 (DN2), as well as the
subsequent pre-T DNB3 stage, both lacked foxp3 message; however, pre-DP DN4 cells
expressed a low but clearly detectable level of foxp3 transcripts, which was
approximately 10-fold lower than in mature CD4SP thymocytes but 5-fold higher than in
DP cells (Fig. 2A).

Analysis at protein level, revealed a population of Foxp3+ cells within the DN4 subset
(<1% compared to ~4% for CD4SP thymocytes; Supplemental Fig. 2A and B) by
intracellular staining. Moreover, taking advantage of a murine genetic tool, namely
Foxp3 reporter mice, in which the GFP gene has been knocked-in into the foxp3 locus 13,
we showed that, while the DN3 subset was devoid of GFP+ cells, DN4 pre-DP
thymocytes clearly contained a small population of GFP+ cells, with a frequency
comparable to that observed in DP thymocytes (Fig. 2B and C and Supplemental Fig.
2C). These cells expressed high levels of HSA (CD24) (Fig. 2D), a well-established
marker for thymocyte immaturity?2, thus excluding contamination of the DN
compartment with HSA-negative mature T cells (Fig. 2D) that would have down-
regulated CD4/ CD8.

These results collectively show that the induction of murine Foxp3 transcription and

translation precedes the DP stage and occurs at the DN4 stage.
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Fig. 2. Murine Foxp3 is expressed in pre-DP thymocytes. (A) Quantitative RT-PCR (qPCR) for
foxp3 in sorted thymocyte subsets from adult C57Bl/6 mice. DN2 are CD4- CD8- TCRy8- NK1.1- B220- (Lin-)
CD44+ CD25+, DN3 are Lin- CD44- CD25+, DN4 are Lin- CD44- CD25-, DP are CD4+ CD8+, and CD4SP are
CD4+ CD8- thymocytes. hprt was used for normalization. (B) Foxp3 protein expression as revealed by GFP
fluorescence in thymocyte subsets isolated from Foxp3-GFP knock-in reporter mice using the gating criteria
described above. Each panel of this figure is representative of duplicate or triplicate experiments involving
at least 4 animals each. (C) Proportion of Foxp3-GFP+ cells within the different thymocyte subsets in three
separate experiments involving at least 4 animals each. (D) Representative characterization of GFP+ DN4
cells regarding the expression of the immaturity marker HSA. HSA levels were compared between GFP+
and GFP- cells within the DN4, DP and CD4SP subsets from pooled Foxp3-GFP mice (at least 2 animals).

‘REQUIREMENT FOR TCRa EXPRESSION IN FOXP3 INDUCTION

The timing of rearrangement of the various TCR genes in the human thymus has been
recently reevaluated with TCRa rearrangements being shown to occur earlier than the
CDA4ISP stage 8. These data are in agreement with the quantification of the TCR excision
DNA circles resultant from the excision of TCRS (sjTREC), that are known to be required
for TCRa rearrangements 2. Therefore, it is plausible that productive TCRa
rearrangements have occurred in CD4ISP thymocytes.

Although the majority of murine DN thymocytes express negligible amounts of surface
TCRaf complexes, some display intermediate/low levels 2¢. When we analyzed foxp3
expression in both subpopulations, we were able to detect transcripts in TCRlow but not

in TCRnegative DN thymocytes (Fig. 3A), demonstrating that early foxp3 induction is
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conserved in mice, but apparently correlates with the “premature” (pre-DP) expression
of TCR complexes. Consistent with this, GFP+ DN4 cells expressed TCRP on the cell
surface and exhibited hallmarks of TCR signaling 2, such as CD5 upregulation (Fig. 3B).
Of note, all GFP+ DN4 and DP thymocytes expressed high levels of CD5 (Fig. 3B),
suggesting that early foxp3 induction is associated with TCR signaling before the SP
stage.

We further confirmed that productively rearranged and transcribed TCRa genes were
expressed in our sorted C57Bl/6 “wild type” (WT) DN4 cells (Fig. 3C), as well as in their
DN2/DN3 precursors, prompting us to test the direct involvement of TCRa, the rate-
limiting component of TCRaf assembly 2%, in early foxp3 induction. We employed
another murine genetic tool, TCRa-deficient animals 30, and were able to show that DN4
cells isolated from TCRa-deficient thymuses are devoid of foxp3 transcripts (Fig. 3D, 3E
and 3F). We also observed a significant decrease to “background staining levels” of
Foxp3 protein expression in TCRa-deficient DN4 and DP cells (Supplemental Fig. 2B).
Thus, the mature TCR is absolutely required for Foxp3 expression in pre-DP thymocytes,
just as it is at the DP stage (Fig. 3E). foxp3 transcription in DN4 cells could be observed
throughout WT mouse development, from newborn to adult, but was always absent in
TCRa-deficient thymocytes (Fig. 3F). At that stage the pre-TCR was not able to substitute
for the mature TCR (Fig. 3E). An involvement of TCR signaling was further suggested by
the higher expression of CD5 in Foxp3+ DN4 cells as compared to their Foxp3-
counterparts (Fig. 3B), as well as by the severe decrease in Foxp3 expression within DN4
cells in MHC class II-deficient mice, which also implies a requirement for self-peptide
presentation (Supplemental Fig. 2B).

These data demonstrate that foxp3 transcription in the murine thymus is first induced at

the pre-DP stage through a TCR-dependent mechanism.
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Fig. 3. TCRa expression is required for Foxp3 induction in pre-DP thymocytes. (A) Semi-
quantitative RT-PCR and qPCR for foxp3 in CD4- CD8- (DN) and CD4+ CD8- (CD4SP) murine (C57Bl/6)
thymocytes FACSorted according to surface TCRP (sfTCR) levels. actinb was used as housekeeping gene for
normalization of cDNA content. (B) Representative analysis of surface TCRB and CD5 expression levels
within GFP+ DN4 cells from pooled Foxp3-GFP mice (at least 2 animals). GFP+ and GFP- cells were
compared within the DN4, DP and CD4SP subsets. (C) Semi-quantitative RT-PCR for tcra (AVD2) transcripts
in sorted thymocyte subsets from C57Bl/6 mice, except TCRo-deficient (TCRa°) DP thymocytes in the last
lane (negative control). Sorted B cells are shown in the first lane as an additional negative control. (D) Semi-
quantitative RT-PCR for foxp3 in DN subsets from adult C57Bl/6 (wild type, WT) mice, TCRo-deficient
(TCRa®) and pTa-deficient (pTa®) mice. Sorted B cells are also shown in the first lane as a negative control.
(E) gPCR for foxp3 in DN4 and DP thymocytes from adult C57Bl/6 (wild type, WT) mice, TCRa-deficient
(TCRa®) and pTa-deficient (pTa®) mice. (F) Semi-quantitative RT-PCR and gqPCR for foxp3 in DN4
thymocytes sorted from C57Bl/6 (wild type, WT) or TCRa-deficient (TCRa°) mice at different ages: 3-5-7
days or 7 weeks (wk7, adult) postnatal. Duplicate or triplicate experiments involving at least 6 animals each
were performed.



DISCUSSION

Immune-suppressive mechanisms are crucial for homeostasis of the T cell compartment
and prevention of the immunopathology associated with inflammatory responses. The
existence of a thymically-derived lineage devoted to regulatory function ensures the
maintenance of a peripheral Treg pool throughout life. Understanding the mechanisms
underlying Treg development, and in particular the key induction of Foxp3, is essential
for the clinical manipulation of Treg.

Here we showed that Foxp3 is induced in pre-DP stages of both mouse and human T cell
development. Foxp3 expression was clearly observed at the murine DN4 and the human
CD4ISP stages, defined according to a series of maturation markers that exclude
contamination with mature re-circulating cells.

GFP+ and GFP- DN4 thymocytes in Foxp3-GFP reporter mice were found to be at a
similar stage of maturation, as indicated by the uniform high levels of surface HSA 25.
However, upregulation of CD5 expression, which has been closely associated with TCR
signaling 28, was essentially restricted to GFP+ cells.

Mature TCRof complexes are first detectable by conventional antibody-staining
techniques at the DP stage of both human and mouse T cell development, but productive
rearrangement and mRNA expression of TCRB and TCRa have clearly been shown to
precede the DP stage 1618, This phenomenon has important repercussions for all TCR-
dependent events, which could therefore be initiated at the DN stage in the thymic
cortex. Using a combination of genetic tools, we formally demonstrated that TCR
expression is required for murine Foxp3 induction at pre-DP stages. Of note, cumulative
data from different groups have demonstrated that the thymic cortex epithelium can
fully support the differentiation of mouse Tregs 1012,

Our data emphasize the parallel between Foxp3 expression during human and murine
thymocyte development despite the known differences in ontogeny 223132, and resolve
the conflicting observations that previously stemmed from independent mouse 3 and
human 415 studies.

We therefore propose that Foxp3 transcription is intrinsically downstream of TCRaf
signaling at all stages of T cell development, supporting previous observations that TCR
signals are required for Foxp3 induction in DP/CDA4SP thymocytes 1333, and extending
them to pre-DP thymocyte stages of mice and humans. Our data thus suggest that Treg

commitment at these early stages essentially follows the same rules described for CD4SP
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thymocytes, namely TCR signaling upon self-peptide presentation by MHC. However,
Treg commitment in pre-DP versus DP/CD4SP subsets is expected to occur in distinct
anatomical locations within the thymus: cortex versus medulla, respectively. The
repertoire of the self-peptide presented by the corresponding epithelial cells are known
to be intrinsically different, which has been partly attributed to differential Aire
expression3. It will therefore be important to determine whether early induction of
Foxp3 is associated with distinct TCR specificities as compared to mature SP thymocytes,
which could have critical implications for the design of novel Treg-based therapeutic

strategies.
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METHODS

HUMAN THYMIC SAMPLES

Thymic specimens were obtained from routine thymectomy performed during pediatric
corrective cardiac surgery at the Hospital de Santa Cruz, Carnaxide, Portugal, after
parent’s written informed consent. Study was approved by the Ethical Board of the
Faculty of Medicine of Lisbon. 21 thymuses were studied. Cells were recovered through

tissue dispersion and separated on a Ficoll-Paque density gradient.

ANIMALS

TCRa-deficient mice and Foxp3-GFP reporter mice have been previously described 13 30,
The latter were a kind gift from Prof. A. Rudensky. All mice, including C57Bl/6 mice,

were maintained under barrier conditions and used as adults at 6-8 weeks of age.

FLOW CYTOMETRY

After surface staining cells were fixed, permeabilized and stained for Foxp3 using
eBioscience (San Diego, CA, USA) Foxp3 staining sets (FJK-16s for mice and PCH101,
236A/E7 or 150D/E4 for human samples), according to the manufacturer’s protocol, as
well as for Ki67 (B56) or CTLA-4 (BNI3). The mAbs used for surface staining were anti-
human CD3 (UCHT1), CD4 (RPA-T4), CD8a (SK1), CD14 (CLB-monl/ 8G3), CD16
(3G8), CD20 (2H7), CD56 (MEM188), TCRP (IP26), HLA-DR (L243); and anti-mouse CD4
(RM4-5), CD5 (53-7.3), CD8a (53-6.7), CD25 (PC61.5), CD44 (IM7), CD45 (30-F11), TCRp
(H57-597), HSA (M1/69), B220 (RA3-6B2) and NK1.1 (PK136). Antibodies were from
eBioscience or BD Biosciences (San Jose, CA, USA). Cells were acquired on FACSCanto
or FACSCalibur (BD Biosciences) and analyzed using FlowJo (TreeStar, Ashland,
Oregon, USA). Doublet exclusion was confirmed using Side Scatter Width.

CELL SORTING

Cell sorting of human and murine thymocytes was performed with a FACSAria high-
speed Cell Sorter (BD Biosciences). Murine thymocytes were purified according to
previously described protocols 2. The lineage markers CD14, CD16, CD20, CD56 and
HLA-DR were combined with CD3, CD4 and CDS8 staining to sort human TN and

CD4ISP thymocytes. Purity was routinely >96%.
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| IMMUNOHISTOCHEMISTRY

6um frozen sections of thymic tissue were fixed with acetone, blocked with a solution
containing BSA and 5% normal goat serum and stained with affinity purified rat anti-
human Foxp3 (PCH101) and mouse anti-human CD1a or PBS (controls) overnight at 4°C.
The following day the tissue sections were incubated with Alexa Fluor® 568 goat anti-rat
and Alexa Fluor® 514 goat anti-mouse (Molecular Probes, Invitrogen, Carlsbad,
CA,USA). Images were obtained using a Zeiss LSM510 META Laser Scanning Confocal

Microscope.

|RT-PCR

Quantitative (real-time) PCR for human foxp3 was performed as described 35, as well as
semi-quantitative and quantitative (real-time) PCR for murine foxp3 2, following the
same RNA isolation and reverse transcription procedures. For amplification of murine

AVD?2 transcripts, the PCR strategy described by Mancini et al. was used 7.

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism v5.01 (GraphPad Software
Inc., San Diego, CA, USA). Results are presented as arithmetic mean + SEM. Data were
tested for Gaussian distribution and compared using t test and Pearson’s correlation

coefficient as appropriate. p-values <0.05 were considered to be significant.
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SUPPLEMENTARY FIGURES
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Supplemental Fig. 1. Comparison of three different clones of anti-human Foxp3 mAb.
Representative dot-plots of Foxp3 protein or adequate isotypic controls in the human thymus as
assessed by 6-color flow cytometry using a FACSCanto. The clone PCH101 used in this study is
compared with the clones 236A/E7 and 150D /E4. All the mAb are from eBioscience. (A) Analysis
against CD4 expression within lineage (CD3, CD8, CD14, CD16, CD20, CD56) negative cells. 300
000 cells were acquired within a lineage negative gate. The percentages of TN (Lineage-CD4-; left
gate) or CD4ISP (Lineage-CD4+; right gate) cells are presented. (B) Analysis against CD3
expression within total thymocytes.



72 | Chapter lll: Foxp3 expression in pre-DP human and murine thymocytes

A
WT CD4SP
B
4-
2 3 -
3
+ 2
e
% 1.07
=]
&8
Q\QOS- ’l‘
OO = o < — o S = o =) [ o )
3 = 3 = 3 = g =
3 a4 @ B =4 @ B [ @ 3 =4 7
@) e @) z @) Z & E
S =5 oS =S
Q @) o O
s T = s
= = = =
DN3 DN4 DP CD4Ssp
C
DN4 Lin+

0.24

Supplemental Fig. 2. Intracellular protein staining for Foxp3 in thymocyte subsets of
C57Bl/6 (wild type, WT), TCRa-deficient (TCRa®), MHC class Il-deficient (MHC class 11°) or
Foxp3-GFP mice. (A) Representative plot of intracellular Foxp3 versus surface CD25 expression
in WT CD4SP thymocytes. (B) Quantification of Foxp3+ cells within each analyzed thymocyte
subset. The background staining of the isotype control averaged 0.1- 0.2%. (C) Representative plot
of intracellular Foxp3 versus GFP expression within DN4 or Lineage (CD4, CD8, NK1.1, TCRy3)
positive thymocytes of Foxp3-GFP reporter mice.
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CHAPTER IV: DIFFERENTIATION OF HUMAN FOXP3+ DP THYMOCYTES

ABSTRACT

Natural regulatory T cells (Treg), best identified by the expression of the transcription
factor Foxp3 (forkhead box P3), constitute an independent thymus-derived T cell lineage
that plays a crucial role in maintaining self-tolerance. The developmental program that
Treg precursors undergo to give rise to mature Foxp3+ cells in humans is still ill-defined.
We provide evidence of a Treg differentiation pathway initiated at the double-positive
(DP) stage, prior to commitment to the CD4 or CD8 lineage, in pediatric thymuses.
Foxp3+ DP thymocytes expressed positive selection and maturation markers, consistent
with the requirement of TCR signaling for Foxp3 induction. Additionally, Foxp3+ DP
cells displayed functional IL-7 receptor and regulatory markers, whose expression
declined as the cells differentiated into the mature CD4 single positive (SP) stage. A
subpopulation of Foxp3+ DP thymocytes expressed CD103, and likely gave rise to
Foxp3+ CDS8SP cells, that homogeneously expressed this mucosal homing molecule.
Finally, multiple linear regression analysis supported the derivation of a significant
proportion of Foxp3+ SP from Foxp3+ DP thymocytes. Overall, our data suggest that a
significant commitment to the Treg lineage occurs at the DP stage, with possible

implications for the diversity and autoreactivity of the human natural Treg repertoire.



76

INTRODUCTION

The thymus is essential for the establishment and renewal of the peripheral T cell
compartment, and for the maintenance of a diverse T cell repertoire able to efficiently
respond to novel pathogens but tolerant to self-antigens. Tolerance is at least partly
achieved through the thymic production of a subset of T cells termed “natural”
regulatory T cells (Treg). Treg modulate the activation, function and proliferation of
other T cells, as well as of many other cell populations of the immune system (Shevach,
2009), playing important roles not only in the prevention of autoimmune diseases but
also in other clinical settings such as tumor immunity and persistent infections (Belkaid
and Tarbell, 2009; Nishikawa and Sakaguchi, 2010; Sakaguchi et al., 2008). Thymically-
derived Treg are also considered fundamental for the regulation of T cell homeostasis.
Although understanding Treg development in the human thymus is critical for their
manipulation (Allan et al., 2008; Brusko et al, 2008, Miyara et al., 2009a), the
developmental program that Treg precursors undergo to give rise to mature Foxp3+
cells is still unclear. Moreover, the developmental stage at which the Treg lineage
diverges from other T cell fates in humans is not known.

T cell development proceeds through a series of stages that can be tracked by the
expression of CD3, CD4 and CD8. In humans, CD4-CD8-CD3- triple negative cells first
acquire CD4 (CD4 immature single positive, CD4ISP) and then CD8 to become
CD4+CD8+ (double positive, DP) cells. DP cells bearing TCRap complexes able to
engage self-MHC molecules are signaled to survive (positive selection) and to
differentiate into functionally mature CD4 single positive (CD4+CD8-CD3high, CD4SP)
or CD8 single positive (CD4-CD8+CD3high, CD8SP) T cells. Data from mouse models
suggest that the strength and duration of TCR signaling drives the CD4 vs CD8 fate-
decision during thymic differentiation, and the negative selection of cells with
potentially auto-reactive TCRs (Singer et al., 2008; Starr et al., 2003). TCR signaling has
also been shown to be essential for Treg differentiation in the thymus (Bettini and
Vignali, 2010; Josefowicz and Rudensky, 2009). It has been proposed that this process
may occur within a very narrow window of affinity of TCR-ligand interactions between
positive selection of conventional CD4+ T cells and negative selection of high-affinity
self-reactive T cells (Apostolou et al., 2002; Jordan et al., 2001). In fact, increased self-
reactivity is considered a hallmark of Tregs (Hsieh et al., 2004).
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Initial studies in human fetal and pediatric thymuses, relying on IL-2 receptor a chain
(IL-2Ra, CD25) as a Treg marker, identified CD25 expression in CD4SP as well as in DP
and CD8SP thymocytes (Annunziato et al., 2002; Cosmi et al., 2003; Cupedo et al., 2005;
Darrasse-Jeze et al., 2005; Liotta et al., 2005; Stephens et al., 2001; Wing et al., 2002).
Suppressive function was ascribed to CD4SP CD25+ thymocytes, but also to the DP and
CD8SP CD25+ populations (Annunziato et al., 2002; Cosmi et al., 2003; Cupedo et al.,
2005; Liotta et al., 2005; Stephens et al., 2001; Wing et al., 2005). Currently, the forkhead
winged-helix transcription factor Foxp3 is considered the best available marker to
identify Tregs. The essential role of Foxp3 in Treg development and function is
supported by the association of Foxp3 defects with the fatal condition IPEX (immune
dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome (Bennett et al.,
2001; Wildin et al., 2001), and also by the lethal autoimmune syndrome observed in
scurfy and Foxp3 KO mice (Brunkow et al., 2001; Fontenot et al., 2003). We and others
have assessed Foxp3 expression in the human thymus and reported its expression before
CD4 and CD8 lineage decision (Nunes-Cabaco et al., 2010; Tuovinen et al., 2008a). Treg
induction at these early stages of T cell development is likely to impact on the diversity
and autoreactivity of the Treg repertoire.

Here we investigated the contribution of Foxp3+ DP thymocytes to the human Treg
pool. We provide evidence that a considerable fraction of Foxp3+SP cells derive from
Foxp3+ DP thymocytes. We also show that Foxp3 induction in human DP thymocytes is
associated with the expression of functional IL-7 receptor, as well as of markers of Treg
suppressor function, which apparently decline as thymocytes mature. Conversely, the
mucosal homing molecule CD103 is expressed by a subpopulation of Foxp3+ DP
thymocytes and by the large majority of Foxp3+ CD8SP cells, but not by Foxp3+ CD4SP
thymocytes, supporting that Foxp3+ CD8SP cells arise from Foxp3+ DP precursors and

exit the thymus with a preferential mucosal homing phenotype.
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RESULTS

1. HUMAN FOXP3+ DOUBLE POSITIVE THYMOCYTES COMPRISE A SIGNIFICANT
PROPORTION OF CELLS UNCOMMITTED TO THE CD4 OR CD8 LINEAGE

Foxp3 has been shown to be expressed throughout human T cell development (Nunes-
Cabaco et al., 2010; Tuovinen et al., 2008b), but the most immature population where
consistent amounts of Foxp3 mRNA and protein are detected are DP thymocytes
(Nunes-Cabaco et al., 2010). Accordingly, in all 35 thymuses analyzed here a population
of Foxp3+ DP thymocytes, corresponding approximately to a third of the total Foxp3+
CDA4SP thymocytes and twice the total of Foxp3+ CDS8SP cells, was identified after
careful exclusion of doublets (Fig. 1A and B). The latter technical detail is relevant, as
overestimation of Foxp3+ DP cells in the murine thymus, due to doublet formation, has
been described (Lee and Hsieh, 2009).

It is known that DP cells may already be committed to either the CD4SP or CD8SP
lineage, and have thus shut down the synthesis of either CD4 or CD8, but still express
both co-receptors at their surface (Suzuki et al., 1995; Vanhecke et al., 1997). This may be
of particular relevance in Treg development, since Foxp3 induction has been linked to
CD4 lineage commitment (Feuerer et al, 2009). Therefore, our first aim was to
experimentally assess whether the Foxp3+ DP population we detected in the human
thymus were “true” DP cells. For this purpose, we employed a re-expression assay,
which consisted of stripping surface molecules with pronase, and analyzing their re-
expression after short-term culture (Suzuki et al., 1995; Vanhecke et al., 1997). This
technique allowed us to identify DP cells and CD4SP- or CD8SP-committed DP-like
cells. Pronase treatment of sorted DP cells completely abolished surface CD4 and CD8
expression, and no re-expression of these molecules was observed when thymocytes
were kept at 4°C (Fig. 1C). In contrast, pronase-treated DP thymocytes cultured at 37°C
clearly re-expressed CD4 and/or CD8. Importantly, we found that Foxp3+ DP cells re-
expressed both CD4 and CD8 (Fig. 1C and D), thus confirming the active synthesis of
both co-receptors.

Overall, these results show that bona fide, CD4 and CD8 lineage-uncommitted, Foxp3+

DP cells are present in the human thymus.
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Figure 1: Foxp3 expression in human DP thymocytes. (A) Flow cytometry analysis of Foxp3
expression in a representative thymus (3 year old boy). The dot plot on the left shows total thymocytes after
doublet exclusion and illustrates the definition of DP, CD4SP and CD8SP subsets. Foxp3 expression in
CD3high thymocytes within DP, CD4SP and CDS8SP subsets and the counterpart Foxp3- population are
shown. (B) Frequency of Foxp3+ DP CD3high, Foxp3+ CD4SP and Foxp3+ CDS8SP cells within total
thymocytes. (C) Representative example of the re-expression assay of DP thymocytes. Sorted DP cells were
treated with pronase and cultured overnight at 37°C. Controls included pronase-treated DP cells left at 4°C.
Dot plots show re-expression of pronase-cleaved surface molecules and controls within Foxp3+ and Foxp3-
cells after doublet and dead cell exclusion. (D) Frequency of thymocytes re-expressing CD4 (CD4+CDS8-),
CD8 (CD8+CD4-) or both (DP) co-receptors within Foxp3+ cells after overnight culture at 37°C of pronase-
treated purified DP cells. Each circle represents a thymus.

2. FOXP3+ CELLS AT THE DP CD3HIGH STAGE DISPLAY AN EARLY MATURE
PHENOTYPE AND A DIVERSE TCR VB REPERTOIRE

Next we evaluated the phenotype of Foxp3+ DP cells. Foxp3 expression within DP cells
has been mainly associated with high levels of CD3 (Nunes-Cabaco et al., 2010; Tuovinen
et al., 2008b). Therefore, an accurate comparison of Foxp3+ and Foxp3- DP cells must
take into account the late differentiation stage of the former. We thus compared Foxp3+
cells at the DP CD3high stage with Foxp3- DP cells expressing similarly high levels of
CD3 (Fig. 1A). Higher levels of surface TCRap expression were found on Foxp3+ DP
CD3high cells than on their Foxp3- counterparts (Fig. 2A). Of interest, Foxp3+ DP
CD3high thymocytes showed levels of surface TCRap levels comparable to Foxp3+ SP
stages, in clear contrast with Foxp3- DP CD3high cells, which presented much lower

levels of surface TCRap as compared to the Foxp3- CD4SP population (Fig. 2A). Foxp3+
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DP CD3high cells expressed significantly higher levels of the early activation marker
CD69, usually associated with positive selection (Spits, 2002; Vanhecke et al., 1995), than
Foxp3- DP CD3high cells (Fig. 2B). Moreover, we found that more than 90% of Foxp3+
DP CD3high cells already expressed the maturation marker CD27 (Vanhecke et al.,
1995), in contrast to approximately 20% of Foxp3- cells at the same developmental stage
(Fig. 2C). Together, these results suggest that Foxp3+ DP cells constitute a mature,
positively selected population. Of note, Foxp3+ cells were found to homogeneously
express CD27 at the SP stages, whereas only approximately 60% of Foxp3- CD4SP cells
and 85% of Foxp3- CD8SP cells were CD27+ (Fig. 2C). Signaling through CD28 has been
shown to be particularly important in Treg development, both in mice and humans
(Hanabuchi et al., 2010; Martin-Gayo et al., 2010; Salomon et al., 2000; Tai et al., 2005).
Accordingly, in all thymuses analyzed we found that CD28 expression was higher on

Foxp3+ DP CD3high cells than on their Foxp3- counterpart (Fig. 2D).
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Overall, our data show that Foxp3+ DP CD3high cells present a more mature phenotype
relative to Foxp3- cells, even when compared with thymocytes matched for their
developmental stage in terms of CD3 expression levels. In order to further understand
how Foxp3+ DP CD3high cells relate to Foxp3- cells at that stage we compared their TCR
VP family distribution. Overall, we found very similar TCR V{3 family profiles between
Foxp3+ and Foxp3- DP CD3high cells (Fig. 2E). Thus, Foxp3+ DP CD3high cells

represent a pool of mature, post-selected thymocytes that display a diverse repertoire.

‘3. FOXP3+ DP CD3HIGH CELLS EXPRESS OTHER TREG-ASSOCIATED MARKERS
| AND INCLUDE A UNIQUE ACTIVATED SUBPOPULATION.

We next asked how the expression of Foxp3 related to the expression of other Treg-
associated markers at the DP and SP stages.

CD25 and CTLA-4 were clearly expressed in DP CD3high thymocytes, and Foxp3 was
associated with the highest levels of these markers (Fig. 3A-C). This was also observed in
CD4SP cells, whilst CD8SP cells expressed lower levels of these molecules (Fig. 3A-C).
Notably, within Foxp3+ cells the levels of CD25 and CTLA-4 were frequently higher in
DP CD3high than in CD4SP cells (Fig. 3A and C).

CD39 (ectonucleoside triphosphate diphosphohydrolase 1) is an ATPDase that has also
been associated with Treg activity (Borsellino et al., 2007). CD3%high cells defined a
population that comprised the brightest CD25 and CTLA-4 expressing cells and included
a significant proportion Foxp3+ cells (Fig. 3D and Supplemental Fig. 1). Within the
Foxp3+ population the expression of CD39 was also found to be higher in DP CD3high
than in CD4SP cells (Fig. 3A-C). Of note, CD3%high cells did not co-express CD45RA at
the CD4SP stage (Supplemental Fig. 1), indicating that egress from the thymus with a
CD45RA phenotype would require down-regulation of CD39 expression. CD8SP cells
did not express high levels of CD39, in line with their lack of a CD25high population
(Fig. 3A-C). Of note, CD73 (ecto-5"-ectonucleotidase), which dephosphorylates the CD39
product AMP to generate the immunosuppressive nucleoside adenosine (Borsellino et
al., 2007; Resta et al., 1998), was not concomitantly expressed with CD39, being mainly
expressed on CDS8SP cells irrespective of concomitant Foxp3 expression (Supplemental

Figure 1).
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Figure 3: Foxp3+ DP CD3high cells in the human thymus co-express other Treg-associated
markers and present an activated phenotype. (A) Representative flow cytometry analysis of Foxp3
and Treg-associated markers CD25, CTLA-4, CD39 and HLA-DR within CD3high DP, CD4SP and CD8SP
cells. (B) Frequency of these Treg-associated markers within Foxp3+ (open circles) or Foxp3- (grey circles)
cells at the CD3high DP, CD4SP and CD8SP stages. Each circle represents a thymus. (C) Relative MFI (ratio
between the MFI of a marker in a given population and the MFI of the same marker within Foxp3+ CD4SP
cells) of CD25, CTLA-4 and CD39 cells within Foxp3+ cells expressing the marker at each stage shown in
(B). (D) Representative flow cytometry analysis of CD39 expression in relation to CTLA-4, CD25 and Foxp3
within DP, CD4SP and CDS8SP thymocytes. CD3%high cells, defined as shown in the upper dot plots, are
highlighted in black over the contour plots representing the whole population (grey). (E) Relative MFI of
HLA-DR within Foxp3+ (open bars) or Foxp3- (grey bars) cells at the CD3high DP, CD4SP and CD8SP
stages, as related to the HLA-DR MFI within Foxp3+ CD4SP cells (n=8). Bars represent mean+SEM. * refers
to the comparison between Foxp3+ DP CD3high and Foxp3- DP CD3high populations. * P<0.05.

HLA-DR expression has been reported to identify a mature, functionally distinct Treg
subset that expresses higher levels of Foxp3 and mediates contact-dependent
suppression (Baecher-Allan et al., 2006). Expression of HLA-DR was found to be clearly
higher at the Foxp3+ DP CD3high stage (Fig. 3A and E), being particularly marked in the
CD25high population, and also related to the expression of CD39 (Supplemental Fig. 1D
and data not shown).

In summary, our results show that Foxp3+ DP CD3high cells already express other Treg-
associated markers and include an activated population expressing HLA-DR and high

levels of CD39, CD25 and CTLA-4. The decline of the expression levels of these markers
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at the SP stage suggests that this activation is transitory and that Treg exit the thymus
with a resting phenotype similar to that of peripheral naive-like Treg (Miyara et al.,
2009b).

‘4. FOXP3+ DP CD3HIGH CELLS EXPRESS FUNCTIONAL IL-7Ra RECEPTOR

Low levels of the IL-7 receptor alpha chain (IL-7Ra, CD127) are associated with a
regulatory phenotype (Liu et al., 2006; Seddiki et al., 2006a). In agreement, we found
lower expression of CD127 on Foxp3+ as compared to Foxp3- cells at the SP stages (Fig.
4A). In contrast, higher levels of CD127 were found on Foxp3+ than Foxp3- DP CD3high
cells (Fig. 4A).
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In order to assess whether CD127 expression on Foxp3+DP cells is functional, we

exposed total thymocytes to IL-7 and measured the degree of STAT5 phosphorylation
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(P-STATS5). The clear up-regulation of P-STAT5 observed confirmed that Foxp3+ DP
thymocytes express IL-7Ra and are responsive to IL-7, at levels similar to or higher than
their Foxp3- counterpart (Fig. 4B). Since CD127 expression in Foxp3+ DP cells was
associated with high levels of CD25 (Fig. 4C) we also compared the expression of P-
STAT5 in CD25negative, CD25low and CD25high DP cells in response to different
concentrations of IL-7. STAT5 phosphorylation was strongest in DP cells expressing high
levels of CD25, while CD25low and CD25negative cells were less susceptible to IL-7
stimulation (Fig. 4D and Supplemental Fig. 2).

Given the concomitant expression of IL-7Ra and IL-2Ra on Foxp3+ DP thymocytes we
asked whether IL-7 or IL-2 were involved in the modulation of Foxp3 and/or CD25
expression on these cells, using short-term cultures of total thymocytes in the presence of
IL-2, IL-7 or TCR stimulation (anti-CD3 plus anti-CD28 mAbs). To minimize the
contribution of cell proliferation to the study, cells were assayed at 6h and 22h of culture.
We found that IL-2 was able to increase both Foxp3 and CD25 expression levels within
Foxp3+ DP thymocytes (Fig. 5A-C). Interestingly, although IL-7 did not directly impact
on Foxp3 expression, it did increase the levels of CD25 within Foxp3+ DP cells in all
experiments (Fig. 5A-C). These results confirm that Foxp3+ DP cells are susceptible to
IL-7-mediated signals, which consequently lead to an up-regulation of CD25 levels on
Foxp3+ DP cells and/or a preferential survival of CD25high Foxp3+ cells in culture. Of
interest, Foxp3+ DP cells were mostly refractory to TCR stimulation, at the dose of anti-
CD3 and anti-CD28 mAbs used (Fig. 5A-C).

Given the activated phenotype of Foxp3+ DP CD3high cells, we further assessed
whether IL-2, IL-7 or TCR stimulation would impact on the thymocyte population that
expressed the activation/suppression markers CD39 and HLA-DR. Surprisingly, the
expression of both molecules was severely reduced upon culture, irrespective of the
conditions (Supplemental Fig. 3A and B), suggesting that other cues, such as interaction
with thymic stroma, are required for their induction/maintenance. Interestingly, both
IL-2 and IL-7, but not TCR stimulation, were able to increase the frequency of Foxp3+
cells within CD4SP as well as CD8SP thymocytes after 6h culture (Supplemental Fig. 3C
and D). The quick up-regulation of Foxp3 upon exposure to IL-2 or IL-7, but not to TCR
stimulation at the dose used, suggest that both CD4SP and CD8SP thymocytes contain
Treg-committed cells that have down regulated Foxp3 to levels below the threshold of

the assay.
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Overall, these data show that Foxp3+ DP human thymocytes express functional IL-7Ra,
linking IL-7 to human Treg development.

‘5. CD103 IS ALREADY PRESENT IN FOXP3+ DP CD3HIGH CELLS AND IT IS

| EXPRESSED IN MOST FOXP3+ CD8SP CELLS

CD103 (integrin alpha E, aE) is expressed by a subset of peripheral Tregs (Allakhverdi et
al., 2006; Banz et al., 2003; Huehn et al., 2004; Lehmann et al., 2002), and is thought to be
important for T cell homing to the intestinal and other mucosal sites (Annunziato et al.,
2006; Huehn et al., 2004). When we analyzed the expression of CD103 in the human
thymus we found that it was already expressed at the DP CD3high stage on 12.9+2.4% of
Foxp3+ cells but only on 0.87+0.25% of Foxp3- cells (Fig. 6A and B). Notably, CD103
expression at the DP CD3high stage was associated with low levels of CD25 (Fig. 6A). At
the SP stages, CD103 was significantly more expressed on CD8SP than CDA4SP cells
within Foxp3+ subset (Fig. 6A and B). The large majority of Foxp3+ CDS8SP cells
expressed CD103, while only approximately 10% of Foxp3- CD8SP cells expressed it
(Fig. 6A and B). The observation of high levels of expression of a mucosal homing
molecule within Foxp3+ CDB8SP is particularly relevant given that Foxp3+ CD8 T cells
are rarely found in human peripheral blood (Chaput et al., 2009; Siegmund et al., 2009).
We further assessed whether the expression of CD103 in CD8SP Foxp3+ cells had an
impact on the TCR V[ distribution of the TCR repertoire by comparing Foxp3+ CD8SP
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CD103+ cells with Foxp3- CD8SP CD103+ and CD103- cells. Overall, we did not find any
striking differences in the TCR Vp patterns of these populations (Supplemental Fig. 4).
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Although the CD4/CDS8 ratio was much higher in Foxp3+ as compared to Foxp3- SP
subsets in the human thymus (9.9+0.9 vs. 3.1+0.3 for CD4SP/CD8SP ratio in Foxp3+ and
Foxp3- cells, respectively; n=19), a distinct Foxp3+ CD8SP population was identified in
all the thymuses evaluated (Fig.1A and B). Notably, 11.6+1.9% of the CD103+ CD8SP
population expressed Foxp3.

Our data thus support the possibility that Foxp3+ CD8SP cells generated in the human
thymus already express the mucosal homing molecule CD103 and that this commitment

may in part occur at the DP stage.
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6. MULTIPLE REGRESSION ANALYSIS SUPPORTS A PRECURSOR-PROGENY
RELATIONSHIP BETWEEN FOXP3+ DP CD3HIGH AND FOXP3+ SP
THYMOCYTES

In order to ascertain how Foxp3+ DP CD3high cells relate to mature Foxp3+ SP
thymocytes, we first performed a canonical correlation analysis using Foxp3+ DP
CD3high and Foxp3- DP CD3high as the first set of variables (DP variables) and Foxp3+
CD4SP, Foxp3- CD4SP, Foxp3+ CD8SP and Foxp3- CD8SP as the second set of variables
(SP variables). Statistical analysis was performed using the number of live cells of the
different populations, determined as described in Figure 1A. For the sake of simplicity,
we focused the analysis on the first pair of canonical components, one referring to the
DP variables and another to the SP variables. With respect to the former variables, the
first canonical component was under strong influence of the Foxp3+ DP CD3high
population. For the latter variables, the first canonical component was highly explained
by Foxp3+ CDA4SP, Foxp3+ CD8SP and Foxp3- CD8SP cells (Table I). Since this first pair
of canonical components was intimately correlated to each other (correlation=0.95), the
above result suggested that Foxp3+ DP CD3high cells was likely the most important
thymocyte population contributing to variations in size of Foxp3+ CDA4SP, Foxp3+

CDS8SP and Foxp3- CDS8SP cell subsets.

TABLE |: CANONICAL CORRELATION ANALYSIS.

Variables 1st Canonical (corr=0.95)
Foxp3+ DP CD3high -3.01
Set1
Foxp3- DP CD3high 0.25
Foxp3+ CD4SP -2.23
Foxp3+ CD8SP -0.08
Set 2
Foxp3- CD4SP 1.47
Foxp3- CD8SP -1.58

Using Log10 of the number of live thymocytes, analyzed as shown in Figure 1A.

To further explore the statistical dependence between DP and SP populations, we
performed a multiple regression analysis considering all SP sub-populations as
dependent variables and different DP and SP variables as putative explanatory variables.

When fitted to the data (Fig. 7A), the models revealed a positive effect of Foxp3+ DP
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CD3high cells on Foxp3+ CD4SP and Foxp3+ CD8SP but not on Foxp3- CD4SP and
Foxp3- CD8SP cells, irrespective of the number of thymocytes (Table II). A similar
qualitative result was obtained using the log10 of cell numbers (Supplemental Table I).
According to the fitted models, 1,000 DP CD3high cells could explain approximately 510
and 3300 Foxp3+ CDS8SP and Foxp3+ CDA4SP cells, respectively.

TABLE Il: MULTIPLE REGRESSION ANALYSIS.

Foxp3+ CD4SP Foxp3+ CD8SP

Coefficient (R2 adjust= 0.89) (R2 adjust= 0.69)
Estimate P-value Estimate P-value
Intercept -1480 0.37 -93 0.79
Foxp3+ DP CD3high 3311 <0.001 509.9 0.01
Foxp3- CD4SP 58.31 <0.001 9.40 0.21
Foxp3- DP CD3high -13.49 0.55 -0.92 0.86
Total thymocytes -3.69 0.36 -0.40 0.70

Using the absolute number of live thymocytes of each subset (analyzed as shown in Figure 1A).

It is worth noting that Foxp3+ CDA4SP cells also seem to be influenced by their Foxp3-
counterpart (Supplemental Fig. 6). In this case, the model estimates that 58 Foxp3+
CD4SP cells could be explained by any 1,000 Foxp3- CD4SP cells. For Foxp3+ CD8SP
cells, this number drops to approximately 10 cells per 1,000 Foxp3- CD8SP cells. This
rather small estimate might offer a likely explanation for the lack of statistical
significance of Foxp3- CD8SP in the respective model (Table II and Supplemental Table
D).

Therefore, the multiple regression analysis supports the notion that: 1) at least part of the
developmental pathway of Foxp3+ cells involves a sequential progression from the DP
CD3high to the SP stages; and 2) the induction of Foxp3+ expression at the SP stage is
likely a rare event. Notably, the distribution of TCR V(3 families of Foxp3+ cells at the DP
CD3high, CD4SP and CDS8SP stages exhibited comparable profiles among those
populations (Supplemental Fig. 5).
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Figure 7: Associations between DP CD3high and SP stages of Foxp3+ and Foxp3- human
thymocytes. (A) Relationship of Foxp3+ CD4SP (left panel) and Foxp3+ CD8SP (right panel) with Foxp3+
DP CDB3high thymocytes. Multiple regression modeling was performed to assess which thymocyte
populations have an effect on Foxp3+ SP populations (statistical results are depicted in Table 2) using
absolute cell numbers estimated as described in Figure 1A. Observed (filled circles) and fitted (empty circles)
values are shown. Each circle represents one thymus. Representative flow cytometry analysis of the
expression of Ki67 (B) or Bcl-2 (C) within Foxp3+ (clear histograms) or Foxp3- (filled histograms)
thymocytes at the CD3high DP, CD4SP and CD8SP stages. Graphs show: (B) the frequency of Ki67+ cells
(n=11 except for Foxp3+ DP CD3high, n=9, and Foxp3+ CD8SP, n=6); and (C) the relative MFI of Bcl-2 (ratio
between the MFI in a given population and the MFI within Foxp3+ CDA4SP cells; n=10 except for Foxp3+
CD8SP: n=5). Bars represent mean+SEM. * refers to the comparison between Foxp3+ DP CD3high and
Foxp3- DP CD3high populations; **, P<0.01. #refers to the comparison between a Foxp3+ SP population and
the corresponding Foxp3+ DP CD3high population; #, P<0.05; ##, P<0.01.
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The strong positive effect of Foxp3+ DP CD3high cells on Foxp3+ SP populations also
supports a distinct contribution of cell death and/or proliferation during Foxp3+ T cell
development as compared to Foxp3- cells. Indeed, we found the proportion of Ki67-
expressing cells to be significantly lower in Foxp3+ as compared to Foxp3- cells at the DP
CD3high and CDA4SP stages (Fig. 7B). Furthermore, the Foxp3+ DP CD3high cell subset
expressed significantly higher levels of Bcl-2 than Foxp3- cells, indicating that Foxp3+
cells may be more resistant to apoptosis (Fig. 7C).

Together these results suggest that a significant proportion of Foxp3+ cells at the CD4SP
and CD8SP stage originate from Foxp3+ DP CD3high cells, likely through different

mechanisms than those involved in the development of Foxp3- thymocytes.



DISCUSSION

We investigated here the Treg development in the human thymus and provided
evidence for induction of Foxp3 prior to CD4 or CD8 lineage commitment. Foxp3
expression at the DP stage was observed in association with the activation of a
transcriptional program similar to that observed in peripheral fully differentiated
suppressive Treg, with the exception of the considerable levels of functional IL-7Ra
expressed. Moreover, we found that the mucosal homing molecule CD103 was
expressed by a subpopulation of Foxp3+ DP thymocytes as well as by the large majority
of human Foxp3+ CDS8SP cells. Finally, our statistical analysis of progenitor-progeny
relationships in these pediatric thymuses suggests that a significant proportion of
Foxp3+ SP cells might indeed derive from Foxp3+ DP cells, with likely implications for
the autoreactivity and diversity of the natural Treg repertoire.

We demonstrated that Foxp3 expression in DP human thymocytes occurs prior to CD4
or CD8 lineage commitment using a re-expression assay, consistently showing active
synthesis of both CD4 and CD8 and lack of commitment to either T cell lineage in
Foxp3+ DP thymocytes. The dissociation between Foxp3 expression and CD4/CDS8
lineage commitment is in agreement to what has been described in the mouse model
(Cabarrocas et al., 2006; Fontenot et al., 2005; Ribot et al., 2007).

The majority of Foxp3+ DP thymocytes displayed a phenotype associated with positive
selection and maturity in contrast with Foxp3- DP cells, thus supporting an upregulation
of Foxp3 expression concomitant with, or immediately following, CD27 upregulation.
An association between CD27 and CD25 acquisition had been previously described in
human fetal thymuses (Cupedo et al., 2005). We extend here this observation to Foxp3
expression in pediatric thymuses. It was recently suggested that human Treg progenitors
may selectively reside within mature DP thymocytes expressing high levels of CD69 and
TCRap, since these cells develop into CD4SP Treg in response to activated autologous
plasmacytoid and myeloid dendritic cells (DC) (Martin-Gayo et al., 2010). In spite of the
mature phenotype of CD25+ DP thymocytes (Cupedo et al., 2005; Darrasse-Jeze et al.,
2005), the expression of recombination-activating gene 2 (RAG-2) in CD25+ DP cells has
been interpreted as possible sign of immaturity of these cells (Tuovinen et al., 2008b).

We also found that Foxp3+ DP thymocytes express IL-7Ra, which contrasted with the
low levels found in Foxp3+ SP cells, a feature associated with the peripheral Treg

phenotype (Liu et al., 2006; Seddiki et al., 2006a). This is in agreement with a previous
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report that showed CD25 expression on DP cells of human thymic fetuses in conjunction
with significant levels of IL-7Ra (Cupedo et al., 2005), though not in line with recent
data regarding Foxp3 expression in DP cells in postnatal thymuses (Tuovinen et al.,
2008b). Importantly, we further demonstrated that the IL-7Ra expressed in Foxp3+ DP
thymocytes was functional, as indicated by the downstream phosphorylation of STAT5
in a significant fraction of cells upon IL-7 stimulation and the associated up-regulation of
CD25 on these cells. The presence of functional IL-7Ra on Foxp3+ DP thymocytes
suggests an involvement of IL-7 in human Treg development. This hypothesis is further
supported by our observation of significantly higher levels of Bcl-2, an anti-apoptotic
family member induced by IL-7, in the Foxp3+ than the Foxp3- DP subset. The high
levels of Bcl-2 and the activated/suppressor phenotype reported in the Foxp3+
populations may contribute to some protection from apoptosis/negative selection as
previously suggested for mouse thymic Treg (van Santen et al., 2004). This is in
agreement with the clearly distinct precursor-progeny relationships that we documented
in the Foxp3+ as compared to the Foxp3- populations.

The genetic program associated with effector-suppressive Tregs in the periphery that we
found to be induced in Foxp3+ DP thymocytes included concomitant high level
expression of CD25, CTLA-4, HLA-DR and CD39 and was likely dependent on thymic-
stroma derived signals. These molecules were also expressed by a subpopulation of
Foxp3+ CD4SP cells, though at lower levels, supporting the idea that the activated
Foxp3+ DP cells preferentially differentiate into the CD4 lineage and progressively
resemble resting cells before leaving the thymus. In agreement, activated Foxp3+ DP and
CD4SP cells still expressed considerable levels of IL-7Ra, but no CD45RA, a marker
associated with T cell egress from the thymus and with naive T cells in the periphery
(Seddiki et al., 2006b). Consequently, T cells exiting the thymus as CD45RA+ would
display lower levels of CD25, CTLA-4 and Foxp3 and would likely be CD39 and IL-7Ra
negative. Also in support of this view, the fraction of Foxp3+ CD45RA+ cells expressing
CD39 in the periphery has been shown to be negligible (Booth et al., 2010).

Conversely, we showed that the expression of CD73, the other ectoenzyme that, in
conjunction with CD39, generates the suppressive molecule adenosine, was mainly
restricted to CD8SP cells, irrespective of Foxp3 expression. This is in agreement with the
recent finding that CD73 is not expressed by circulating CD4+ Treg in humans (Booth et

al., 2010). Furthermore, our results restrict the acquisition of CD73 to CD8SP cells in the
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thymus, which, on egress, will most likely enrich the pool of CD73+ naive CD8 T cells
that has been described in humans (Dianzani et al., 1993).

We identified a considerable Foxp3+ CDS8SP population in all the 35 thymuses
evaluated, in agreement with previous reports (Cosmi et al., 2003; Tuovinen et al,,
2008b). Although Foxp3+ CD8SP did not share the activated phenotype observed in
Foxp3+ DP and CDA4SP cells, previous studies have shown that CD8SP cells purified on
the basis of CD25 expression have suppressive properties (Cosmi et al., 2003). Foxp3+
CD8 T cells are rarely found in the peripheral blood (Chaput et al., 2009; Siegmund et al.,
2009). Interestingly, we found that the vast majority of Foxp3+ CD8SP cells in the human
thymus express CD103, suggesting that they have the capacity to preferentially home to
the mucosa. In fact, CD25+ Foxp3+ CD8+ T cells have been identified in normal colonic
tissue (Chaput et al., 2009) and were found to be increased in colorectal cancer tissue
(Chaput et al., 2009), suggesting a role for this population in mucosal tumors. A
population of CD103+ CXCR3+ CDS8SP cells was previously described in the human
postnatal thymus, and featured an effector phenotype, given their expression of perforin
and granzyme A and their ability to produce interferon y and IL-2 (Annunziato et al.,
2006). In agreement, we also found a population of CD103+ CD8SP cells that do not
express Foxp3, and it would be of interest to evaluate the similarity of the TCR repertoire
between these distinct CD8SP sub-populations. However, current technical limitations
preclude this evaluation. The human thymus may thus concomitantly produce two
populations of CD8SP cells expressing CD103, with regulatory and effector phenotypes,
able to migrate to mucosal tissues, where the Foxp3+ subset may serve to counteract the
activity of their Foxp3- counterparts. Furthermore, our data support a scenario whereby
Foxp3+ DP cells that express CD103 may be diverted into the CD8 lineage. Despite the
association of CD103 with peripheral regulatory CD4 T cells, particularly in mice
(Allakhverdi et al., 2006; Banz et al., 2003, Huehn et al.,, 2004; Lehmann et al., 2002;
Rotzschke et al., 2009), we found very little expression of this molecule within CD4SP
cells, regardless of Foxp3 expression. This in agreement with what has been described in
cord blood, where CD103+ CD4 T cells are virtually absent (Allakhverdi et al., 2006).

The multiple regression and canonical correlation analyses support a significant
statistical dependency of Foxp3+ DP and SP populations. The numbers obtained are
compatible with a direct precursor-progeny association with a significant commitment to
the Treg lineage at the DP stage, taking in consideration the current estimations of the

time-lag incurred maturation of cells in the thymic medulla (McCaughtry et al., 2007),
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resulting in an accumulation of Foxp3+ SP cells prior to their exit. Recent murine studies
have also demonstrated the possibility of Treg generation in the cortex, followed by
rapid migration into the medulla, where they mature (Cabarrocas et al., 2006; Liston et
al.,, 2008; Ribot et al., 2007; Schneider et al., 2007). These data do not exclude the
possibility of Foxp3 induction at the SP stages (Hanabuchi et al., 2010; Martin-Gayo et
al., 2010; Watanabe et al., 2005). Our findings are particularly relevant in view of the
recent cumulative evidence that the thymus has a limited capacity to produce Treg
(Bautista et al., 2009; Leung et al., 2009). The preferential induction of Foxp3 at the DP
stage may represent a way of regulating the likely thymic niche that consequently limits
Treg production in the thymus.

In conclusion, we show here that the expression of Foxp3 in human DP thymocytes
occurs after positive selection, but prior to CD4 or CDS8 lineage commitment. Foxp3+ DP
thymocytes were shown to express an activated phenotype that is reminiscent of that
found in peripheral activated Tregs but is associated with the expression of a functional
IL-7 receptor, which may serve to protect them from cell death/negative selection. A
subpopulation of Foxp3+ DP expressing CD103 is likely to give rise to a population of
Foxp3 CD8 T cells with preferential homing to the mucosa. Finally, multiple regression
models support a significant commitment to the Treg lineage at the DP stage, with

possible implications for their repertoire and function.
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MATERIAL AND METHODS

SAMPLES AND CELL PREPARATION

Thymic specimens were obtained from routine thymectomy performed during pediatric
corrective cardiac surgery at the Hospital de Santa Cruz, Carnaxide, Portugal, after
parent’s written informed consent. Study was approved by the Ethical Board of the
Faculty of Medicine of Lisbon. Pediatric thymuses were from patients raging from
newborns to 13 year old children. Cells were recovered through tissue dispersion and

separated on a Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden) density gradient.

‘MONOCLONAL ANTIBODIES AND FLOW CYTOMETRY ANALYSIS

The following anti-human monoclonal antibodies were used: CD3 (UCHT1 or OKT3),
CD4 (RPA-T4), CD8a (SK1 or RPA-T8), CD25 (2A3), CD27 (0323), CD28 (CD28.2), CD39
(eBioAl), CD69 (FN50), CD73 (AD2), CD103 (B-Ly7), CD127 (40131), HLA-DR (L243),
Bcl-2 (124), CTLA-4 (BNI3), Foxp3 (PCH101), Ki67 (B56), TCRap (IP26). Antibodies were
from BD Biosciences (San Jose, CA, USA), eBioscience (San Diego, CA, USA),
DakoCytomation (Glostrup, Denmark), Miltenyi Biotec (Bergisch Gladbach, Germany)
or R&D Systems (Minneapolis, MN, USA). Analysis was performed with 6- to 8-color
combinations of the antibodies conjugated to FITC/ PE/ PerCP or PerCP-Cy5.5/ PE-
Cy7/ APC or Alexa Fluor 647/ APC-Cy7, APC-Alexa Fluor 750 or APC-H7. Surface
staining was performed for 20 minutes at room temperature. Cells were subsequently
fixed, permeabilized and stained for Foxp3 as well as other intracellular antibodies using
a Foxp3 staining kit from eBioscience, according to the manufacturer’s protocol. Up to
1.5x10¢ events were acquired on a FACSCanto or a FACSAria (BD Biosciences). Analysis
was performed using FlowJo (TreeStar, Ashland, Oregon, USA). Doublets were
stringently excluded based on area and width parameters of both forward and side

scatter.

‘FLOW CYTOMETRY ANALYSIS OF THE TCR VB REPERTOIRE

TCR Vp repertoire was determined using the IOTest Beta Mark kit (Beckman Coulter,
Marseille, France). Cells were incubated for 10 minutes at room temperature with the
reagent mixtures provided by the kit and subsequently stained for surface molecules and

intracellular Foxp3 as described above.
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’ CO-RECEPTOR RE-EXPRESSION ASSAY

DP thymocytes were sorted to a high degree of purity using a FACSAria (BD
Biosciences). Sorted cells were treated with 0.5mg/mL pronase (Calbiochem, La Jolla,
CA, USA) in PBS for 30 minutes at 37°C and subsequently cultured at 37°C or 4°C in
complete medium (RPMI1640 supplemented with FCS, L-glutamine and antibiotics, all
from GIBCO-Invitrogen, Paisley, UK) overnight. As a control, cells that were not treated
with pronase were cultured under the same conditions. Analysis of the reexpression of
CD4 and CD8 was performed by sequentially staining for surface molecules (30 minutes
on ice) followed by intracellular Foxp3, as described above. Dead cells were excluded
from the analysis using LiveDead Fixable Viability Dye (Molecular Probes, Invitrogen,

Carlsbad, CA, USA).

‘FLOW CYTOMETRY ANALYSIS OF PHOSPHO-STATS

Total thymocytes were stained for surface molecules, washed and incubated with IL-7
(0.1, 1, 10 or 50ng/mL; R&D Systems) or PBS for 15 minutes at 37°C. For analysis based
on CD25 expression, cells were immediately fixed in formaldehyde 2% for 10 minutes at
37°C and subsequently permeabilized with ice-cold 90% methanol for 30 minutes on ice.
Thymocytes were then washed and incubated with anti phospho-STATS (Y694; BD
Biosciences) for 1h at room temperature (Azevedo et al., 2009). For Foxp3 analysis an
additional step of intracellular staining (see above) was performed after incubation with

IL-7 and before fixation in 2% formaldehyde.

THYMOCYTE CULTURES

Total thymocytes were cultured at 3x10¢ cells/mL in complete medium alone or
supplemented with IL-2 (10U/mL), IL-7 (10ng/mL; R&D) or soluble anti-CD3 plus anti-
CD28 mAbs (both 1pg/mL; eBioscience) for 6h or 22h. Cells were then stained for
surface molecules and Foxp3 as described above. The following reagent was obtained
through the AIDS Research and Reference Program, Division of AIDS, NIAID, NIH:
Human rIL-2 from Dr. Maurice Gately, Hoffmann - La Roche Inc. (Lahm and Stein,
1985).
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STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism v5.01 (GraphPad Software
Inc., San Diego, CA, USA) and R software (www.r-project.org). Results are presented as
arithmetic mean+SEM. Two-sample data were compared using Wilcoxon matched pairs
test. To tackle the statistical dependency between sizes of DP and SP populations, a
canonical correlation analysis (CCA) was first performed using log10 of cell numbers. In
general, CCA aims to relate two sets of variables by means of appropriate linear
combinations. The method computes linear combinations for a set of variables that are
“matched” with other linear combinations for the second set of variables. The different
pairs of linear combinations are called “canonical components”, sorted by the respective
correlation. The interpretation of the respective linear coefficients provides a way of
assessing which variables of one set might be important to explain the variability
observed in the variables of the other set. For the sake of simplicity, the first canonical
component, which provides the maximum correlation between the variables of both sets,
was only analyzed.

To quantitatively assess the effect of different thymocyte populations on SP populations,
multiple regression models were fitted to the data. To this end, the dependent variables
of the models were the sizes of the four SP T cell populations (Foxp3+ CD4SP, Foxp3-
CD4SP, Foxp3+ CD8SP and Foxp3- CD8SP), while the explanatory variables were the
sizes of both DP populations (Foxp3+ DPCD3 high and Foxp3+ DP CD3high) and those
of other relevant SP compartments. We also chose to include the total cell numbers as a
putative explanatory factor, as recommended for the analysis of this type of data
(Aitchinson, 1982). The estimation of the models was done using the maximum
likelihood method. Statistical significance of each explanatory variables in the model was
assessed by traditional Z-score tests using a 5% significance level (i.e., P<0.05 imply that
the respective explanatory variable is significant in the fitted model). For a better
interpretation of regression coefficients, the respective estimates were multiplied by
1,000, which indicate how many additional cells of a certain thymocyte population are
expected to be generated when increasing 1,000 cells of the corresponding explanatory
variable. An appropriate residual analysis was also performed in order to validate the
models in statistical terms.

In all analyses, the level of significance was set at 5% (i.e., statistical significance was

achieved when P<0.05).
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Supplemental Figure 1: Analysis of the co-expression of CD39, CD73, CD25 and HLA-DR
within CD3high DP, CD4SP and CD8SP subsets in the human thymus. (A) Representative dot
plots of the expression of CD39 and CD73 showing that CD39 and CD73 are not coexpressed by
Foxp3+ or Foxp3- cells at the CD3high DP, CD4SP and CD8SP cells. (B) Expression of CD73 in
relation to Foxp3 at these stages of human T cell development in a representative thymus. (C)
Frequency of CD73 within Foxp3+ (open circles) or Foxp3- (grey circles) cells at the CD3high DP,
CD4SP and CDS8SP stages. Each circle represents a thymus. (D) Representative dot plots of the
expression of CD25 versus CD39 or HLA-DR showing that CD25high cells express CD39 and
HLA-DR. Foxp3+ cells are highlighted in black over the light grey contour plot representing the
whole population. (E) Expression of CD39 in relation to CD45RA within Foxp3+ thymocytes at
the DP (upper panel) or CD4SP (bottom panel) in a representative thymus, showing that CD45RA
is not expressed in CD3%high cells.
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Supplemental Figure 2: Analysis of the expression of P-STAT5 and CD25+ within human DP
thymocytes upon IL-7 stimulation. Representative flow cytometry analysis of the expression of
P-STATS5 in relation to CD25 within DP, CD4SP and CD8SP thymocytes after exposure to IL-7
(0.1, 1, 10 or 50ng/mL) or PBS (control).
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Supplemental Figure 3: Loss of the activated phenotype of Foxp3+ DP thymocytes in
culture and up-regulation of Foxp3 on SP thymocytes upon short-term culture with IL-2 or
IL-7. (A) Representative analysis within Foxp3+ DP thymocytes of the expression of CD25 and
HLA-DR (left) or CD39 (right) ex-vivo (Oh) and after 6h or 22h, respectively, of culture of total
thymocytes in the presence or absence of IL-2 (10U/mL), IL-7 (10ng/mL) or anti-CD3 plus anti-
CD28 (both at 1g/mL). The MFI of HLA-DR and the frequency of CD39+ cells are shown in these
representative experiments and in 3 thymuses studied (B). Each line connects results from the
same thymus. (C) Representative dot plots of Foxp3 and CD25 expression within CD4SP and
CD8SP thymocytes after 6h culture in the conditions described in (A), with graphs showing the
frequency of Foxp3+ cells within CD4SP and CD8SP thymocytes (D). Bars represent mean+SEM.
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Supplemental Figure 4: Comparison of the TCR VB family distribution within CD8SP subsets
defined according to Foxp3 and CD103 expression. TCR Vf family distribution at the CD8SP
stage within Foxp3+ CD103+ (open bars), Foxp3- CD103+ (dashed bars) and Foxp3- CD103- (grey
bars) thymocytes assessed by flow cytometry. Results of a representative thymus out of 3
different experiments are shown.
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Supplemental Figure 5: Relationship between the DP, CD4SP and CD8SP subsets in the
human thymus according to Foxp3 expression. TCR Vf family distribution at the CD4SP
(square), DP CD3high (circle), CD8SP (triangle) stages within Foxp3+ (upper graph) or Foxp3-
(lower graph) subsets assessed by flow cytometry. Each line connects data from the same thymus.
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Supplemental Figure 6: Multiple regression analysis relating the cell numbers of
Foxp3+CD4SP to those of Foxp3-CD4SP thymocytes. (A) Observed and fitted values for the
relation between Foxp3+ CD4SP and Foxp3- CD4 SP thymocytes. (B) Estimates for the coefficients
of the models using cell numbers, or considering log10 of cell numbers. P-values <0.05 indicate
that the respective explanatory variable is significant in the model.



112 | Chapter IV: Differentiation of human Foxp3+ DP thymocytes

SUPPLEMENTAL TABLE |: MULTIPLE REGRESSION ANALYSIS.

Foxp3+ CD4SP Foxp3+ CD8SP

Coefficient (R? adjust= 0.91) (R? adjust= 0.78)
Estimate p-value Estimate p-value
Interce pt -0.96 0.41 -2.04 0.34
Foxp3+ DP CD3high 0.69 0.001 0.89 0.01
Foxp3- CD4SP 0.96 <0.001 0.48 0.19
Foxp3- DP CD3high - 017 0.37 -0.29 0.39
Total thymocytes -0.25 0.46 0.22 0.75

Using Log10 of the number of live thymocytes, analyzed as shown in Figure 1A.
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CHAPTER V: CONCLUSIONS AND FUTURE PERSPECTIVES

The fundamental role of the thymus in the replenishment of the peripheral
compartment with a diverse, yet self-tolerant repertoire that is able to respond to
potential pathogens has long been recognized. At the same time that it produces T cells
that can effectively fight foreign pathogenic threats, ideally without inducing damage to
self, the thymus also generates a lineage of regulatory T cells that play an important role
in the control of immune responses, particularly in the context of inflammatory or
autoimmune processes. Human Treg development is poorly understood, with many
aspects remaining elusive. Knowledge on this subject is essential in order to develop
therapeutic strategies directly impacting on the Treg repertoire.

As a model, the mouse is undoubtedly a valuable tool to approach many features of
Treg differentiation. However, and despite the extensive list of publications in the area,
many central questions on Treg development in the mouse are still not fully understood.
It is also essential to confirm that the knowledge generated in the mouse model also
applies to humans. Despite the many similarities between the two systems, it is well
known that significant differences do exist. A major difference concerns the timing of T
cell generation during the early life of both species. While in humans the T cell repertoire
is mostly formed at birth (1-4), in mouse it is not until the first days of life that the Treg
population is produced (5-8). Furthermore, differences are also present in the
developmental stages that thymocytes undergo in order to become a mature T cell, such
as the absence of a CDA4ISP stage in the mouse (9). In addition, both the genetic
background and history of exposure to pathogens are greatly variable in humans, while
in mouse studies those factors are highly controlled.

In the first part of this work, described in Chapter III, we studied the early stages of
Treg development in both human and mouse thymus. In humans we consistently found
the expression of both FOXP3 mRNA and protein at the CD4ISP stage, thus before the
DP stage. We also confirmed the presence of Foxp3+ cells in the cortex, supporting the
expression of Foxp3 at early stages of T cell development. We further attested the
immature phenotype of Foxp3+ CDA4ISP thymocytes. We then turned to the mouse
model in order to characterize the early stages of Treg development in that system, since
this had not been specifically addressed to date. We were also able to find a pre-DP
population expressing Foxp3 in the mouse, namely at the DN4 stage. The use of Foxp3-

GFP mice allowed us to clearly identify this rare population. Foxp3 expression at pre-DP
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stages raised the question of its TCR-dependency, since TCR signals have been shown to
be required for Foxp3 expression at later stages of thymic development in the mouse.
Using TCRa-deficient mice we were able to show that Foxp3 was no longer expressed in
the DN4 population in the absence of TCRa, supporting TCR-dependency of Foxp3
expression at that stage. Although it is generally assumed that TCRa gene
rearrangements are only started at the DP stage, it has been shown that they are already
found in pre-DP stages both in humans and mouse models (10, 11), supporting the
possibility that TCRaf} complexes may already be expressed at those stages. In
agreement, we show that Foxp3+ DN4 thymocytes do express TCRp at their surface. The
possibility that pTa may have a role in Foxp3 induction was excluded by the fact that
TCRa-deficient mice still express pTa and by the absence of an alteration on Foxp3
expression in pTa-deficient mice as compared to wild-type.

In humans it has been reported that Foxp3 is expressed in DN cells that lack surface
TCRap (12). However, in this report the expression of CD3 was not examined, as later
pointed out by an independent group (13). In agreement to what this group mentioned,
we also found that many of the DN thymocytes expressing Foxp3 are CD3+. Although
we cannot formally exclude the possibility that in some thymuses there is an earlier
induction of Foxp3 expression at the TN stage, our data does not support the consistent
presence of a Foxp3+ TN population in the human thymus. In sorted TN populations we
could only detect Foxp3 expression in 2 out of 4 thymuses and always at low levels.
Furthermore, and although flow cytometry is a powerful tool to characterize populations
at the single cell level, it is generally not possible to distinguish negative from low
expression of a molecule in a cell based on cytometric analysis alone. However, the
current inability to sort live cells based on intracellular expression of molecules in
humans precludes further analysis of Foxp3+ cells. Furthermore, the irreversible damage
induced by the fixation and permeabilization agents to RNA (14) makes it impossible to
analyze the pattern of transcription of sorted cells. However, it is feasible to perform
genomic DNA-based PCR after intracellular staining and sorting (14), and it would thus
be interesting to confirm the occurrence of TCRA gene rearrangements in the Foxp3+
CD4ISP population.

A question that follows from the identification of such an early population of Foxp3-
expressing thymocytes regards its further development in the thymus. With the
availability of Foxp3-GFP mice it would be expected that the Foxp3+ DN4 population

could be easily sorted and cultured. However, the estimation of ~200 cells/mouse
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created several technical difficulties. We tried a number of different strategies to
optimize the differentiation of the few Foxp3+ DN4 sorted cells (up to 1000 cells from as
many as 20 mice): (1) cultures with anti-CD3 plus APCs; (2) reconstitution of TOCs of
RAG-deficient mice; (3) intrathymic injections; (4) co-cultures with OP9-DL1 stromal
cells. However, we were not able to consistently and convincingly find a significant
number of Foxp3-GFP+ cells after culture in order to attest their phenotype. It is possible
that further optimization of these techniques for such a low number of cells or the use of
embryonic FTOCs, at the expense of dozens of Foxp3-GFP mice for confirmation of
reproducibility of the results, will allow the differentiation and study of that population.
This would allow the investigation of another important question that arises from this
study regarding the impact of such an early selection on the repertoire of Foxp3+ cells.
Using the Foxp3-GFP mouse and an optimized differentiation system it would be
possible to compare the repertoire of SP cells originated from the Foxp3+ DN4
population with that of wild type Foxp3+ SP thymocytes and determine the contribution
of this early component to the overall Foxp3+ SP population.

The current inability to sort live cells based on an intracellularly expressed molecule
precludes studies of differentiation of human Foxp3+ CD4ISP thymocytes. However, as
previously mentioned, a DNA-based multiplex PCR has been developed that allows the
clonotypic characterization of fixed and permeabilized sorted Foxp3+ cells (14). Using
this method it would be interesting to compare the repertoire of Foxp3+ CDA4ISP cells
with that of more mature Foxp3+ thymocytes.

In the second part of this work, described in Chapter IV, we studied the DP and SP
stages of human Treg development. We confirmed that a population of Foxp3-
expressing cells at the DP stage is still CD4 or CD8 lineage uncommitted, as
transcriptional shut down of either co-receptor has not taken place. This
notwithstanding, Foxp3+ DP cells, which are mostly CD3high, present a mature
phenotype when compared to their equivalent Foxp3- counterpart, suggesting that
Foxp3 acquisition is associated with the expression of maturation markers and/or it is a
late event during differentiation. Furthermore, we observed an up-regulation of Treg-
associated markers at the Foxp3+ DP CD3high stage, indicating an activation of the
suppressive transcriptional program observed in the periphery. However, in contrast to
what is observed in the periphery (15, 16), we also found considerable expression of IL-
7Ra in Foxp3+ DP CD3high cells, indicating a role for IL-7 in the development of Foxp3+

cells in the human thymus. In agreement, we show that IL-7Ra expressed at that stage is
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functional and induces the up-regulation of CD25 expression in Foxp3+ DP cells. When
we analyzed the SP populations expressing Foxp3 we found that CD4SP cells strikingly
resembled the Foxp3+ DP CD3high population, while the CD8SP population was rather
different. Most Foxp3+ CDS8SP thymocytes actually expressed CD103, a mucosal
homing-associated molecule that has also been linked to a regulatory phenotype (17, 18).
Interestingly, we also found a population of Foxp3+ DP CD3high expressing CD103,
raising the possibility that this might be the precursor population of Foxp3+ CD8SP
CD103+ cells. Importantly, statistical analysis supported the hypothesis of a direct
progeny-product relationship between Foxp3+ DP CD3high and Foxp3+ SP populations,
and this was not observed for Foxp3- cells. Different impact of proliferation and selection
on Foxp3+ vs Foxp3- populations was further supported by the differential expression of
Ki67 and Bcl-2, respectively.

Our data thus indicate that a significant part of Foxp3+ cells selected at the DP
CD3high stage directly progresses to the CD4SP or CDS8SP stages, and this is supported
by multiple regression analyses. A recent study by the Toribio group also suggested that
human Treg progenitors may selectively reside within mature DP thymocytes
expressing high levels of CD69 and TCRaf, since these cells develop into CD4SP Treg in
response to activated autologous plasmacytoid and myeloid DCs (19). As a large
proportion of CD25+ DP CD3high cells are Foxp3+, it would be interesting to sort and
differentiate this population in TOCs in order to understand the Treg-generating
potential / pathway of these cells in comparison to the CD25- DP CD3high population. In
addition, this system would allow the assessment of proliferation and selection in both
populations, for example using CFSE and Annexin V, respectively. Furthermore, and
since our results indicate a potential role for IL-7 in Treg differentiation, addition of IL-7
or other cytokines to the cultures would help devise the cytokine-mediated effects that
might take place during Treg development. Ideally, all these experiments would be
performed with sorted Foxp3+ DP CD3high thymocytes. In order for this to be possible,
it would be necessary to devise and optimize a new strategy, such as the transduction of
CD34+ cells with a retroviral vector (20-22) comprised of the Foxp3 promoter and
enhanced GFP as a marker gene and to differentiate that population in RTOCs or co-
culture with TECs. Sorted GFP+ or GFP- DP CD3high thymocytes could then be
reintroduced into TOCs in order to study their development. A possible caveat of this

procedure would be the difficulty to use autologous TECs in both steps. In order to
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circumvent this limitation and assure similar MHC presentation at all stages of
development, hybrid hmFTOCs could be employed, as has been described (20, 21).

Our results do not exclude the possibility that Foxp3 is induced at the SP stage, as
has been shown in mouse, where the Foxp3- CD25high CD4SP population has been
described as being highly enriched in Treg precursors (23, 24). In fact, we show that IL-2
and IL-7 are able to increase the frequency of Foxp3+ cells within both CD4SP and
CDS8SP thymocytes in as little as 6h in culture. Formal evidence to support this would
require the sorting of SP thymocytes based on both Foxp3 and CD25 expression, which
would only be possible with the use of Foxp3-GFP transduced thymocytes. However, it
is possible to sort and culture CD4SP cells expressing different levels of CD25 in the
presence of those cytokines while controlling for cell numbers, proliferation and death in
order to determine which populations undergo cytokine-mediated increase of their
Foxp3 frequency.

Comparison of the TCR V[ distribution of DP or SP Foxp3+ and Foxp3- cells did not
reveal differences among those populations. Previous studies based on CD25 expression
also did not find differences in TCR V3 distribution between CD4SP CD25+ and CD4SP
CD25- thymocytes (25). We also found high similarity between the TCR V[ distribution
of Foxp3+ DP CD3high and SP stages. However, a recent study where the TCR Vp
repertoire of DP CD25+, CD4SP CD25+ and CD4SP CD25- thymocytes was analyzed
based on the length of CDR3 sequences described higher similarity between CD4SP
CD25+ and CD4SP CD25- cells than between DP CD25+ and CD4SP CD25+ thymocytes
(26). Nevertheless, direct analysis of the repertoire of Foxp3+ thymocytes is still lacking.
The above-mentioned DNA-based PCR would provide valuable information on this
field, as would differentiated Foxp3-GFP-transduced CD34+ cells.

We described a subpopulation within Foxp3+ DP CD3high thymocytes, and also
within Foxp3+ CD4SP thymocytes, that could be identified by the high expression of
CD25 and CD39 and that also expressed HLA-DR. This could either mean that those
populations have a direct progeny-precursor relationship or that similar signals are
delivered at those stages of development that induce the up-regulation of similar
molecules. Interestingly, both populations dramatically lost CD39 and HLA-DR
expression in culture, even in the presence of IL-2, IL-7, IL-15 or anti-CD3 plus anti-CD28
antibodies. The induction/maintenance of this phenotype thus seems to be very much
dependent on thymic-specific signals, probably delivered by the thymic stroma.

Alternatively, we may not have provided the adequate cytokines or cytokine
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combinations, or co-stimulatory signals might be necessary that were not present in the
culture system. It would be interesting to determine what signals are able to preserve the
phenotype of CD25+ CD39+ cells. For instance, the role of TECs could be studied by co-
culturing total thymocytes with isolated TECs in the presence or absence of the above-
mentioned cytokines. However, we cannot exclude the possibility that this population is
apoptosis-prone, as observed in peripheral activated Tregs (27), and cannot be
extensively cultured. It is thus important to determine whether the loss of the phenotype
corresponds to death of the cells or down-regulation of CD39 and HLA-DR expression.

We also observed that cells emigrating from the thymus, as defined by the
expression of CD45RA, would express lower levels of CD25 and CD39. Overall, our data
suggest that the population of Foxp3+ DP CD3high cells expressing high levels of CD25
and CD39 sequentially becomes CD4SP and down-regulates CD25, CD39 and also Foxp3
before acquiring CD45RA and leaving the thymus. However, this hypothesis must be
validated through the isolation and culture of CD25+ CD39+ DP thymocytes, possibly
using co-cultures with TECs or in RTOCs. It would also be important to compare the
development of those cells to that of CD25+ CD39- DP cells in order to determine
whether there is an association between them. These studies will allow the investigation
of the role of the up-regulation of those markers and the possible contribution of these
cells to the peripheral compartment.

We have found that, while displaying a mature phenotype, at least part of Foxp3+
DP thymocytes are still uncommitted to the CD4 or CDS8 lineage, since shut down of
CD4 or CD8a transcription has not yet occurred. However, considering that most
Foxp3+ thymocytes are indeed CD4SP and our results support direct differentiation
from the DP stage, together with data in the mouse that links TCR signaling to Foxp3
induction, it would be expected that some degree of commitment to the CD4 lineage is
present at the DP stage. A possible explanation for this discrepancy may lie in the
expression of the other subunit of the CD8 heterodimer, CD8[, which is known to be
regulated differently from CD8a in humans (28). We found that Foxp3+ cells actually
express lower levels of CD8( than the equivalent Foxp3- cells (Figure 1A), suggesting
that either CD8f3 down-regulation is faster in Foxp3+ DP cells or Foxp3 is acquired after
CD8B has been down-regulated. The strong TCR signal endured by the developing
Foxp3+ DP thymocytes, due to the envisaged higher affinity of their TCR, may then
divert the cell towards the CDA4SP lineage. In further support of a direct association

between TCR signaling and Foxp3, we found that the expression of CD5, a molecule that
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has been associated with TCR signaling in both human and mouse (29-31), is higher in

Foxp3+ than Foxp3- thymocytes at the DP CD3high stage (Figure 1B).

A B
DP CD3high | FOP3- DP CD3high|Foxp3—
Foxp3+ Foxp3+
CD4sp |Foxp3- cDasp |Foxp3-
Foxp3+ Foxp3+
cpssp |FoxP3- cpasp | Foxp3-

FOXP3+ lreger

Ty T T FOXPS"'MN. T P T
CD8B CD5

Figure 1: Expression of CD8B and CD5 in human Foxp3+ and Foxp3- DP and SP thymocytes.
(A) Lower CD8p expression in Foxp3+ DP CD3high than in Foxp3- DP CD3high thymocytes. (B)
At the DP CD3high stage CD5 expression is higher in Foxp3+ than in Foxp3- thymocytes,
indicating stronger TCR signaling in the former. Representative flow cytometric analysis.

Although a large proportion of Foxp3-expressing thymocytes are found at the
CD4SP stage, we also found a small but consistent population of Foxp3+ CD8SP cells.
The existence of CD8SP thymocytes with Treg features and functions in the human
postnatal thymus had been described based on CD25 expression (32). However,
identification of CD8SP Tregs based on CD25 expression underestimates their frequency,
which can be revealed by the assessment of Foxp3 expression. Importantly, we found
that most Foxp3+ CD8SP cells express the mucosal-associated molecule CD103, which is
part of the E-cadherin ligand ag(CD103)p; integrin. CD103 has also been considered a
RTE marker for CD8 T cells in the periphery, based on the higher TREC content on naive
CD8 CD103+ T cells than on naive CD8 CD103- T cells and the age-related decline in
frequency of CD8 CD103+ T cells, which is enhanced by thymectomy (33). Remarkably,
Foxp3+ CD8SP cells are rarely found in circulation (34), and thus expression of CD103 in
CD8 Tregs may indeed direct them to mucosal sites. In agreement, Foxp3+ CD25+
CDB8SP suppressive T cells have been found in normal colonic tissue and are enhanced in
colorectal cancer tissue (34), suggesting a role for this population in tumor pathology.
Although in this study the authors did not examine CD103 expression, this molecule has
long been associated with intestinal lymphocytes (35) and it is expressed in virtually all

CD8 T cells in the gut (36).
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The presence of CD103 in Foxp3+ CD8SP thymocytes further suggested that CD103-
expressing cells might be diverted to E-cadherin rich regions in the medulla, leading to
the generation of a singular repertoire that might be shared with Foxp3- CD8SP CD103+
thymocytes. Although we did not find major differences in the TCR VP family
distribution among those populations, a more careful analysis of their repertoire, maybe
using the above-mentioned multiplex DNA-based PCR (14), might reveal finer
differences. It would also be interesting to confirm histologically the localization of those
populations in the human thymus.

CD8SP CD103+ cells thymocytes have been shown to proliferate in co-culture with
TECs, and this proliferation was blocked by the addition of anti-CD103 antibodies (37).
Additionally, the CD8SP CD103- thymocyte subset was found to have TREC levels 3 to 4
times higher than the CD103+ subset, which is consistent with the later subset having
undergone additional divisions since TCR rearrangement (33). Importantly, TREC levels
were considerably higher in those CD8SP populations than in peripheral blood T cells of
the same subject, indicating thymic rather than peripheral origin of CD8SP CD103+ cells
(33). In agreement with these studies, we also found a significantly higher frequency of
Ki67+ cells within Foxp3+ CD8SP cells in comparison to Foxp3- CD8SP cells, probably
due to the enrichment in CD103+ cells in the first population. TREC quantification in
sorted Foxp3+ and Foxp3- CDS8SP thymocytes expressing or lacking CD103 would
provide additional information regarding the proliferation history of those populations.

We have also identified a population of Foxp3+ DP CD3high thymocytes that
already expresses CD103. It is tempting to hypothesize that this constitutes the precursor
population of Foxp3+ CDS8SP thymocytes. It would be interesting to differentiate DP
CD103+ and DP CD103- thymocytes, in co-culture with TECs or in TOCs, and to
compare the generation of Foxp3+ CDS8SP thymocytes and the expression of CD103
during differentiation. In addition, the proliferation kinetics of Foxp3+ CDS8SP
thymocytes could be studied through BrdU incorporation during cultures. Furthermore,
such a system would allow the assessment of the role of IL-7 and other cytokines in CD8
Treg development.

Studies in the mouse have linked cytokine signaling to the CDS8 lineage (38).
According to the kinetic model, disruption of TCR signaling due to surface CD8 down-
regulation of DP thymocytes renders them dependent on survival signals delivered by
cytokines, which are required for differentiation of signaled DP thymocytes into mature

CD8 T cells (38, 39). Given that TCR-unsignaled DP thymocytes are mainly refractory to
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cytokine signaling and that IL-7 induces the expression of the CD8 lineage specification
transcription factor Runx3 (38, 39), it would be expected that IL-7-susceptible DP
thymocytes have been TCR-signaled and may potentially become CD8 rather than CD4
T cells. Although the kinetic model has not been confirmed in humans, where studies on
that subject are missing, our results indicate that IL-7 may play a role in CD4 vs. CD8
lineage commitment of Foxp3+ DP CD3high cells. However, our data also suggest that
the Foxp3+ DP CD3high CD127+ population may not uniformly yield CD8 T cells. For
instance, around 40% of Foxp3+ DP CD3high thymocytes express CD127, which would
predict a CD4/CDS8 ratio of 1.5:1 if similar kinetics applied to both SP populations. Since
the ratio we observed was approximately 10:1, major kinetic differences should exist,
especially when we take into account the observation that Foxp3+ CD8SP cells may
undergo higher proliferation than Foxp3+ CDA4SP cells. It would thus be interesting to
determine whether IL-7 is able to decrease the thymic CD4/CD8 ratio of Tregs using
TOCs. Furthermore, since most thymocytes expressing CD127 are also CD25high and are
sensitive to signals mediated by IL-2 and IL-7, as we have shown, the impact of IL-2 or
IL-2 plus IL-7 on CD4/CD8 ratio in TOCs could also be studied. In addition, the CD4 vs.
CD8 Treg potential of DP CD25low CD127- thymocytes could be compared to that of DP
CD25high CD127+ upon differentiation in co-culture with TECs or in RTOCs.

According to our data, the kinetics of the DP CD3high to SP transition in Foxp3+
thymocytes is strikingly different from that of Foxp3- thymocytes. This is supported by
the multiple regression analyses and by the differential expression of Ki67 and Bcl-2 in
Foxp3+ and Foxp3- subsets. Additional support to that hypothesis could be obtained
measuring BrdU incorporation and cell death in TOCs, or comparing the TREC content
of sorted Foxp3+ and Foxp3- populations.

The thymus plays a primary role in the replenishment of the peripheral
compartment with a diverse pool of T cells throughout life and is essential for its
reconstitution in situations of immune depletion, such as bone marrow transplantation.
It is also thought to be important for T cell maintenance in lymphopenic clinical settings,
such as HIV infection. The thymus is also the source of a significant population of Tregs,
which are important regulators of T cell homeostasis. We have studied Treg
development in the human thymus and provided evidence for TCR-dependent
induction of Foxp3 prior to CD4 or CD8 lineage commitment. Foxp3 expression at the
DP stage was observed in association with the activation of a transcriptional program

similar to that observed in peripheral fully differentiated activated/suppressive Treg,
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with the exception of the considerable levels of functional IL-7Ra expressed, which
suggest a role for IL-7 in human Treg development. Moreover, we found that the
mucosal-homing molecule CD103 was expressed by a subpopulation of Foxp3+ DP
thymocytes as well as by the large majority of human Foxp3+ CD8SP cells, raising the
possibility of a direct relationship between those populations. Finally, our statistical
analyses of progenitor-progeny relationships support that a significant proportion of
Foxp3+ SP cells might indeed derive from Foxp3+ DP cells, with likely implications for
the autoreactivity and diversity of the natural Treg repertoire. Overall, we provide
evidence of an early thymic induction of a significant component of the human Treg
pool. Further studies on human Treg development are essential in order to devise
therapeutic strategies for the replenishment of the peripheral Treg compartment with a

diverse repertoire enfolding the unique features of natural Treg.
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