Chapter 11

Thymic Education of Human T Cells and
Regulatory T Cell Development in Humanized
Mice

Hao Wei Li, Yong-Guang Yang and Megan Sykes

11.1 Overview of T Cell Selection and Maturation

The immune system of mammals is needed to fight infections while maintain-
ing tolerance to the self. T cells play a central role in these processes. The devel-
opment of T cells in the thymus endows them with the ability to recognize and
mount immune responses to millions of pathogen-derived nonself-antigens while
still being tolerant to “self” antigens. Mouse studies demonstrate that the thymus
can perform three critical functions for development of a functional, self-tolerant
T cell repertoire, namely positive selection, negative selection and generation of
CD4"CD25"Foxp3* regulatory T cells (Tregs). T cell progenitors migrate to the thy-
mus, where they develop into T cells. Absence of thymus, such as in nude mice and
human patients lacking a functional FOXNT1 gene, results in the absence of normal
functional T cells [1]. Newly generated T cells undergo further post-thymic matura-
tion to become fully functional in the periphery [2]. Intrathymic positive selection
of T cells results in a repertoire that most efficiently recognizes exogenous peptide
antigens presented by the same “self” MHC molecules. Engagement by T cell re-
ceptor (TCR) of naive T cells of the same MHC/self-peptide complexes expressed
on peripheral antigen-presenting cells (APCs), as those on which they are positively
selected in the thymus, provides a critical survival signal [3]. These processes sus-
tain a functional T cell pool. Negative selection and generation of Tregs ensure that
the majority of strongly autoreactive T cells are purged and those that escape nega-
tive selection are kept in check by Tregs in the periphery [4]. Positive and negative
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selection of developing thymocytes is achieved through differential affinities of the
TCR on the thymocytes with MHC-peptide complexes on the thymic epithelial cells
and intrathymic APCs. Thymocytes expressing TCR with low and intermediate af-
finities for MHC-peptide complexes expressed on thymic epithelium are positively
selected, enabling effective recognition of peptides presented by autologous MHC
molecules in the periphery. Positively selected thymocytes expressing TCR with
high affinities for self peptides presented by autologous MHC molecules undergo
apoptosis during negative selection [5]. This process, also known as central toler-
ance, ensures the elimination of the strongly self-reactive T cells and is one of the
key mechanisms for establishing self-tolerance.

11.2 Humanized Mouse Models Involving Human T Cell
Development

Models allowing investigation of human T cell development, such as humanized
mouse models, provide a unique opportunity to investigate the human immune sys-
tem and T cell development. Initially, humanized mice were generated by injecting
human mature immune cells, such as peripheral blood mononuclear cells (PBMCs)
into severe combined immunodeficiency (SCID) mice [6]. Later, humanized mice
were established by injecting human hematopoietic stem cells (HSCs) into irradi-
ated neonatal or adult immunodeficient mice [7, 8]. Engraftment of human HSCs
gives rise to human immune cells, including T cells, B cells, monocytes, etc. How-
ever, both types of humanized mouse models have limitations for the study of hu-
man T cell development. Grafting of human PBMCs includes mature T cells and
thus does not allow the investigation of human T cell development. In addition,
mature human T cells that are reactive to mouse xenoantigens can dominate and
preclude good functional immunity [9, 10]. T cells in humanized mice generated
by transplanting human HSCs develop in the mouse thymus rather than the human
thymus. Thymopoiesis occurs at only a low level and the small number of T cells
generated show functional defects [11, 12] (discussed in detail below). Therefore,
these models are not optimal for the investigation of human T cell development.
Early work by McCune et al. demonstrated that implantation of human fetal
thymic tissue under the kidney capsule of unconditioned adult SCID mice together
with intravenous or intrathymic injection of fetal liver cells led to robust thymo-
poiesis [13]. However, very few human T cells populated the periphery and these
were only detected transiently, from week 4 to 10 postimplantation. Implantation
of fetal thymic tissue together with fetal liver led to more persistent T cells in pe-
ripheral blood [14]. Despite the presence of human IgG and human HLA Class I*
cells in peripheral blood in some animals, human hematopoietic reconstitution of
non-T cells seemed to be largely confined to the human graft microenvironment
[13]. The failure to achieve systemic human hematopoiesis in this model may re-
flect the susceptibility of human hematopoietic cells to rapid destruction by mouse
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macrophages in CB.17-SCID mice [15]. Subsequently, we combined i.v. injection
of human HSCs and implantation of human thymic tissue under the kidney capsule
in nonobese diabetic SCID (NOD/SCID) mice and achieved much more robust hu-
man T cell and APC reconstitution. It is likely that the reduced phagocytosis of hu-
man cells in mice on the NOD background, reflecting the compatibility of the NOD
SIRPa allele with human CD47 [16], explains the improved human hematopoietic
reconstitution in our model over the original model described by McCune et al. In
our model, humanized mice are generated by transplanting human fetal thymic/liver
tissue under the kidney capsule and coinjecting fetal liver-derived CD34" HSCs
from the same donors to irradiated adult NOD/SCID mice [17-20]. The model has
been replicated and termed the “BLT” mouse [21]. The transplantation of autolo-
gous thymic tissue is an important improvement to the injection of human HSCs. In
this model, not only major immune cell populations, such as B cells, dendritic cells
and monocytes, but also large numbers of T cells appear in peripheral lymphoid
tissues, which develop significant structure by 12 weeks post-transplant [17, 19].
Because human T cells in these mice develop in autologous thymic tissues, this
model is highly relevant and valuable for the study of human T cell development
and offers advantages compared to other models. First, in sharp contrast to human-
ized mice generated by grafting human HSCs only [7, 8, 11], thymopoiesis occurs at
a high level, with thymocyte numbers (> 10%) that are similar to or even greater than
those in a normal, immunocompetent mouse thymus [20]. Large numbers of T cells
migrate to the peripheral lymphoid tissues [17—19]. Importantly, robust immune
functions are seen, such as spontaneous rejection of xenogeneic skin grafts and
class-switched antibody responses following immunization [17, 18, 22]. Secondly,
this model not only allows the investigation of human T cell development in physi-
ological conditions, but also enables characterization of human T cell generation in
pathological conditions, such as viral infection [21, 23, 24]. Thirdly, as this model
allows the de novo development of human T cells in human thymic tissue, it can
be utilized to investigate immune abnormalities arising from HSC-intrinsic factors.

We have modified this model by transplanting adult bone marrow-derived
CD34" HSCs and partially HLA-matched, T-cell depleted allogeneic fetal thymic
tissue to NOD/SCID/ Common y-chain-deficient (NSG) mice [25]. These human-
ized mice, similar to those generated by grafting autologous fetal thymic tissue and
fetal liver-derived CD34" cells, demonstrate polyclonal human T cell reconstitution
and robust T cell function [25]. This humanized mouse model allows the study
of T cell development and function in any individual human and is thus termed
the “Personalized Immune” (PI) mouse model. With this PI mouse model, we are
characterizing the development and function of T cells in type I diabetic patients,
addressing the hypothesis that T cell abnormalities in these patients are intrinsically
determined in their HSCs. In this chapter, we will summarize knowledge on human
T cell development learned in humanized mouse models generated by transplanta-
tion of human fetal thymic tissue and fetal or adult CD34" HSCs.
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11.3 Positive Selection

Interactions of T cell progenitors entering the thymus with MHC/peptide complexes
expressed by thymic stromal cells, including thymic epithelial cells (TECs), trigger
positive selection [26, 27]. Studies using transgenic mice exclusively expressing
MHC 1 [28] or II [29] molecules on cortical TECs demonstrated that these cells are
required for positive selection of CD8 or CD4 T cells, respectively. During positive
selection, thymocytes expressing a TCR that is able to recognize an autologous
MHC/self-peptide complex expressed on cortical TECs with at least low to medium
affinity survive this process [5, 30]. This low level of self-reactivity is critical for
the homeostasis [3] and immune functions of T cells in the periphery [30, 31].

In humanized mice generated by transplanting only human HSCs to immuno-
deficient mice, T cells develop in the mouse thymus, where human thymocytes are
positively selected by mouse MHC molecules expressed on mouse TECs. The abil-
ity of murine MHC to positively select human T cells is not unexpected in view of
previous work. Ample evidence from our porcine thymus transplant models shows
that xenogeneic MHC molecules are able to mediate positive selection. A series of
carly studies demonstrated that mouse T cells [32—35] or human T cells [36, 37] de-
veloped robustly, with diverse repertoires, in porcine thymus. Importantly, porcine
MHC molecules were shown to positively select mouse T cells with no contribu-
tion from the mouse MHC [35]. Nevertheless, mouse T cells selected by porcine
MHC molecules could still respond to cognate antigen stimulation and were able
to control infection in vivo, apparently due to cross-reactivity of the diverse reper-
toire combined with post-thymic selection for T cells that cross-reacted with mouse
MHC [32]. The ability of xenogeneic MHC molecules to mediate positive selection
is presumably due to the broad MHC cross-reactivity for TCR that is conserved
between species.

Although the native thymi of these mice receiving human HSCs alone dem-
onstrate relatively normal histologic structure due to colonization by developing
human T cells, the number of thymocytes is low (about 1 million/thymus) com-
pared to the much larger numbers in human thymic grafts (of the order of 100 fold
more), and this difference is reflected in lymphoid tissues [11]. Multiple factors
may contribute to the low level of thymopoiesis in this model. Failed thymic struc-
tural development, as TECs depend on interactions with thymocytes for their own
development [38, 39], is partly circumvented by introducing human HSCs close to
the time of birth [8]. Incompatibility of adhesion molecules and cytokines between
mouse and human may lead to decreased homing of human thymocyte progenitors
to and decreased survival of developing thymocytes in the mouse thymus, respec-
tively. Indeed, supplementation of human cytokines, such as IL-7 [40] and IL-15
[41], increased human thymopoiesis. In addition, increased thymopoiesis (but still
only of a few million thymocytes) was found in recipient mice expressing a single
human HLA Class II molecule (HLA-DR4), showing that reduced ability of mouse
MHC molecules to positively select human thymocytes plays a role [11]. However,
these issues arising from xenoincompatibility cannot be generalized to all species,
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as robust human thymopoiesis occurs in pig thymic grafts (again, about 100-fold
the level in the native mouse thymus). In fact, humanized mice grafted with fetal
pig thymic tissues and human HSCs demonstrate thymopoiesis as robust as that
seen in recipients of human thymic tissues and HSCs from the same donor [36, 37].
Thus, the mouse thymus is not an optimal microenvironment for the development
of human T cells in humanized mice generated by grafting human HSCs alone. In
contrast, in humanized mice generated by transplantation of autologous fetal thymic
tissues and fetal liver-derived CD34" HSCs, T cell development occurs in autolo-
gous thymic tissue and the problems described above are thereby circumvented, al-
lowing robust thymopoiesis. Large numbers of thymocytes (> 1 x 103/thymic graft)
[20] and splenic T cells (10-20 million/spleen) can be recovered 10—12 weeks post
transplantation. The developing thymocytes show a normal ratio of CD4", CD8",
CD4*CD8" and CD4 CD8 subsets [17, 19].

11.4 Post-thymic Interactions Between T Cells and APCs

T cells that have survived positive and negative selection in the thymus mature and
are exported to the periphery, where their interactions with APCs are critical for
their survival, further maturation, function, and homeostasis. TCRs interact most
efficiently in the periphery with the MHC/peptide complexes on which they are
positively selected in the thymus [3, 42], providing critical signals for naive T cell
survival in the periphery [3]. In addition, self peptide-MHC complexes promote the
responsiveness of peripheral T cells to their cognate antigens [31, 43] by acting as
co-agonists to enhance their functional sensitivity [30, 44].

In mouse models, proliferation of T cells occurs when they are transferred to
lymphopenic hosts, including rapid and slow proliferation known as lymphopenia-
induced proliferation (LIP) [3, 45]. Recognition of commensal microorganisms
causes the rapid proliferation [45], whereas the slower LIP is dependent on interac-
tions between TCR and self MHC/peptide complexes and yc cytokines, such as IL-7
and IL-15 [3, 45]. Although insights into homeostatic and lymphopenia-driven pro-
liferation of T cells have been obtained in mouse models, it is more difficult to in-
vestigate these events in humans, underscoring the importance of a suitable human-
ized mouse model to study homeostatic proliferation of human T cells. We have ad-
dressed this issue using humanized mice generated by grafting human fetal thymic
tissue and HSCs [19]. Transfer of CD45RO™ naive T cells isolated from humanized
mice, generated with human thymic tissue and intravenously-administered HSCs,
to T cell-deficient humanized mice reconstituted with only the HSCs from the same
donor, led to two forms of LIP, similar to results in RAG™" mice receiving naive
mouse T cells [45]. Like mouse T cells, human naive T cells undergoing rapid prolif-
eration acquired a memory phenotype and production of IFN-y, while T cells under-
going slow proliferation retained a naive phenotype and did not produce IFN-y. Im-
portantly, the recovery of transferred T cells that had undergone LIP was correlated
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with the level of human APC chimerism in the secondary recipients and no cells
were recovered from adoptive recipients lacking any human hematopoiesis. This
result suggests that the LIP of transferred T cells was dependent on interactions
with autologous APCs in the periphery, probably via interactions between TCR and
autologous HLA molecules [19]. Thus, the survival of human T cells, like that of
mouse T cells, depends on interactions with autologous MHC in the periphery. This
requirement might in part explain the absence of T cells in the peripheral lymphoid
tissues in the humanized mouse model established by McCune et al. [13]. Because
no human APCs were found in the peripheral lymphoid tissues in that model, T
cells egressing the thymus were unable to interact with peripheral APCs to receive
a survival signal, resulting in a lack of accumulation of T cells. Consistently, the
addition of intravenous CD34 cells to human fetal thymus and liver grafts in NOD/
SCID mice led not only to the presence of human APCs in the periphery, but also
to markedly increased T cell reconstitution [17, 18]. Moreover, only the T cells
in animals that received CD34 cells intravenously were sufficiently functional to
reject xenografts spontaneously [17], consistent with the need for tonic interactions
with positive selecting MHC/peptide complexes in the periphery to maintain T cell
function [30, 31, 43, 44].

Mouse studies demonstrate that T cells termed recent thymic emigrants, which
have recently completed intrathymic development and been exported to the periph-
ery, undergo further post-thymic maturation to gain full immune function. This pro-
cess requires their entry into secondary lymphoid organs to interact with APCs, but
may be independent of TCR engagement with self MHC-peptide complexes [2, 46].
Due to the difficulty in investigating this process, it is unclear whether similar phe-
nomena prevail in humans. However, humanized mice generated with autologous
thymic tissue and i.v. injection of HSCs can be a useful tool to unravel this process.

Acquisition of MHC preference for peptide antigen recognition occurs through
positive selection. This preference is of critical importance in achieving efficient
immune responses to antigens. One example is the interactions between CD4 T
helper cells and B cells in the production of antigen-specific antibodies. Because
human CD4 T cells developing in humanized mice grafted only with human HSCs
are selected by and thus preferentially recognize antigens presented by mouse MHC,
they are not able to provide efficient help to antigen-specific human B cells via the
interactions of T cell receptor and HL A molecules on B cells. This may contribute to
the failure to induce antigen-specific IgG production following immunization. Con-
sistent with this notion, transgenic expression of a human HLA class II molecule in
recipient mice enhances IgG responses [11]. In contrast, humanized mice generated
by grafting autologous thymic tissue and HSCs should have effective interactions
between CD4 T cells and B cells, since T cells develop in the thymic tissue from the
same donor and are thus positively selected on their own HLA molecules. Consis-
tently, immunization of these mice leads to production of antigen-specific IgG [22].
Another demonstration of the importance of having the positive selecting MHC
also present in the periphery is provided by human T cells developing in pig thymic
tissue. In humanized mice grafted with pig thymic tissue and human HSCs, robust
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thymopoiesis and T cell reconstitution is seen. However, T cell responses to tetanus
toxoid following immunization were markedly reduced compared to those in mice
with an autologous human thymus graft [47]. Presumably T cells developing in the
pig thymic tissue and thus positively selected on pig MHC molecules were not able
to efficiently recognize antigen presented by human APCs in the periphery.

11.5 Negative Selection

Mouse studies demonstrate that negative selection is critical for the induction of
tolerance to self. The majority of autoreactive T cells are purged by this process, re-
sulting in a T cell pool that is tolerant to self antigens [4, 48]. The negative selection
process has been demonstrated in several conditions in humanized mice receiving
fetal thymic tissue and HSCs. In some mice receiving fresh human thymic tissues,
human anti-mouse xenogeneic GVHD can be seen about 12—16 weeks post-trans-
plantation, as reflected by hunched posture, hair loss, and dermatitis. Target organs
show typical GVHD histopathologies [49]. In contrast, the incidence of xenogeneic
GVHD is clearly reduced by the use of freeze/thawed thymic tissue and administra-
tion of T cell-depleting antibody following transplantation, both of which deplete
pre-existing thymocytes, before and after they migrate to the periphery respectively
(Fig. 11.1, reference 25 and unpublished data). T cells from humanized mice that
are grafted with freeze/thawed autologous thymic tissue and HSCs do not mount
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Fig. 11.1 Cryopreservation depletes thymocytes in human fetal graft. Fresh and cryopreserved
thymus (~0.002 g of a single piece of tissue) from the same donor were dissociated and stained for
live cells and thymocytes markers CD4 and CDS. 1 x 10° total events were collected and subgated
on live (DAPI") thymocytes. FCM plots are shown on the /eft and total cell number for CD4CDS8
double negative, single positive and double positive populations are shown in the graft at the right.
Cryopreservation decreased single positive CD4 and CDS cells 510 fold and 454 fold respectively
after adjusting for tissue weight difference before freezing (SPCD4 fresh 1.9 x10° vs. cryopre-
served 425 cells; SPCDS fresh 1.1x 10° vs. cryopreserved 275 cells; from Kalscheuer et al. [25].
Reprinted with permission from AAAS)
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Normal Mouse Thymus Thymic Graft in Pl Mouse Human Thymus

a-Mouse MHCII

Fig. 11.2 Antigen-presenting cells from the recipient mouse in human thymic graft of PI mouse.
The thymic graft from a PI mouse reconstituted with adult CD34" cells (center), a thymus from a
normal C57BL/6 mouse (/eft) and a thymus from a human (right) were sectioned and stained with
anti-mouse pan-MHC class IT mAb to reveal the presence of mouse-derived MHC class II posi-
tive cells. In the normal mouse thymus, m denotes the medullary and ¢ denotes the cortical region.
When tested for cross-reactivity, the anti-mouse MHCII antibody did not bind to Auman thymus
tissue (right). (From Kalscheuer et al. [25]. Reprinted with permission from AAAS)

responses to mouse xenoantigens in in-vitro mixed lymphocyte reaction (MLR) cul-
tures, demonstrating tolerance of human T cells to mouse xenoantigens [47]. Pre-
existing thymocytes within human fetal thymic grafts can cause xenogeneic GVHD
in these humanized mice because they have not undergone negative selection in the
presence of mouse APCs. Mouse APCs populate the freeze/thawed human thymic
tissue (Fig. 11.2) when grafted to NSG mice receiving T cell depleting mAb [25],
resulting in negative selection in the human thymic graft during de novo human T
cell development.

We have investigated the induction of tolerance to pig xenoantigens by thymic
transplantation. Our early studies demonstrated that transplantation of pig thymic
tissue to thymectomized and T and NK cell-depleted mice led to generation of a
mouse T cell repertoire that was specifically tolerant to the recipient mouse and
donor pig, suggesting that thymic transplantation could be a potential approach to
inducing tolerance to pig xenoantigens in humans [34, 50]. Negative selection of
mouse developing T cells by the pig thymus was found to be responsible for much
of the tolerance in this model [33], but a role for Tregs was also suggested [51].
Later studies showed that cotransplantation of pig thymus prevented rejection of pig
kidney grafts in baboons, further indicating the potential of this approach to induce
tolerance to pig xenoantigens [52]. Humanized mice have been used in our recent
studies to investigate this approach for human T cell tolerance. Transplantation of
pig thymic tissue with human HSCs leads to generation of a human T cell repertoire
that is specifically tolerant to the donor pig xenoantigens [36, 53]. T cells from
spleens of humanized mice transplanted with SLAY pig thymic tissues and human
HSCs showed strong responses to human alloantigens and to third party SLA® pig
xenoantigens, with specific unresponsiveness to the pig donor and mouse recipi-
ent [47]. Alternatively, induction of pig’/human mixed hematopoietic chimerism in
humanized mice generated by grafting human fetal thymic tissue and autologous
human HSCs with pig bone marrow cells also led to specific unresponsiveness of
human T cells to donor pig xenoantigens [18]. Pig MHC Class II* cells were found
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in the human thymic grafts in the pig/human mixed chimeric humanized mice, sug-
gesting that negative selection of human T cells by these pig MHC Class II* APCs
led to the deletion of pig-reactive human T cells [ 18]. These data suggest that human
T cells become tolerant to pig xenoantigens by undergoing negative selection in pig
thymus or in human thymus containing pig bone marrow-derived APCs. Pig thymus
transplantation and induction of mixed porcine hematopoietic chimerism thus are
two potential solutions for inducing human T cell tolerance to pig xenoantigens. In-
duction of tolerance is likely to be essential for successful pig-to-human xenogeneic
organ transplantation.

11.6 Treg Generation and Maturation

Ample studies demonstrate that CD4*CD25"Foxp3™ naturally occurring Tregs play
a critical role in maintenance of self tolerance [54, 55]. Tregs are a promising can-
didate for therapy and prophylaxis against multiple diseases [56]. Mouse “natural”
Tregs are generated in the thymus [54] in processes involving both positive and
negative selection [5, 57]. The process by which Tregs are generated, including
the location and molecular signals, has been under active investigation [5, 57, 58].
Naturally occurring Tregs exist in humans [59, 60], but little is known about their
development. Thus, humanized mouse models that enable the investigation of hu-
man Treg development are needed. Although human Tregs with in vitro suppres-
sive activities are present in humanized mice generated by transplantation of hu-
man HSCs alone, these Tregs develop in the mouse thymus and the developmental
process may not fully recapitulate that of normal human Tregs [61]. We therefore
investigated human Treg development in humanized mice grafted with fetal thymic
tissue and HSCs [20]. CD25*CD127°" thymocytes were present at similar percent-
ages among CD4 single positive thymocytes in thymic grafts of the humanized
mice and in human fetal thymic tissues. This subset of T cells expresses both Foxp3
and Helios, which are typical markers for human natural Tregs. Like the Tregs in
fetal thymus, thymus-derived Tregs from humanized mice express HLA-DR and
are mainly CD45RA™ and CD45RO" [20]. These data demonstrate that human
Tregs develop normally in the thymic grafts of the humanized mice. Tregs were
also detected in multiple tissues of humanized mice, including peripheral blood,
spleen and lymph nodes. Despite the similarity of Tregs in the thymus grafts, there
are differences between Tregs in the PBMCs of humanized mice and those in adult
human PBMCs. A greater percentage of CD4*CD25"Foxp3™ Tregs showed a naive
phenotype (CD45RA*CD45R0O") in the PBMCs of humanized mice compared to
human PBMCs and the percentage of HLA-DR" Tregs was lower in the PBMCs
of humanized mice. However, a subset of peripheral Tregs in humanized mice ex-
pressed CD45RO and HLA-DR, suggesting that post-thymic encounter with self
MHC-peptide complexes on human APCs had taken place. The lower percentage
of these “activated” Tregs in humanized mice compared to adult PBMCs might be
explained simply by the difference in age of the human immune system in each
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type of host and/or by the greater exposure of humans to microorganisms compared
to the mice. Functional assays demonstrated that Tregs isolated from spleens of
humanized mice are as potent on a “per cell” basis as those from human peripheral
blood in suppressing anti-CD3-induced proliferation of CD4*CD25~ conventional
T cells [20].

11.7 Concluding Remarks

In summary, insights into human T cell development have been obtained using hu-
manized mice generated by transplantation of autologous fetal thymic tissue and
HSCs. These studies collectively indicate that thymocyte development, including
positive selection, negative selection and generation of Tregs occur in human thy-
mus grafts and that humanized mice generated by transplantation of autologous
fetal thymic tissue and HSCs (Fig. 11.3) are of considerable utility for the study of
human T cell development in both physiological and pathological conditions. In ad-
dition to allowing the detailed investigation of normal human T cell development,
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Fig. 11.3 Positive and negative selection of T cells and development of CD4*CD25"Foxp3 natu-
ral Tregs in humanized mice generated by grafting autologous human fetal thymic tissue and
fetal liver-derived CD34" cells. NSG mice are conditioned by 2 Gy total body irradiation (TBI)
followed by implantation of human fetal thymic tissue under the kidney capsule and injection of
autologous fetal liver-derived CD34* cells. Human lymphoid progenitors home to the autologous
thymic tissue and undergo selection and maturation, resulting in robust thymopoiesis. Positive
selection, which is mediated by autologous cortical thymic epithelial cells expressing HLA mole-
cules, allow conventional aff T cells to optimally recognize peptides presented by autologous HLA
molecules expressed on peripheral antigen-presenting cells (APCs), permitting T cells to respond
to antigen, provide help to B cells and undergo homeostatic proliferation. Negative selection in
the thymus is mediated by autologous human medullary thymic epithelial cells, autologous Auman
APCs in the thymic graft and mouse bone marrow-derived APCs. This negative selection results
in a human T cell repertoire that is tolerant to both human tissue donor and the recipient mouse.
CD4*CD25"Foxp3 natural Tregs are generated in human thymic tissue. Their interactions with
autologous APCs in the periphery may lead to further maturation



11 Thymic Education of Human T Cells and Regulatory ... 137

this model has enabled studies of human T cell homeostasis and provides a model
for testing therapeutic strategies to induce tolerance for the treatment of human
diseases, such as thymus transplantation to induce tolerance to pig xenoantigens for
xenogeneic organ transplantation. Moreover, this model can be further optimized by
using genetic manipulation. For example, transplantation of thymic tissue and TCR
gene-transduced autologous CD34" HSCs enables the study of the development of
antigen-specific T cell clones. While humanized mice generated by grafting of fetal
tissues allows the investigation of human T cell development in general, the “PI”
humanized mouse model makes it possible to explore the roles of abnormalities
of T cell development in the pathogenesis of immune-mediated diseases, such as
autoimmune diseases. The “PI” humanized mice thus provide a novel and power-
ful tool to shed light on human diseases and in which to test immunotherapies in a
personalized fashion.
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