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T lymphocytes are primarily involved in adaptive, cell-mediated, immune reactions. In this
thesis T cells were studied regarding central and peripheral differentiation and homeostatic
mechanisms for maintanance of the immune repertoire.

The influence by mature T cells on thymic development was studied in C.B-17 scid/scid
(SCID) mice, devoid of mature T and B cells, and whose thymocyte development is
arrested at the early pro-T cell stage. When mature syngeneic T cells were injected the
developmental block was overcome and there was an accumulation of CD4+CD8+

thymocytes. This event was accompanied by the maturation of medullary epithelial cells in
thymus which seemed to be driven by CD8+ T cells. In the periphery there was initially a
spontaneous T-cell proliferation and later, the majority of the donor T lymphocytes
showed a memory phenotype with high expression of CD44 and with an early onset of
proliferation and cytokine production upon stimulation. This stable pool of memory type
of cells sustained for more than a year following treatment.

Treating SCID mice with allogeneic T cells results in graft-versus-host disease (GVHD).
Severe GVHD was dependent on the MHC-haplotype of the donor cells and was
accompanied by profound alterations of the TCR-Vβ repertoire and with high production
of IFN-γ.

Kappa light chain (κ)-deficient mice have only half the number of B cells as their normal
counterparts but normal levels of immunoglobulins. When T cells from κ-deficient mice
were stimulated in vitro there was a bias towards production of B-cell stimulatory type 2
cytokines. This is proposed as a mechanism for the homeostatic control of serum
immunoglobulin levels in κ-deficient mice.
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ABBREVIATIONS

APC antigen presenting cell
B6 C57Bl/6
BCR B cell receptor
BM bone marrow
CD cluster of differentiation
CLP common lymphoid progenitor
CMP common myeloid progenitor
DC dendritic cell
DN double negative, CD4-CD8-

DNA-PK DNA-dependent protein kinase
DP double positive, CD4+CD8+

EBF early B cell factor
GM-CSF granulocyte-macrophage colony-stimulating factor
GVHD graft-versus-host disease
H-chain heavy chain
HSA heat stable antigen
HSC hematopoietic stem cell
Ig immunoglobulin
i.p. intraperiteonally
IFN interferon
IL interleukin
L-chain light chain
MAP mitogen-activated protein
MHC major histocompatibility complex
MLR mixed lymphocyte reaction
Mls minor lymphocyte stimulatory antigen
NK natural killer
p.i. post injection
PCR polymerase chain reaction
RAG recombination activating genes
scid severe combined immunodeficiency mutation
SCID severe combined immunodeficiency mice, C.B-17 scid/scid
SP single positive (CD4+ or CD8+)
TCR T cell receptor
Tc cytotoxic T cell (CD8+)
Th helper T cell (CD4+)
w.t. wild type
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INTRODUCTION

The immune system

Vertebrates have evolved a defence system to protect themselves from invading micro-
organisms such as bacteria, viruses, fungi and parasites. This defence system contains a
variety of protective mechanisms which are divided into two compartments; non-specific,
innate immunity and specific, adaptive immunity. Innate immunity is the organism's first
line of defence and it involves physical barriers such as skin and mucosa that effectively
prevent the entry of pathogens. Further, the innate system consists of chemical mediators,
like complement, lysozymes and interferons, and of phagocytic cells, e.g. macrophages,
which internalise, kill and digest the invading micro-organism. There is an exchange
between the two defined defence systems as some of the chemical factors and cells of the
innate immune system are also needed for activation of lymphocytes in the adaptive
immune system and vice versa.

The key-players in the adaptive, or acquired, immune system, characterised by specificity,
diversity, selectivity and memory, are lymphocytes and immunoglobulin molecules. The
two major populations of lymphocytes are B- and T cells which recognise antigens
specifically through membrane-bound receptors, generated through genetic recombination
creating a tremendous diversity. The B-cell receptor (BCR) consists of membrane bound
immunoglobulin (Ig) which mainly recognises and binds to epitopes on intact, soluble
antigens such as proteins, carbohydrates and lipids. Upon activation through the BCR,
soluble Igs, antibodies, may be secreted into the body fluids. T-cell responses are
characterised by B-cell activation, the production of soluble mediators (cytokines) and
killing of infected cells by lysis. These responses are initiated by T-cell receptors (TCR)
recognising and binding to peptides from processed antigens which are presented by
major histocompatibility complex (MHC) molecules on antigen presenting cells (APC).
Thus, T-cell activation is dependent on APCs that process the antigen, whereas B cells can
be activated more directly. The selectivity of the adaptive immune response is manifested
by the ability to distinguish between foreign and self antigens and to react only against the
foreign ones. The adaptive immune system also has the unique capacity to remember
foreign antigens and react faster and stronger on subsequent exposure. This is the basic
principle of vaccination.
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Lymphocyte development

Lymphocyte lineage commitment

All cells in the blood system originate from pluripotent hematopoietic stem cells (HSC) [1,
2]  which are found in the fetal liver during embryonic life and in the bone marrow (BM)
after birth and throughout life. These progenitors give rise to the myeloid- and lymphoid
cell lineages. Cells that are important for the innate immune system, such as monocytes,
macrophages and granulocytes all stem from a common myeloid progenitor (CMP)
whereas the lymphocytes originate from a common lymphoid progenitor (CLP) (Fig. 1)
[3] .

Figure 1:  Hematopoiesis. The figure, adapted from Akashi et al. (Curr. Opin.
Immunol, 2000. "Lymphoid precursors")  shows a schematic picture of the
hematopoietic system where the self renewal HSC will develop into two pluripotent
progenitors; CLP from which B, T and NK cells originate and CMP which give rise
to dendritic cells, mast cells, monocytes, granulocytes, megakaryocytes and
erythrocytes.  
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The main difference between these progenitors is the expression, of interleukin-7-receptor-
alpha (IL-7R_) on the cell surface of CLPs [4] . Exactly what makes HSCs commit to
either CMPs or CLPs is still unknown. However, CMPs have been shown to express
important transcription factor genes, e.g. GATA-1, while these genes are completely
repressed in CLPs which express other transcription factor genes, such as Aiolos and
GATA-3 [5] . Furthermore, the transcription factor, IKAROS has been shown to be
crucial for HSCs to develop along the lymphocyte lineage [6] .

The commitment of CLPs to either the B- or T cell lineage depends on the transmembrane
receptor, Notch-1. A model proposed by Bussinger et al. is based on the assumption that
Notch-1 is expressed on all CLPs [7] . The thymic environment contains Notch-1 ligands
and, upon migration to the thymus, the model proposes that CLPs will be subjected to
Notch-1 activation, inducing the progenitors to develop along the T-cell lineage. However,
there are no known Notch-1 ligands in the BM and hence the CLPs in this organ can not
be activated through the Notch-1 receptor. The absence of Notch-1 signalling in the BM
therefore allows the CLPs to differentiate only along the B- cell lineage. In cells committed
to this differentiation pathway, the transcription factors E2A and early B cell factor (EBF)
activate Pax5 which represses certain genes and thereby commits the cells to the B cell
lineage [7] . In fact, when BM cells transduced with retroviruses encoding a constitutively
active form of Notch-1 were transplanted to irradiated mice, there was an early block of B
cell development and instead, immature T cells appeared in the BM [8] . In another study
in which the Cre-lox knockout strategy was used in order to induce inactivation of Notch-
1, thymocyte development was arrested [9] .

Dependence on IL-7 in order to expand is common to both early B and T cell progenitors.
Mice lacking either IL-7 or IL-7R had significantly less lymphoid cells both in central and
peripheral organs [10, 11] .

T-cell development

Once commited to the T-cell lineage the thymocytes go through a number of
developmental stages which are defined by the expression of certain cell surface markers
(Fig. 2). The erliest thymocytes, pro-T1, are multipotent progenitors and can actually
develop into B-, natural killer- (NK) or dendritic cells (DC) [12-14] . The pro-T2 cells that
subsequently develop still have the possibility to develop into NK cells but most of them
are predestined to become T cells, either with γδ or αβ TCR [15-17] .

At the pro-T2 cell stage, there is extensive proliferation in order to generate a large pool of
thymocytes before the first selection step in the thymus. When the proliferation of pro-T2
cells slows down they start to rearrange the first ΤCR-chain genes. TCR-chain loci consist
of a number of variable (V), diversity (D, only for β- and δ-chains), joining (J) and
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constant (C) gene segments. The recombination is catalysed by the introduction of site-
specific cleavage of DNA via proteins encoded by the recombination activating genes,
RAG-1 and RAG-2 [18, 19] . This highly regulated cleavage and genetic rearrangement
yields an exon consisting of a combination of one of each of the V, (D) and J segments
respectively. This exon is then spliced with one C-segment. In pro-T2 cells, TCRβ, γ and δ
genes are subjected to rearrangement [20, 21]  which are probably independent events as
all three types of rearranged chains have been found in mature cells of either the TCRγδ -
or TCRαβ-lineage [22-24] .

Since the joining of V, D and J segments is imprecise, it contributes to further diversity but
a large number of joinings also fail to maintain the translational reading frame. However,
since the cells have double copies of each chromosome the thymocytes have a second
chance to make a functional rearrangement. If the β-chain is successfully rearranged it will
be presented on the surface together with the pre-Tα chain forming, together with cluster
of differentiation (CD)3, the pre-TCR complex [25] . Expression of the pre-TCR complex
is accompanied by down-regulation of the IL-2-receptor-alpha (IL-2Rα, CD25) and
allows the thymocyte to survive and enter the pre-T cell stage (Fig. 2). If a pro-T2 cell fails
to make a functional TCR-β chain, it will go through apoptosis. The presence of the pre-
TCR, therefore, rescues the developing thymocyte from apoptosis and this selection
process is often referred to as β-selection. Moreover, the expression of pre-TCR is a
signal to the pre-T1 cell to proliferate, promote further maturation whith commitment to the
αβ lineage and enforce allelic exlusion (turning off) of the β-chain locus as well as
redirecting VDJ recombination to the TCRα locus [26-31] . In the pre-T2 developmental
stage (Fig. 2) the thymocytes shut off the expression of RAG-1 and 2 and redirects the
main activity of the cell toward proliferation. When proliferation slows, the thymocytes
enter the pre-T3 stage and the TCR-α locus become open to rearrangement. Again, if the
thymocytes fail to make a functional TCRα-chain they will, as in β-selection, be induced
to initiate apoptotis. In addition, it is at the pre-T3 stage of development that cells start to
express CD8 and later CD4, becoming double positive (DP), CD4+CD8+ cells.

DP cells undergo the very important process of positive and negative selection resulting in
mature T cells which only react upon presentation with non-self peptides in association
with MHC molecules. Many models and hypotheses for positive and negative selection
have been proposed during the years but lately, most researchers in the field agree that the
quantitative/avidity model gives the most reasonable explaination to the phenomenon [32] .
According to this model, thymocytes are positively selected upon weak interactions
between TCR and self-MHC presenting self-peptide, whereas too strong interactions or no
interaction at all will induce apoptotic signals and hence the thymocyte will be negatively
selected.
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During positive selection, thymocytes also commit to become single-positive (SP) CD4+

T helper (Th) or CD8+ cytotoxic T (Tc) cells. In this process, MHC molecules are also of
importance since peripheral Th cells recognise MHC class II whereas Tc recognise MHC
class I. This is confirmed by the fact that mice deficient in either MHC class I or class II
molecules alone, are devoid of Tc and Th cells respectively [33, 34] . Exactly what makes
DP thymocytes turn off expression of CD4 or CD8 is not yet understood. However, there
are differnent models, with matching experimental results, that have been put forward.
Recently, the duration of signal has been proposed to be of importance. In an in vitro
study, DP cells commited to the CD4 lineage if they were subjected to dendritic cells
presenting a high-affinity antigen for long time, while they became CD8+ cells if exposed
for a short time [35] . In addition, signaling components, such as the tyrosine kinase Lck
as well as Notch-1, have been suggested to be important in CD4/CD8 lineage
commitment. Since Lck binds to the cytosolic tail of CD4 with greater affinity than that of
CD8, it is believed that this may contribute to the activation of different downstream
signalling pathways resulting in the shut-off of one of the co-receptors. Experiments using
transgenic animals support this model since a constitutively active form of Lck forced
MCH class I-restricted thymocytes to differentiate along the CD4 lineage whereas the
inactive form of Lck directed MHC class II-restricted thymocytes into becoming CD8+

cells [36] . The role of Notch-1 in CD4/CD8 lineage commitment is unclear. Studies have
shown a bias towards CD8 lineage commitment upon expression of transgenic Notch-1
[37, 38]  and when Notch-1 activation was inhibited CD8 but not CD4 development was
abolished [35] . However, in these studies the expressed Notch-1 protein did not contain
the entire intracellular domain. In a recent study, in which the entire intracellular Notch-
encoding region was expressed in a retroviral system, the development of both CD4 and
CD8 cells was inhibited. Further results from this study suggest that the dose-dependent
capability of Notch-1 to inhibit TCR signaling could be responsible for the different
outcome in T cell development [39] .

Only T cells that survive through positive and negative selection will leave the thymus and
migrate to the periphery where they then circulate in the body through the peripheral
lymphoid organs and may eventually encounter their antigen. Only 1% of all thymocytes,
however become mature T cells. It is estimated that the remaining 99% undergo apoptosis
during thymic development either because they fail to produce a productive TCR-gene
rearrangement or because they are negatively selected due to their excessively weak or
strong binding capacity to self-MHC.
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Figure 2. Lymphocyte development. The figure shows a schematic picture of the
developmental pathways for T cells (left) and B cells (right). The presence or
absence of cell surface markers, to distinguish the developmental stages, are indicat -
ed for each maturation step. 
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B-cell development

Common lymphoid progenitors in the bone marrow will commit to the B-cell lineage. B-
cell development can also be considered to progress through distinct stages due to the
expression of distingt cell surface proteins and it has several mechanisms in common with
T-cell development (Fig. 2). For instance, the BCR is rearranged in the same manner as
the TCR where recombination of the V, D and J segments of the Ig heavy chain (H-chain)
is the first to occur at the pre-B1 cell stage. This VDJ exon is then spliced to the Cµ
segment, forming an immunoglobulin-heavy mu-chain (IgHµ-chain). Together with the
surrogate light chain, consisting of the VpreB and λ5 proteins, the functional IgHµ-chain is
expressed on the surface as a pre-BCR complex [40, 41] . As in β-selection of
thymocytes, if the pre-B cell fails to produce a functional IgHµ-chain the cell will die by
apoptosis, whereas surviving cells enter the proliferative large pre-B2 stage. When
proliferation slows down, the light chain (L-chain) is open to rearrangement of its V and J
exons. Again, only cells which rearrange a functional L-chain, which together with a H-
chain forms the BCR, will continue to differentiate and finally become mature B cells.
However, since there are two different L-chains ( kappa, κ and lambda, λ) and since the
pre-B2 cell has a lifespan of 2-4 days, a cell has the possibility to rearrange four L-chain
alleles, a process referred to as editing. Furthermore, there is a preferential use of L-chains
where, in mice 95% of all B-cells express the κ-L-chain [42] . This skewed κ/λ ratio has
originally been explained by two different models; the stochastic and the ordered. The
stochastic model proposes that the κ- and λ-loci are activated at the same time and the
choice to enter κ or λ rearrangement is random but the probability for κ-rearrangement is
higher [43-46] . The ordered model suggests that rearrangement always starts at one of the
κ-alleles and if this fails the next κ-allele will be rearranged. Only if both κ-L-chain
rearrangements fail will one of the λ-alleles be rearranged [47] . Results from single cell
polymerase chain reaction (PCR) experiments indicate that a combination of the two
models gives the best explaination. Experiments have shown that the proportion of
rearranged λL-chains in mice deficient for the Cκ segment were the same as in in wild
type (w.t.) mice suggesting that the λL-chain rearrangement occurs independently of κL-
chain rearrangement. Yet, λL-chain gene rearrangements were found to occur with a 5 to
10 fold lower frequency than for the κL-chain allele. However, there was also evidence for
multiple L-chain rearrangements [48, 49] .

Similarly for T cells, it is important that the mature pool of B cells only reacts against non-
self antigens. Negative selection of B cells in BM has been suggested to occur by
generation of apoptotic signals upon B-cell binding to self antigens [50, 51] . Functional,
but self-reactive BCRs has also been shown to reactivate the rearrangement process of the
L-chain gene in order to create  a new, ideally  non-self-reactive, BCR [52-54] .
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Homeostasis

In general, homeostasis is a term to describe the maintenance of a stable internal
environment in an organism. For instance, it is important to have relatively stable
temperature, pH, fluid pressure, concentration of nutrients and waste products in order for
the organism to function properly. Homeostatic mechanisms exist in different organs and
organ systems like skin, and in the circulatory-, respiratory-, digestive-, nervous-,
endocrine- and immune systems.

The immune system maintains homeostasis within the organism by protecting against
foreign invaders. However, the immune system itself is also controlled by homeostatic
mechanisms in order to remain stable e.g. in the number of functional immune cells and
molecules despite the constant activation and deactivation of the system.

Both the B- and T cell pools are constantly replenished with newly made cells from BM
and thymus respectively [55, 56] . In addition, there is constantly cell division of
lymphocytes in the periphery. The overall numbers of B and T cells, however, remain the
same [57] . The factors that determine the size of the lymphocyte pool are not fully known
but certain cellular components such as Bcl-2, CD95 and CTLA-4 as well as different
hormones and cytokines are known to generally regulate lymphocyte numbers [58-62] .
Furthermore, homeostatic regulation of B and T cells has been found to be independent of
each other since the number of B cells in T-cell deficient mice is similar to that of normal
mice [63] . This is also true in the converse situation in which T-cell numbers in B-cell
deficient mice are similar to those in normal mice [64] . In addition, the B and T cell
populations are heterogeneous containing naive, resting, memory and, for B cells, plasma
cells. All these subpopulations seem also to be under the control of different homeostatic
mechanisms [65-67] .

The CD4+ and CD8+ T-cell subsets are also under homeostatic control giving a stable
CD4/CD8 T cell ratio. In vivo experiments, in which athymic or lymphopenic mice were
injected with different proportions of CD4+ and CD8+ T cells resulted in a CD4/CD8
ratio that was similar to that in normal mice ([68] , and paper II). However, in MHC class
I- and in MHC class II-deficient mice the total number of T cells is similar to that of
normal mice despite the absence of CD8 and CD4 T cell subsets, respectively [33, 69] .

Since T cells have a limited life-span there is a need for thymic input of fresh cells as well
as proliferation among peripherally established cells in order to keep the size of the T cell
pool constant. The ability of naive T cells to survive signalling through self-peptide-MHC-
complexes has been shown to be crucial since the absence of peripheral expression of
MHC class I and MHC class II induces death among newly generated CD8+ and CD4+

peripheral T cells, respectively [70-78] . Recently, cytokines such as IL-4, IL-7 and IL-15
were found to enhance the homeostatic proliferation of naive T cells in vitro. Furthermore,
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it was discovered that the presence of IL-7 is crucial, since homeostatic proliferation
occured when naive T cells were injected into IL-4 - and IL-15-deficient hosts but was
absent upon injection into IL-7-deficient mice [79] . In addition, in this system IL-7 was
also found to be essential for the survival of naive T cells as these did not persist in the IL-
7 deficient host[79] .

Upon antigen stimulation T cells become effector cells which then proliferate extensively.
Some of the effector cells differentiate further into long-lived memory cells while most of
the effector cells die, by apoptosis, in order to maintain the homeostasis. Apoptosis is
initiated when lymphocytes bind via CD95 on the cell surface to its ligand and is mediated
by co-stimulatory molecules, such as p38 mitogen-activated protein (MAP) kinase. Since
differences in response to p38 MAP by the CD4+ and CD8+ effector T cells have been
observed, this again suggests separate modes of regulations of the two subsets[80] .
Moreover, by diminishing the number of T cells following antigenic stimulation, perforin
cytotoxicity has also been found to be important for the regulation of the effector T cells
[81, 82] .

As binding to self-MHC is important for the survival of naive T-cells, signalling through
CD40 is important for B-cell survival [83] . CD40 signalling is also important for B cells
to proliferate, to secrete Ig and for isotype switching as well as for memory cell formation
[84-86] . Since the amounts of secreted Ig of different classes is relatively stable in an
individual organism, isotype switching as well as plasma cell formation may be considered
to be under homeostatic control. In fact, mice with up to 90% fewer B cells than normal
mice are still able to produce normal amounts of serum Ig which is accomplished by the
formation of increased numbers of plasma cells ([67]  and paper IV). The exact
mechanisms for these compensatory events, however, are not known but CD40 could be
an important factor at least for Ig class switching and plasma cell differentiation. In
addition, CD40 signalling is also involved in T cell activation but is not crucial for the
homeostatic expansion of naive T cells [87] .

Tolerance or memory?

Upon antigenic recognition and activation of the immune system there are two different
alternative outcomes; immunity followed by memory or tolerance.

Tolerance

Immunological tolerance is defined as specific unresponsiveness to an antigen. Central
tolerance occurs in BM and thymus where B and T cells which are tolerant against self-
antigens survive selection and enter the periphery. Some lymphocytes, however, do escape
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central selection and not all self-antigens are expressed in BM and thymus. Peripheral
tolerance, governed by e.g. clonal ignorance, apoptosis and anergy, is therefore important
in order to minimise autoreactive responses. Clonal ignorance is the avoidance of contact
between lymphocytes and their antigen which can be explained by different homing
patterns of naive lymphocytes compared to effector and memory lymphocytes where naive
cells only circulate in lymphoid organs while effector and memory cells are able to enter
extralymphoid compartments [88] . The elimination of self-reactive lymphocytes through
apoptosis is induced upon repeated stimulations will make the lymphocytes start
expressing both CD95 and its ligand. Binding of CD95 to its ligand kills the cells by
activating a signalling cascade resulting in the activation of cytolytic effector molecules as
well as a specific DNase [89, 90] . Anergy, a state of cellular unresponsiveness, is also a
way in which self-reactive peripheral lymphocytes are controlled [91-93] . The absence of
co-stimulatory activation signals (signal 2) has been shown to induce anergy in
lymphocytes. The anergic state of the cell, however, is reversible. When the tolerising
antigen is removed or if the anergic cells are transferred to a host free of the tolerising
antigen, the anergy is disrupted [94-96] .

Memory

Upon stimulation naive lymphocytes are activated and go through extensive clonal
expansion. When the antigen is eliminated most of the effector cells die whereas a few
cells which have differentiated into long-lived memory cells will survive in order to rapidly
react to the antigen if it is presented to the individual a second time.

Memory lymphocytes are characterised by high expression of CD44 whereas the
expression of acute activation markers such as CD25 and CD69 is lost Furthermore,
memory T cells express low or no amounts of CD62L and low amounts of CD45R,
whereas memory B cells, apart from expressing Ig isotypes other than IgM, are
characterised by their low expression of heat stable antigen (HSA) [97] .

The generation of memory B and T cells is not completely understood, but both express
intracellular anti-apoptotic molecules Bcl-2 and Bcl-xL [98-100] , indicating that they have
developed a way to escape apoptosis. Moreover, it has been shown that the outcome of
CD95 engagement is different in naive and memory T cells; naive T cells receive an
apoptotic signal while memory cells receive a costimulatory signal that induces
proliferation [101] . In addition, the cytokine IL-15 has been shown to influence the
differentiation into CD8+ memory T cells [102] .

The maintenance of memory cells is an intriguing question. For T cells it is debated
whether antigen is even required after initial exposure [76, 103] . Furthermore, survival of
memory T cells has been shown, unlike naive T cells, to be independent of contact with
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self-MHC-peptide since CD4+ and CD8+ memory T cells survive after transfer to MHC
class II- and MHC class I-deficient hosts, respectively [71, 104]  . The importance of co-
stimulatory signals in maintaining memory cells in exemplified by that CD8+ memory T
cells require IL-15 but not CD28 signalling in order to survive [105, 106] .

Whether the immune system reacts by inducing tolerance or if, alternatively, effector cells
give rise to memory cells depend on the inter- and intra-cellular signalling. It is, for
example, easier to induce tolerance in newborn animals than in adults which can be
explained by lower amounts of both APC, known to be important for the outcome of the
immune response, and lymphocytes in neonates [107] .

Activation of T cells

Two signals are required to activate a T cell. The first signal comes from the recognition
and binding of the TCR complex to a processed antigen peptide bound to an MHC
molecule on the surface of an APC. The second, co-stimulatory signal is provided by
soluble factors like cytokines and/or by interactions between cell surface molecules on the
T cell and the APC. The binding of CD28 on T cells to CD80 or CD86 on APCs is a well
known and potent way to mediate co-stimulation [108, 109] . In addition, there are other
molecular interactions that mediate co-stimulatory signals, such as CD154 (CD40-ligand)
binding to CD40, CD2 binding to CD48, LFA-1 binding to ICAM-1 and 4-IBB binding
to 4-IBB-ligand [110, 111] . The effects of CD40/CD154 interactions are well
characterised generating cytokine production as well as up-regulation of CD80 and CD86,
inducing stimulatory signals for both B- and T cells [112, 113] . The 4-IBB/4-IBB-ligand
interaction has, recently been shown both to augment and even replace the classical
activation signals through binding of CD28 [114, 115] .

Type 1 and type 2 immune responses

Mature T cells can be divided into different subsets according to their cytokine production.
The first classification was done among different clones of Th cells [116] ; Th1 producing
IL-2, interferon γ (IFN-γ) and tumour necrosis factor β (TNFβ) and Th2 producing IL-4,
IL-5, IL-6, IL-10 and IL-13. Both types of Th cells produce IL-3, TNF-α and
granulocyte-macrophage colony-stimulating factor (GM-CSF). In addition, there is a
mutual regulation between the different Th cells where IFN-γ suppresses Th2 while IL-10
suppresses Th1 cells [117] . IL-4 has been shown to promote Th2 cytokine production
whereas IL-12, derived from macrophages, promotes Th1 development [118, 119] . In fact,
non-B- non-T cells able to produce very high levels of IL-4 have been identified and may
have a pivotal role in the polarisation into type 2 immune response [120] .
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Two other types of Th cells have been classified as Th0 expressing both typical Th1 and
Th2 cytokines in different combinations and Th3 expressing TNF-β only [117] . CD8+ T
cells, however, which usually produce IFN-γ in anti viral responses, have been found to be
able to produce typical Th2 cytokines [121-123] . Furthermore, single cells from both Th
and Tc cell populations have been shown to be able to produce both types of cytokines
simultaneously. They are therefore multipotent in the sense that they change their cytokine
profile upon change of stimuli [124-126] . The originally defined Th1 and Th2 cells are
now most often referred to as type 1 or type 2 immune responses and the previously used
terms, "subset" or "clone" are no longer regarded as correct: the distinction between type 1
and type 2 responses occurs at the population level of the immune system in response to
different stimuli.

The immune response to many infectious diseases has been shown to be polarised
towards either type1 or type 2 responses [127, 128] . In general, type 1 cytokine patterns
promote T cell activity and cytotoxicity which is helpful in clearing of intracellular
pathogens. Type 2 cytokines help the humoral defence in fighting extracellular bacteria
and parasites by promoting B cell growth and differentiation [129, 130] . In fact, some
autoimmune diseases, allergies and chronic infections have been proposed to be caused by
a disturbed balance between type 1 and type 2 responses and since polarisation can be
altered, for exemple by adding IL-4 or IL-12, this may be used in therapy [131, 132] . One
well studied system is mice infected with Leishmania major in which a type 1 response,
including the production of IFN-γ, is linked to recovery from the infection while a type 2
response with IL-4 synthesis promotes the disease. Upon treatment with type 1 promoting
IL-12 early in the Leishmania major infection, the recovery is faster [133, 134] .

Allogeneic recognition

One special area of immunological research is allogeneic immune responses which are of
major concern in transplantation. Allogeneic individuals are of the same species as the
donor but differ in MHC allotypes. When cells and tissues of different allotypes are in
direct contact, for instance upon transplantation, their lymphocytes will react against each
other as some of the T cells of one allotype will recognise the tissue of the other allotype
as non-self or modified self. These reactions can either be host-versus-graft or vice versa.
Currently there are two pathways, direct and indirect, by which the host T cells are
stimulated to reject the transplant [135, 136] . In direct recognition, the host T cells
recognise the donor MHC with peptide on donor APCs whereas in indirect recognition,
recipient T cells react against MHC-derived peptides from the donor which are then
processed and presented on the host MHC. Thus, T lymphocytes that react through the
direct pathway bypass the rule of T cells being restricted to self-MHC. The hypothesis of
the direct pathway is that the host T cell recognises the donor MHC itself, regardless of
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what peptides are bound or that the donor MHC, in binding a specific peptide resembles a
complex of self-MHC presenting a foreign peptide [137] . In a study in which low
numbers of donor APCs were injected into a transplant recipient the transplant was more
rapidly rejected, suggesting that a direct pathway was operating [138] . In addition, when
lymphopenic mice were reconstituted with syngeneic CD4+ T cells, allografts from MHC
class II-expressing donors were rejected while allografts from MHC class II-deficient
donors were not [139] . The dependent and the independent pathways probably function
simultaneously. One study using enzyme linked spot assay (ELISPOT) showed that
approximately 90% of alloreactive T cells were directed against donor MHC while around
5% were directed against self-MHC presenting donor-derived peptides [140] . However,
other studies show that the independent pathway is sufficient to enable a host to reject a
transplant. For instance, MHC class I-deficient mice, devoid of CD8+ T cells have been
shown to reject skin grafts from MHC class II-deficient mice, suggesting that peptide
presentation must have been mediated by recipient MHC class I molecules
[141] .

The major targets for allogeneic recognition are MHC molecules but there are other
molecules such as minor lymphocyte stimulatory antigens (Mls), encoded by retroviruses,
which can also contribute to allogeneic reactions. These antigens, belonging to the
superantigen family, are bound to MHC but not in the usual peptide binding groove [142]
and are recognised by T cells expressing a certain TCVβ. During thymic development the
T cells expressing TCRVβ that are reactive against specific Mls are negatively selected. If,
however, individuals differ in Mls expression, the T cells in one individual with a particular
TCRVβ which is absent in the other individual, will react, regardless of MHC
compatibility.
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PRESENT STUDY

Aim

The objective of the work described in this thesis was to study the central and peripheral
differentiation of T cells and the mechanisms that maintain homeostasis of the
immunological repertoire.

Methodology

The SCID mouse

Severe combined immunodeficiency disease (SCID) is a group of diseases in which the
individual has neither functional B nor T cells. In the 1950s the first human case of SCID
was detected and in the 1970s the disease drew attention by the well publicised story of a
boy who lived inside a sterile plastic bubble. SCID has also been reported in animals and
in 1983 an autosomal recessive mutation (scid) in mice from the C.B-17 strain was
reported [143] . The homozygous mutation in the C.B-17 scid/scid mouse results in the
loss of DNA-dependent protein kinase (DNA-PK) activity since the catalytic subunit of
the enzyme is truncated by 83 amino acids [144] . DNA-PK is a DNA repair protein
which is essential for joining the coding sequences in V(D)J recombination. SCID mice
are not able to recombine functional coding sequences for neither BCR nor TCR and are
therefore devoid of mature B and T lymphocytes.

The κ-deficient mouse

Igs are composed of two heavy chains (H-chains) associated with two light chains (L-
chains). There are two IgL-chain isotypes, κ and λ, and in mice, 95% of all mature B cells
express κL-chains [42] . Using a knockout technique a κ-deficient mouse was constructed
by inactivation of the J-C region of the k-loci [145] . These mice were found to have
approximately 30% fewer leukocytes, half as many B cells but normal numbers of T cells,
compared to the C57Bl/6 (B6) w.t. mice [145, 146] .
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Experimental systems

In studies I and II five to seven day old SCID (H-2d) mice were injected intraperiteonally
(i.p.) with T cells purified from syngeneic C.B-17 (H-2d) mice using the MiniMACSTM

system (Fig. 3). The recipient mice were sacrificed after two, five and ten weeks or longer
and thymus as well as spleen were examined. Thymi were analysed for size, donor cell
content, phenotype of the thymocytes and thymic structure by cell counting, flow
cytometry and immunohistology (paper I). Donor cells from spleens were analysed
regarding number and phenotype using cell counting and flow cytometry (paper II).
Splenic donor T cells were enriched for CD4+ and CD8+ using the MiniMACSTM

system and were stimulated by anti-TCRβ antibodies coupled to the plastic of a tissue
culture plate (paper II). Proliferation and cytokine production in these stimulations were
measured by 3H-thymidine incorporation and ELISA, respectively (paper II).

In study III, both adult and newborn SCID (H-2d) mice were injected i.p. with allogeneic
T cells enriched from B6 (H-2b) or CBA/J (H-2k) mice by passage over nylon wool
columns [147] . The mice were then examined for loss of weight, macroscopic pathology,
infiltration of donor cells, cytokine production, endogenous MHC expression and
selection of the donor cell TCR repertoire using a balance, cell counting, ELISA and flow
cytometry (Fig. 4A and [III]).

Study IV is a comparison of immunological differences between κ-deficient mice and the
w.t. B6 counterpart. Phenotypes of cells in bone marrow and spleen, Ig levels and number
of Ig-secreting plasma cells were determined by cell counting, flow cytometry, ELISA and
ELISPOT (Fig 4B and [IV]). Further, cells from spleen were stimulated by anti-TCRβ
antibodies coupled to the plastic of a tissue culture plate. As in study III, cell proliferation
and cytokine production were measured by 3H-thymidine incorporation and ELISA,
respectively.
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Figure 3. The experimental system for the influence of syngeneic T cells on SCID
mice (papers I and II)
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Results and discussion

Peripheral T cells influence thymocyte development in SCID mice (paper I).

In order to study the influence of mature, circulating T cells on thymic development,
syngeneic T cells from adult C.B-17 mice were injected into SCID mice (paper I). Due to
defective rearrangement machinery, T cell development in SCID mice is arrested at an
early stage. Their thymi are therefore small and only comprise CD4-CD8- double negative
(DN) pro-T cells [148] . However, this developmental block can be overcome by the
introduction of a functional TCRβ transgene [149] . Further, in "leaky" SCID mice, which
have a small number of TCR expressing single positive (SP) mature T cells, DN
thymocytes have been observed to develop into double positive (DP) thymocytes that do
not, however, carry TCRs [150] . In accordance with this, when syngeneic SP T cells from
C.B-17 mice were injected into SCID mice their thymi also contained endogenous DP
cells, i.e. not carrying TCR. However, the number of DP cells only reached 10% of that in
w.t. mice and no mature, endogenous T cells were observed in the periphery (paper I).
These phenomena were also recorded in SCID mice treated with allogeneic T cells from
CBA/J mice, in which mild GVHD was induced (paper III and [151] .) The pronounced
homing of CD8+ T cells to the thymi of SCID mice seen in paper I, was also true in
SCID mice treated with allogeneic T lymphocytes (paper III). This resulted in a thymic
CD4/CD8 ratio of 0.4 which was rather unexpected because the CD4/CD8 ratio of mature
T cells in the thymus of a normal mouse is around 3 [152] . Why there should be a higher
degree of infiltration or survival of CD8+ T cells in the SCID thymus is not clear. It has
been suggested that re-entry of T cells to the thymus is restricted to activated T cells [153]
but in paper I in this thesis it is shown that there were more activated (CD69+) CD4+ T
cells compared to CD8+ T cells among the injected donor cells. Thus, it is likely that other
parameters are responsible for the disturbed ratio of the T cells in the thymus, such as
differences in adhesion molecules expressed on the donor T cell subsets, better survival of
CD8+ T cells in the thymus or that the CD4+ T cells re-circulate more efficiently to the
periphery.

Interestingly, the thymi of CD8+ T cell-treated SCID mice were larger than those treated
with CD4+ T cells (paper I). Immunohistochemical analyses revealed that there was an
induction of medullary epithelial cells upon treatment with mature T cells ([154]  and
paper I). The organisation of the thymic medulla was more pronounced in SCID mice
treated with CD8+ T lymphocytes alone, while mice injected with both subsets of T cells
did not organise the thymus into well-defined medullary areas. The structure of the
thymus in SCID mice treated with CD4+ T cells alone looked more like that of untreated
animals with few, if any, medullary cells widely spread throughout the organ. It was also
found that endogenous DP cells where only generated together with induced medullary
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cells in SCID mice treated with CD8+ T cells alone or with both subsets of T cell types.
In mice treated with CD4+ T lymphocytes no  DP cells were seen. Furthermore, the
CD8+ T cell-treated recipients developed DP cells in the thymus more quickly than mice
treated with both CD4+ and CD8+ T cells, indicating a inhibitory role for CD4+ T cells.

The phenotype of the DP cells was further investigated and they were indeed found to be
of endogenous origin since they did not express any functional TCRβ-chain neither on
their surface nor intracellulary (paper I). When analysing for cell-surface markers other
than CD4 and CD8, the DP cell were found to be in a developmental stage between pro-T
and pre-T cells since they expressed intermediate levels of CD25 and CD117 and high
levels of CD2 and CD44. The high expression of CD2 as well as the intermediate levels of
CD25 and CD117 all indicate a more mature phenotype of developing thymocytes while
the high expression of CD44 is normally present on pre-T cells [155, 156] . Endogenous
DP cells have also been reported to occur spontaneously when SCID mice were bred into
KSN-bg mice [157] . Further characterisation of these DP cells showed that they were
TCRβ-, as shown in paper I, but otherwise resembled "true" DP cells with neither CD25
nor CD44 on their surface[158] . The immature phenotype of the DP cells described in
paper I is probably due to the total absence of rearranged TCRβ chains. It seems likely
that intracellular, rearranged TCRβ and TCRγ genes are sufficient and crucial for the
transition from pro-T to pre-T cells to occur since the DP cells seen in SCID-bg mice
were reported to have rearranged genes for both TCRβ and TCRγ chains and had
progressed beyond the pre-T cell stage[158] .

The presence of mature syngeneic and allogeneic T cells, therefore, influences the activity
of the thymus in SCID mice. However the development of medulla as well as of DP
thymocytes are only seen in CD8+ T cell-treated SCID mice whereas in the presence of
CD4+ T cells, both these events are inhibited (paper I). There is probably a connection
between a mature medulla and the occurrence of DP cells since the latter only develop after
5 weeks or later, which might reflect the time needed for the build up of mature medulla.
The effect of the CD4+ T cells, therefore, may be limited to inhibition of the build-up of a
mature medulla. Exactly what factors the CD4+ and CD8+ T cells contribute to inhibit or
induce the formation of medulla and DP cells, respectively, is yet to be discovered. The T
cells may provide certain cytokines or growth factors. Analysis of knockout mice has
shown that only IL-7 [11]  IL-7Rα [10]  or common γ chain [159, 160]  deficiencies give
rise to defective T cell development whereas mice deficient in IL-2, IL-4, IL-6, IL-10, IL-
13, IFN-γ, GM-CSF, TNFβ or LIF (leukaemia inhibitory factor) are unaffected [161] .
However, when IL-7 was added in vitro to SCID thymocytes cultured in the presence of
thymic epithelial cells there was no sign of differentiation into DP cells (data not shown).
There could, however, be other certain cytokines or factors produced by the CD8+ T cells
which induce the DN cells to survive β-selection and differentiate into DP cells.
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Memory T cells in lymphopenic mice (paper II)

As endogenous thymocytes were unable to develop into mature T cells (paper I) this
experimental system was used to study the fate of the peripheral pool of T cells in the
absence of a thymic input of fresh T cells. When transferred in small numbers to adult
lymphopenic hosts, T cells are known to proliferate spontaneously and naive T cells turn
into memory type of cells [68, 162-164] . The spontaneous proliferation is usually
referred to as homeostatic expansion and the mechanisms behind this might be of
homeostatic character. However, there are few studies which report that the T cells actually
reach sufficiently high numbers to fill the lymphoid compartment. They do proliferate but
there is very little, if any, true expansion. It has been reported, however, that T cells actually
filled up the compartment in irradiated hosts and once the lymphoid compartment was
restored, the memory type of cells regained the characteristics of naive cells [163] . Since
the acquisition of a memory phenotype was found to be reversible, the occurrence of
memory type of cells in paper II and other similar studies may reflect a compensation
mechanism concentrating the T lymphocyte compartment into few fast and high
responding memory cells (rather than a large pool of naive cells giving a rather slow
response). A similar compensation mechanism also seems to occur in ageing individuals
with decreased thymic input; these individuals have an increased proportion of both CD4+

and CD8+ memory T cells [165-168] .

Considering the expression of CD44, there is an obvious selection of memory type of
cells among donor T cells in paper II. 10 weeks after treatment the function of the CD4+

and CD8+ donor T cells were analysed by stimulating them in vitro with monoclonal anti-
TCRβ antibodies coupled to the plastic of culture plates, both subsets of cells proliferate
and produce cytokines faster than their w.t. counterparts. Polyclonal stimulation does not
discriminate a true memory response as reliably, but the donor T-cell response described
in paper II is not as fast as one might expect in a secondary response. This is probably
due to the fact that the memory type of cells in the SCID host have not been exposed to
foreign antigen but rather they have developed during homeostatic proliferation. It has
been suggested that there is a direct relationship between proliferation and the
differentiation of memory donor T cells in lymphopenic mice [164] . The features of
memory type of cells obtained by injecting naive T cells into lymphopenic hosts, therefore,
might not be the same as those of "true" memory cells. There is, possibly a spontaneous
differentiation into memory type of cells, resembling those described in paper II, due to
homeostatic proliferation mechanisms also found in normal individuals. Such T cells
could be comprised in the accumulated pool of memory T cells observed in ageing
individuals. In fact, the donor T cells analysed in paper II might represent a differentiation
state which has not yet been defined but which can be recognised by high expression of



27

CD44 and a proliferation and cytokine production which is faster than that of naive T cells
but not as fast as that of "true" memory T cell responses.

In comparison to CD4+ donor T cells the response of CD8+ donor T cells to anti-TCRβ
antibody stimulations appears to be under tighter control. This is reflected by a more
dramatic drop in proliferation. Moreover the CD4+ donor T cells are able to react upon
lower concentrations of the monoclonal antibody while the CD8+ donor T cells have a
higher threshold for activation. This is possibly because CD4+ T cells have a regulatory
role in the immune system such as governing the polarity of the immune response and
aiding the humoral response, and are therefore needed for a longer time. In contrast, the
cytotoxic CD8+ T cells need to be very precise and more tightly regulated in order not to
cause extensive damage to host tissue.

Selection of T cells during GVHD (paper III)

The size and subset composition of the adult peripheral T cell pool are constant and are
regulated through input of naive T cells selected in the thymus and by homeostatic
mechanisms [57, 169, 170] . Proliferation upon signalling through self-peptide/MHC
interactions and deletion of effector cells after elimination of foreign antigen are among the
most important mechanisms to maintain T lymphocyte homeostasis [70, 171, 172] . As
described above, the amount of viable T cells, when injected in small numbers into
syngeneic SCID hosts, does not fill up the lymphoid compartment (paper II). However,
the CD4/CD8 cell ratio in the periphery resembles that in a normal mouse (approximately
2) although the same number of cells of the different T-cell subsets were injected at a cell
ratio of 1.0 (papers I and II).

In order to study the T cell pool in the absence of self-MHC, allogeneic T cells from two
different strains of mice, CBA/J or B6, were injected into SCID hosts. As SCID mice are
devoid of lymphocytes, treatment with allogeneic T cells generates graft-versus-host
disease (GVHD).

Interestingly, there is a difference in severity of GVHD depending on the donor strain;
CBA/J-treated SCID mice developed mild disease while B6-treated SCID mice developed
a severe GVHD. This was manifested by a greater loss of weight, at ten days post injection
(p.i.) among the B6-treated mice compared to the CBA/J-treated mice which at this point
were similar in weight to the PBS-treated control mice. Further, the B6-, but not the
CBA/J-treated mice showed fatigue, intestinal bleeding and necrotic livers. As early as five
days post treatment the number of infiltrating donor T cells in BM, spleen and liver were
higher in B6 than in CBA/J injected recipients, a feature that was more pronounced ten
days post treatment. The total number of cells in BM and spleen of B6-treated SCID mice
was decreased while the CBA/J-treated mice again were similar to PBS-treated controls.
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Furthermore, the endogenous expression of MHC class I and class II was up-regulated in
all three organs examined for both treated groups of mice although the up-regulation in
SCID mice grafted with B6 cells occurred earlier.

Table 1:

CD4/CD8 cell ratio for donor T cells before and after engraftment into SCID mice.

Donor cells Days p.i. Recipient organ CD4/CD8 cell ratio

C.B-17 0 1.76±0.18

10 BM ND

10 Spleen 1.69±0.17

10 Liver ND

10 Thymus 0.23±0.09

CBA/J 0 1.59±0.23

10 BM 0.45±0.09

10 Spleen 0.41±0.10

10 Liver 0.24±0.06

10 Thymus 0.32±0.11

B6 0 1.40±0.13

10 BM 0.49±0.17

10 Spleen 0.71±0.17

10 Liver 0.47±0.21

10 Thymus ND

Donor T cells from C.B-17, CBA/J and B6 mice were stained with anti-CD4 versus anti-
CD8, before and 10 days after injection into SCID recipients and were then analysed by
flow cytometry. The table shows mean CD4/CD8 ratios from an analysis of between 5-
and10 mice in each group.

On further analysis of the donor cells, the CD4/CD8 cell ratio among allogeneic donor T
cells was altered from approximately 1.5 before injection to 0.5 after injection in all organs
examined for both types of treatment, showing a faster homing or greater survival of
CD8+ T cells (Table 1). Since the increased proportion of CD8+ donor cells was similar
in both engraftments, if slightly higher in CBA/J-treated recipients, this fact alone cannot
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explain the increased cytotoxity and more severe GVHD in B6-treated SCID mice. On the
contrary, the CD4/CD8 cell ratio in the periphery of SCID mice treated with syngeneic T
cells equalled that in normal mice but similar to the SCID mice treated with allogeneic T
cells, an enhanced infiltration of CD8+ T cells was observed in the thymus (Table 1)
(papers I and II). This could be explained by homeostatic control in the periphery,
governed by self-MHC molecules, which are crucial for the survival of naive CD4+ T cells
and are absent in the allogeneic situation. On the other hand, self-MHC molecules exist in
the syngeneic SCID thymus but the organisation, as well as the number of cells in the
SCID thymus is different from that in normal mice. Thus, it is possible that the low
number of syngeneic CD4+ T cells in the SCID thymus is due to a lack of a sufficient
amounts of self-MHC class II. Nevertheless, CBA/J-grafted SCID mice had a thymic
CD4/CD8 donor cell ratio similar to that in the syngeneic treated mice suggesting that
factors besides self-MHC influence the presence of mature CD4+ and CD8+ T cells in
this organ.

Intracellular cytokines of the donor cells infiltrating BM were measured by flow cytometry
and both types of donor cells showed increased levels of IL-4, IL-10 and TNF-α.
Moreover, high intracellular levels of IFN-γ were found in BM cells from B6-treated
SCID mice and IFN-γ serum levels were eight times higher in B6- than in CBA/J-grafted
SCID mice at five days p.i.. IFN-γ, therefore, is an indicator of a more severe GVHD, and
this cytokine is known to kill pre B cells in BM [173] . Furthermore, CD8+ T cells
activated by IL-4 have been shown to develop into non-cytotoxic cells that produce the
type 2 cytokines IL-4, IL-5 and IL-10 but not IFN-γ [174]  which is in accordance with
results in paper III indicating that donor T cells from CBA/J-treated SCID mice had
higher levels of IL-4 and IL-10 but not IFN-γ. However, there are conflicting reports on
how and which cytokines are involved and are important for generating GVHD. Type 1
IFN-γ has indeed been reported to augment T-cell responses against the host leading to
more severe GVHD whereas type 2 biased T cells were shown to reduce the severity of
GVHD in the recipients [175-177] . In contrast, when using donor cells from IFN-γ
knockout mice, acute GVHD was accelerated, suggesting a protective role for the cytokine
[178] .

Moreover, there was a significant decrease of Vβ:s 2, 4, 8 and 14 and an increase of
CD8+Vβ11 among the B6 donor T cells. CBA/J donor T cells however, exhibited an
expansion of CD8+Vβ14+ cells which may represent a non-cytotoxic population with
immunoregulatory functions [179] . Disturbed homeostasis in the TCRVβ repertoire
during GVHD has been reported by others [180-183]  and is often explained by
expression by the recipient of minor lymphocyte stimulatory antigen (Mls) or
superantigens [183] . However, since w.t. C.B-17 mice and B6 mice have similar levels of
the TCRVβs in question, the decrease in TCRVβ during GVHD in B6-treated SCID mice
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can not be explained by any superantigenic activity. Rather, the relative decrease of certain
Vβ:s may reflect negative selection by apoptosis due to high affinity T cell-APC
interactions or by defective co-stimulation.

To establish if disturbed T cell homeostasis in itself can induce a more severe GVHD,
SCID mice were injected i.p. with B6 donor T cells depleted of TCRVβ:s 2, 4, 8 and 14,
i.e. those that were deleted, in vivo, in the severe GVHD reported in paper III. As a matter
of fact, SCID mice treated with the depleted donor T cell population did show signs of a
more severe GVHD compared to SCID mice treated with whole, unmanipulated B6 T cell
population, e.g. a higher percentage of infiltrating donor cells and an enhanced aplasia in
BM. Further, 3H-thymidine incorporation experiments showed that the TCRVβ-depleted
population responded more strongly to SCID stimulators than did the total B6 T cell
repertoire in vitro. The culture supernatants of the stimulations with TCRVβ-depleted T
cell populations contained higher amounts of IFN-γ compared to the cultures with total
B6-responders. Interestingly, when TCRVβ:s 2, 4, 8 and 14 were positively selected and
used as responders in a mixed lymphocyte reaction (MLR) with SCID stimulator cells, the
3H-thymidine incorporation was similar to the stimulations with total B6 responders and
IFN-γ production was low whereas the levels of IL-4 in the supernatants were more than 4
times higher than in the stimulations with total B6 responders. Thus, from these in vivo
and in vitro studies we conclude that a disturbed homeostasis among the donor T-cell
TCRVβ repertoire may be responsible for inducing a more severe GVHD, mediated by an
inbalance in e.g. type 1 and type 2 immune responses.

Kappa-deficient mice exhibit different patterns of cytokines compared to wild-type mice
(paper IV)

In normal mice the κ-light chain is expressed on more than 95% of all B cells and
immunoglobulins. The κ-deficient mice only express the λ-light chain and have half as
many B cells but normal levels of T cells compared to wildtype mice [145, 146] .
Nevertheless, the levels of immunoglobulins were found to be normal (paper IV). We
therefore investigated which immunological factors are involved in aiding the reduced pool
of B cells to generate these normal levels of immunoglobulins.

There were significantly higher numbers of plasma cells in the spleen of κ-deficient (κ-/-)
mice compared with wild type mice (paper IV). More precisely, ELISPOT experiments
showed that there were approximately twice as many IgM-producing cells in κ-deficient
mice compared to κ+/+ B6 mice whereas there was no significant difference in absolute
numbers of IgG-producing cells between the two strains of mice. Nevertheless, the total
number of B cells in κ-deficient mice was only half as many as in B6. The relative
proportion of both IgM and IgG producing plasma cells, therefore, was higher in κ-
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deficient mice. In addition, it has been reported that mice in which RAG-2 was deleted at
birth only exhibited a small pool of B cells of which most cells were in an activated state
and the number of IgM-producing plasma cells were three to fourfold higher compared
with normal mice [67] .

There was a bias towards type 2 cytokine production when T cells were stimulated with
monoclonal anti-TCRβ antibodies. The cytokines IL-4, IL-5 and IL-10 levels were all
significantly higher in cell culture supernatants from κ-/- mice with the largest difference
in IL-5 and IL-10, which at certain time points were present at five-fold higher
concentration than for stimulated normal B6 cells. The concentration of IL-6 was at the
limit of detection in stimulations of cells from either of the two strains of mice. Cells from
B6 mice produced significantly higher amounts of the type1 cytokine IFN-γ, than did cells
from κ-deficient mice, again indicating a type 2 bias in the κ-/- mice, whereas there was no
difference in IL-2 production. Since type 2 cytokines are generally known to support B
cells in activation and differentiation [184-188] , the type 2 cytokine milieu in κ-deficient
mice may therefore be essential for the compensation needed in order to keep the
immunoglobulin levels normal despite the low levels of mature B cells (paper IV). With
this in mind we examined if there are higher numbers of activated B cells in the κ-deficient
mice compared with normal B6 mice. As activated cells are larger than resting cells, the
amount of large B cells was determined by flow cytometry and, in fact, the proportion of
large B cells in spleen but not in BM was higher in κ-/- mice than in κ+/+ mice. However,
comparing the absolute numbers of large B cells in the spleen, they appeared to be similar
in both strains (paper IV).

In severe GVHD alterations in the TCRVβ repertoire was shown to be accompanied by
difference in cytokine patterns (paper III). Kappa-deficient mice however, exhibited a
TCRVβ repertoire similar to that of B6 mice (paper IV) implying that the bias towards
type 2 in these mice cannot be explained by absence or excess of certain TCRVβ:s.
Intracellular flow cytometry was used to determine which subsets of T cells were
responsible for the production of the different cytokines. Anti-cytokine antibodies were
used to stain for CD4 or CD8 on spleen cells after 24 and 48 hours of stimulation with
anti-TCRβ antibodies in vitro. Surprisingly, the proportion of T cells producing type 2
cytokines was only slightly higher in the κ-deficient mice compared to the B6 mice. A
small population of spleen cells were found in the κ-deficient mice, which expressed
neither CD4 nor CD8 but which produced high levels of both IL-4 and IL-10 (the only
type 2 cytokines tested these experiments). This population of cells was not present, or
present in very small numbers in stimulated spleen cells from B6 mice. However, further
analyses are needed to establish the phenotype of this population of type 2 producers.

Thus, κ-deficiency leads to fewer B cells in the mice but the immune system seems to
compensate for this by producing higher amounts of B-cell stimulating type 2 cytokines
providing a homeostatic mechanism to generate normal levels of serum immunoglobulins.
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CONCLUDING REMARKS

The immune system has several ways to internally control and influence its constitution.
Using immunodeficient mice, we were able to investigate the impact of circulating mature
T cells on thymic development. In SCID mice mature CD8+ T cells induced maturation
and organization of medullary compartments whereas CD4+ T cells seemed to inhibit this
process. In addition to the maturation of the thymus, maturation of endogenous SCID
thymocytes into cells that express CD4 and CD8 on their surface was seen. However, as
they are unable to rearrange TCR-chains properly, such DP thymocytes have a more
immature phenotype than normal DP thymocytes and they fail to develop into SP mature
T cells. The precise mechanism(s) for driving the maturation of medullary epithelial cells
and DP thymocytes and the different immunoregulatory actions of CD4+ and CD8+ T
cells, are interesting challenges for the future.

The immune system endeavours to respond as efficiently as possible. This is manifested
in paper II in which it is shown that the small pool of T cells consists of a high proportion
of memory type of cells and in paper IV in which it is shown that the number of B cells
are half that in normal mice but that the Ig levels nevertheless, are normal due to an
elevated number of Ig-producing plasma cells.

How does the immune system know when to compensate? Feedback signals probably
inhibit immune cells in healthy individuals. If the T cell pool is large enough, there is only
minor homeostatic proliferation and no excessive differentiation into memory T cells due
to the presence of inhibitory T cells regulating these functions in other T cells. This
homeostasis is temporarily broken upon antigen stimulation where the antigen-specific T
cells are activated and proliferate in order to expand to become a large pool of effector
cells for the elimination of antigen. Once the antigen is abolished, the presence of too
many effector T cells generates negative feedback signals leading to apoptosis and the
original size of the T cell pool is restored. A few T cells escape this apoptosis due to the
fact that they have differentiated into memory cells. In paper II however, it is shown that
the donor T cells are allowed to proliferate in a lymphopenic milieu since there are not
enough T cells around to occupy the empty space. Surprisingly, the pool of donor T cells
never reaches the numbers found in a normal mouse. Rather, the size of the T cell pool
was similar to the number of cells injected. This may reflect the importance of thymic
input of new T cells in young individuals where the rate of input determines the pool size
of T cells, which remains stable throughout the life of the organism [152] . Furthermore,
an accumulation of memory type of cells was shown in paper II, a phenomenon which is
also seen in aging individuals with a diminished thymic input.
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In paper IV, the low input of new B cells from BM of κ-deficient mice was shown to
result in a pool of mature peripheral B lymphocytes which is half that in a normal mouse.
Moreover, when RAG-2 was deleted in newborn mice, they were found to have a small
pool of B cells consisting of activated B cells and a large proportion of plasma cells [67] .
Similarly, the proportion of activated, large cells and plasma cells in the B cell pool of κ-
deficient mice was also higher than in w.t. mice. Due to the increased number of plasma
cells, the levels of serum Ig were normal, indicating that the induction of plasma cell
differentiation may be a result of an absence of negative feedback due to a low
concentration of Ig. In addition, there was a bias among T cells toward type 2 cytokines
that are known to aid B cell activation and proliferation and that could also favour a higher
proportion of plasma cells. The biased cytokine pattern may also be due to feedback or an
absence of feedback regulatory signals since Th1 and Th2 are known to mutually regulate
the activity of each other.

In the GVHD system, the importance of T cell homeostasis is envisaged at another level
where a profound alteration of the TCRVβ repertoire induced a more severe disease (paper
III). An altered response in vitro indicated by e.g. degree of proliferation and patterns of
cytokines production are in accordance with the in vivo observations made during GVHD.
An incomplete TCRVβ repertoire, therefore, can severely modify immunoregulatory
mechanisms important for homeostasis.



34

ACKNOWLEDGEMENTS

This study was carried out at the Department of Vaccine Research, National Veterinary
Institute, Uppsala, Sweden and at the Department of Medical Biochemistry and
Microbiology (IMBIM) at Uppsala University, Sweden.

I would like to thank all the people who, in one way or another, have contributed to the
accomplishment of this thesis. In particular I wish to acknowledge:

Kjell-Olov Grönvik , my supervisor, for guiding me in the world of research and
immunology. Also for your enthusiasm in designing experiments and always finding time
to discuss data, listen to ideas and read my writings.

Jan Andersson, for good advice and suggestions for improvements to the manuscripts.

Mårten , for teaching me the different techniques from preparing lymphocytes to running
flow cytometry and always answering my never ending questions. Also for being a good
friend and co-worker and for all the fun in and outside of the lab.

Otti , for endless support of various kinds and for all the discussions of science and life
during the years. Simply; -thank you for being a true friend!

Annika , for collaborations, support and nice company on different trips outside the lab
and also for critically reading this thesis.

Present and former members of the Hellman and Philström groups: Lasse, Lars, Siv,
Maria, Parvin, Molly, Anna, Camilla, Ulrika, Jeannette, Sara, Maike, Niklas,
Sirje, Anna-Karin, Mats, Maryam, Carolina, Lotta, Magnus  and Claudia for nice
seminars and good collaborations during the immunology course. Also the present
members together with Anders and Erika  for taking care of me during lunches and
"fika".

Alan McWhirter  for linguistic corrections of this thesis.

The people at the department of Vaccine research; Lisa, Eva, Esteban, Raija and
Kristina .

All my friends  outside this scientific world with a special thanks to Lena who actually
was the first to introduce me to immunology.

Mamma, Pappa, Tobias and Pontus for love, support and encouragement.

Gerald for your love. Also for being the best coach I could have wished for and for
making me laugh.

Jonna for your bubbling laughter.



35

REFERENCES

1. Wu AM, Till JE, Siminovitch L, and McCulloch EA. A cytological study of the capacity for 
differentiation of normal hemopoietic colony-forming cells. J Cell Physiol, 1967. 69, 177-84.

2. Wu AM, Till JE, Siminovitch L, and McCulloch EA. Cytological evidence for a relationship 
between normal hemotopoietic colony-forming cells and cells of the lymphoid system. J Exp 
Med, 1968. 127, 455-64.

3. Kondo M, Weissman IL, and Akashi K. Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell, 1997. 91, 661-72.

4. Sudo T, Nishikawa S, Ohno N, Akiyama N, Tamakoshi M, and Yoshida H. Expression and 
function of the interleukin 7 receptor in murine lymphocytes. Proc Natl Acad Sci U S A, 1993. 
90, 9125-9.

5. Akashi K, Reya T, Dalma-Weiszhausz D, and Weissman IL. Lymphoid precursors. Curr Opin 
Immunol, 2000. 12, 144-50.

6. Georgopoulos K, Moore DD, and Derfler B. Ikaros, an early lymphoid-specific transcription 
factor and a putative mediator for T cell commitment. Science, 1992. 258, 808-12.

7. Busslinger M, Nutt SL, and Rolink AG. Lineage commitment in lymphopoiesis. Curr Opin 
Immunol, 2000. 12, 151-8.

8. Pui JC, Allman D, Xu L, DeRocco S, Karnell FG, Bakkour S, Lee JY, Kadesch T, Hardy RR, 
Aster JC, and Pear WS. Notch1 expression in early lymphopoiesis influences B versus T lineage 
determination. Immunity, 1999. 11, 299-308.

9. Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, MacDonald HR, and Aguet M. 
Deficient T cell fate specification in mice with an induced inactivation of Notch1. Immunity, 
1999. 10, 547-58.

10. Peschon JJ, Morrissey PJ, Grabstein KH, Ramsdell FJ, Maraskovsky E, Gliniak BC, Park LS, 
Ziegler SF, Williams DE, Ware CB, and et al. Early lymphocyte expansion is severely impaired 
in interleukin 7 receptor-deficient mice. J Exp Med, 1994. 180, 1955-60.

11. von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdach SE, and Murray R. 
Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a nonredundant cytokine. J
Exp Med, 1995. 181, 1519-26.

12. Matsuzaki Y, Gyotoku J, Ogawa M, Nishikawa S, Katsura Y, Gachelin G, and Nakauchi H. 
Characterization of c-kit positive intrathymic stem cells that are restricted to lymphoid 
differentiation. J Exp Med, 1993. 178, 1283-92.

13. Ardavin C, Wu L, Li CL, and Shortman K. Thymic dendritic cells and T cells develop 
simultaneously in the thymus from a common precursor population. Nature, 1993. 362, 761-3.

14. Wu L, Antica M, Johnson GR, Scollay R, and Shortman K. Developmental potential of the 
earliest precursor cells from the adult mouse thymus. J Exp Med, 1991. 174, 1617-27.

15. Wu L, Li CL, and Shortman K. Thymic dendritic cell precursors: relationship to the T 
lymphocyte lineage and phenotype of the dendritic cell progeny. J Exp Med, 1996. 184, 903-11.

16. Zuniga-Pflucker JC, Di J, and Lenardo MJ. Requirement for TNF-alpha and IL-1 alpha in fetal 
thymocyte commitment and differentiation. Science, 1995. 268, 1906-9.



36

17. Moore TA, and Zlotnik A. T-cell lineage commitment and cytokine responses of thymic 
progenitors. Blood, 1995. 86, 1850-60.

18. Schatz DG, Oettinger MA, and Baltimore D. The V(D)J recombination activating gene, RAG-1. 
Cell, 1989. 59, 1035-48.

19. Oettinger MA, Schatz DG, Gorka C, and Baltimore D. RAG-1 and RAG-2, adjacent genes that 
synergistically activate V(D)J recombination. Science, 1990. 248, 1517-23.

20. Godfrey DI, Kennedy J, Mombaerts P, Tonegawa S, and Zlotnik A. Onset of TCR-β gene 
rearrangement and role of TCR-β expression during CD3-CD4-CD8- thymocyte 
differentiation. J Immunol, 1994. 152, 4783-92.

21. Petrie HT, Livak F, Burtrum D, and Mazel S. T cell receptor gene recombination patterns and 
mechanisms: cell death, rescue, and T cell production. J Exp Med, 1995. 182, 121-7.

22. Dudley EC, Petrie HT, Shah LM, Owen MJ, and Hayday AC. T cell receptor β chain gene 
rearrangement and selection during thymocyte development in adult mice. Immunity, 1994. 1,
83-93.

23. Dudley EC, Girardi M, Owen MJ, and Hayday AC. αβ and γδ T cells can share a late common 
precursor. Curr Biol, 1995. 5, 659-69.

24. Wilson A, de Villartay JP, and MacDonald HR. T cell receptor δ gene rearrangement and T 
early α (TEA) expression in immature αβ lineage thymocytes: implications for αβ/γδ lineage c
ommitment. Immunity, 1996. 4, 37-45.

25. Groettrup M, Ungewiss K, Azogui O, Palacios R, Owen MJ, Hayday AC, and von Boehmer H. 
A novel disulfide-linked heterodimer on pre-T cells consists of the T cell receptor β chain and a 
33 kd glycoprotein. Cell, 1993. 75, 283-94.

26. Aifantis I, Buer J, von Boehmer H, and Azogui O. Essential role of the pre-T cell receptor in 
allelic exclusion of the T cell receptor β locus. Immunity, 1997. 7, 601-7.

27. Aifantis I, Azogui O, Feinberg J, Saint-Ruf C, Buer J, and von Boehmer H. On the role of the 
pre-T cell receptor in αβ versus γδ T lineage commitment. Immunity, 1998. 9, 649-55.

28. Falk I, Biro J, Kohler H, and Eichmann K. Proliferation kinetics associated with T cell receptor-
β chain selection of fetal murine thymocytes. J Exp Med, 1996. 184, 2327-39.

29. Penit C, Lucas B, and Vasseur F. Cell expansion and growth arrest phases during the transition 
from precursor CD4-8- to immature CD4+8+ thymocytes in normal and genetically modified 
mice. J Immunol, 1995. 154, 5103-13.

30. Xu Y, Davidson L, Alt FW, and Baltimore D. Function of the pre-T-cell receptor α chain in T-
cell development and allelic exclusion at the T-cell receptor β locus. Proc Natl Acad Sci U S A, 
1996. 93, 2169-73.

31. Wiest DL, Berger MA, and Carleton M. Control of early thymocyte development by the pre-T 
cell receptor complex: A receptor without a ligand? Semin Immunol, 1999. 11, 251-62.

32. Mariathasan S, Jones RG, and Ohashi PS. Signals involved in thymocyte positive and negative 
selection. Semin Immunol, 1999. 11, 263-72.

33. Zijlstra M, Bix M, Simister NE, Loring JM, Raulet DH, and Jaenisch R. β 2-microglobulin 
deficient mice lack CD4-8+ cytolytic T cells. Nature, 1990. 344, 742-6.

34. Grusby MJ, Johnson RS, Papaioannou VE, and Glimcher LH. Depletion of CD4+ T cells in 
major histocompatibility complex class II-deficient mice. Science, 1991. 253, 1417-20.



37

35. Yasutomo K, Doyle C, Miele L, Fuchs C, and Germain RN. The duration of antigen receptor 
signalling determines CD4+ versus CD8+ T-cell lineage fate. Nature, 2000. 404, 506-10.

36. Hernandez-Hoyos G, Sohn SJ, Rothenberg EV, and Alberola-Ila J. Lck activity controls 
CD4/CD8 T cell lineage commitment. Immunity, 2000. 12, 313-22.

37. Deftos ML, Huang E, Ojala EW, Forbush KA, and Bevan MJ. Notch1 signaling promotes the 
maturation of CD4 and CD8 SP thymocytes. Immunity, 2000. 13, 73-84.

38. Robey E, Chang D, Itano A, Cado D, Alexander H, Lans D, Weinmaster G, and Salmon P. An 
activated form of Notch influences the choice between CD4 and CD8 T cell lineages. Cell, 1996.
87, 483-92.

39. Izon DJ, Punt JA, Xu L, Karnell FG, Allman D, Myung PS, Boerth NJ, Pui JC, Koretzky GA, 
and Pear WS. Notch1 regulates maturation of CD4+ and CD8+ thymocytes by modulating TCR 
signal strength. Immunity, 2001. 14, 253-64.

40. Nishimoto N, Kubagawa H, Ohno T, Gartland GL, Stankovic AK, and Cooper MD. Normal pre-
B cells express a receptor complex of mu heavy chains and surrogate light-chain proteins. Proc 
Natl Acad Sci U S A, 1991. 88, 6284-8.

41. Melchers F, Karasuyama H, Haasner D, Bauer S, Kudo A, Sakaguchi N, Jameson B, and Rolink 
A. The surrogate light chain in B-cell development. Immunol Today, 1993. 14, 60-8.

42. Hood L, Waterfield MD, Morris J, and Todd CW. Light chain structure and theories of antibody 
diversity. Ann N Y Acad Sci, 1971. 190, 26-36.

43. Arakawa H, Shimizu T, and Takeda S. Re-evaluation of the probabilities for productive 
arrangements on the κ and λ loci. Int Immunol, 1996. 8, 91-9.

44. Berg J, McDowell M, Jack HM, and Wabl M. Immunoglobulin λ gene rearrangement can 
precede κ gene rearrangement. Dev Immunol, 1990. 1, 53-7.

45. Felsher DW, Ando DT, and Braun J. Independent rearrangement of Igλ genes in tissue culture-
derived murine B cell lines. Int Immunol, 1991. 3, 711-8.

46. Nadel B, Cazenave PA, and Sanchez P. Murine λ gene rearrangements: the stochastic model 
prevails over the ordered model. Embo J, 1990. 9, 435-40.

47. Hieter PA, Korsmeyer SJ, Waldmann TA, and Leder P. Human immunoglobulin κ light-chain 
genes are deleted or rearranged in λ-producing B cells. Nature, 1981. 290, 368-72.

48. Yamagami T, ten Boekel E, Andersson J, Rolink A, and Melchers F. Frequencies of multiple 
IgL chain gene rearrangements in single normal or κL chain-deficient B lineage cells. Immunity, 
1999. 11, 317-27.

49. Yamagami T, ten Boekel E, Schaniel C, Andersson J, Rolink A, and Melchers F. Four of five 
RAG-expressing JCκ-/- small pre-BII cells have no L chain gene rearrangements: detection by 
high-efficiency single cell PCR. Immunity, 1999. 11, 309-16.

50. Nemazee DA, and Burki K. Clonal deletion of B lymphocytes in a transgenic mouse bearing 
anti-MHC class I antibody genes. Nature, 1989. 337, 562-6.

51. Nemazee D, and Buerki K. Clonal deletion of autoreactive B lymphocytes in bone marrow 
chimeras. Proc Natl Acad Sci U S A, 1989. 86, 8039-43.

52. Gay D, Saunders T, Camper S, and Weigert M. Receptor editing: an approach by autoreactive B 
cells to escape tolerance. J Exp Med, 1993. 177, 999-1008.



38

53. Radic MZ, Erikson J, Litwin S, and Weigert M. B lymphocytes may escape tolerance by 
revising their antigen receptors. J Exp Med, 1993. 177, 1165-73.

54. Tiegs SL, Russell DM, and Nemazee D. Receptor editing in self-reactive bone marrow B cells. J 
Exp Med, 1993. 177, 1009-20.

55. Osmond DG. Population dynamics of bone marrow B lymphocytes. Immunol Rev, 1986. 93,
103-24.

56. Scollay RG, Butcher EC, and Weissman IL. Thymus cell migration. Quantitative aspects of 
cellular traffic from the thymus to the periphery in mice. Eur J Immunol, 1980. 10, 210-8.

57. Freitas AA, and Rocha BB. Lymphocyte lifespans: homeostasis, selection and competition. 
Immunol Today, 1993. , 25-9.

58. McDonnell TJ, Nunez G, Platt FM, Hockenberry D, London L, McKearn JP, and Korsmeyer SJ.
Deregulated Bcl-2-immunoglobulin transgene expands a resting but responsive immunoglobulin 
M and D-expressing B-cell population. Mol Cell Biol, 1990. 10, 1901-7.

59. Adachi M, Suematsu S, Kondo T, Ogasawara J, Tanaka T, Yoshida N, and Nagata S. Targeted 
mutation in the Fas gene causes hyperplasia in peripheral lymphoid organs and liver. Nat Genet,
1995. 11, 294-300.

60. Strasser A, Whittingham S, Vaux DL, Bath ML, Adams JM, Cory S, and Harris AW. Enforced 
BCL2 expression in B-lymphoid cells prolongs antibody responses and elicits autoimmune 
disease. Proc Natl Acad Sci U S A, 1991. 88, 8661-5.

61. Veis DJ, Sorenson CM, Shutter JR, and Korsmeyer SJ. Bcl-2-deficient mice demonstrate 
fulminant lymphoid apoptosis, polycystic kidneys, and hypopigmented hair. Cell, 1993. 75,
229-40.

62. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, Thompson CB, 
Griesser H, and Mak TW. Lymphoproliferative disorders with early lethality in mice deficient in 
Ctla-4. Science, 1995. 270, 985-8.

63. Mombaerts P, Clarke AR, Rudnicki MA, Iacomini J, Itohara S, Lafaille JJ, Wang L, Ichikawa 
Y, Jaenisch R, Hooper ML, and et al. Mutations in T-cell antigen receptor genes α and β
block thymocyte development at different stages. Nature, 1992. 360, 225-31.

64. Kitamura D, Roes J, Kuhn R, and Rajewsky K. A B cell-deficient mouse by targeted disruption 
of the membrane exon of the immunoglobulin µ chain gene. Nature, 1991. 350, 423-6.

65. Agenes F, Rosado MM, and Freitas AA. Independent homeostatic regulation of B cell 
compartments. Eur J Immunol, 1997. 27, 1801-7.

66. Tanchot C, and Rocha B. The peripheral T cell repertoire: independent homeostatic regulation of 
virgin and activated CD8+ T cell pools. Eur J Immunol, 1995. 25, 2127-36.

67. Hao Z, and Rajewsky K. Homeostasis of peripheral B cells in the absence of B cell influx from 
the bone marrow. J Exp Med, 2001. 194, 1151-64.

68. Rocha B, Dautigny N, and Pereira P. Peripheral T lymphocytes: expansion potential and 
homeostatic regulation of pool sizes and CD4/CD8 ratios in vivo. Eur J Immunol, 1989. 19,
905-11.

69. Cosgrove D, Gray D, Dierich A, Kaufman J, Lemeur M, Benoist C, and Mathis D. Mice lacking
MHC class II molecules. Cell, 1991. 66, 1051-66.

70. Goldrath AW, and Bevan MJ. Selecting and maintaining a diverse T-cell repertoire. Nature,
1999. 402, 255-62.



39

71. Murali-Krishna K, Lau LL, Sambhara S, Lemonnier F, Altman J, and Ahmed R. Persistence of 
memory CD8 T cells in MHC class I-deficient mice. Science, 1999. 286, 1377-81.

72. Brocker T. Survival of mature CD4 T lymphocytes is dependent on major histocompatibility 
complex class II-expressing dendritic cells. J Exp Med, 1997. 186, 1223-32.

73. Kirberg J, Berns A, and von Boehmer H. Peripheral T cell survival requires continual ligation of 
the T cell receptor to major histocompatibility complex-encoded molecules. J Exp Med, 1997. 
186, 1269-75.

74. Nesic D, and Vukmanovic S. MHC class I is required for peripheral accumulation of CD8+

thymic emigrants. J Immunol, 1998. 160, 3705-12.

75. Rooke R, Waltzinger C, Benoist C, and Mathis D. Targeted complementation of MHC class II 
deficiency by intrathymic delivery of recombinant adenoviruses. Immunity, 1997. 7, 123-34.

76. Tanchot C, Lemonnier FA, Perarnau B, Freitas AA, and Rocha B. Differential requirements for 
survival and proliferation of CD8 naive or memory T cells. Science, 1997. 276, 2057-62.

77. Takeda S, Rodewald HR, Arakawa H, Bluethmann H, and Shimizu T. MHC class II molecules 
are not required for survival of newly generated CD4+ T cells, but affect their long-term life 
span. Immunity, 1996. 5, 217-28.

78. Witherden D, van Oers N, Waltzinger C, Weiss A, Benoist C, and Mathis D. Tetracycline-
controllable selection of CD4+ T cells: half-life and survival signals in the absence of major 
histocompatibility complex class II molecules. J Exp Med, 2000. 191, 355-64.

79. Tan JT, Dudl E, LeRoy E, Murray R, Sprent J, Weinberg KI, and Surh CD. IL-7 is critical for 
homeostatic proliferation and survival of naive T cells. Proc Natl Acad Sci U S A, 2001. 98,
8732-7.

80. Merritt C, Enslen H, Diehl N, Conze D, Davis RJ, and Rincon M. Activation of p38 mitogen-
activated protein kinase in vivo selectively induces apoptosis of CD8+ but not CD4+ T cells. 
Mol Cell Biol, 2000. 20, 936-46.

81. Kagi D, Odermatt B, and Mak TW. Homeostatic regulation of CD8+ T cells by perforin. Eur J 
Immunol, 1999. 29, 3262-72.

82. de Saint Basile G, and Fischer A. The role of cytotoxicity in lymphocyte homeostasis. Curr 
Opin Immunol, 2001. 13, 549-54.

83. Zhu N, Ramirez LM, Lee RL, Magnuson NS, Bishop GA, and Gold MR. CD40 signaling in B 
cells regulates the expression of the Pim-1 kinase via the NF-κ B pathway. J Immunol, 2002.
168, 744-54.

84. Hasbold J, Johnson-Leger C, Atkins CJ, Clark EA, and Klaus GG. Properties of mouse CD40: 
cellular distribution of CD40 and B cell activation by monoclonal anti-mouse CD40 antibodies. 
Eur J Immunol, 1994. 24, 1835-42.

85. Snapper CM, Kehry MR, Castle BE, and Mond JJ. Multivalent, but not divalent, antigen 
receptor cross-linkers synergize with CD40 ligand for induction of Ig synthesis and class 
switching in normal murine B cells. A redefinition of the TI-2 vs T cell-dependent antigen 
dichotomy. J Immunol, 1995. 154, 1177-87.

86. Foy TM, Laman JD, Ledbetter JA, Aruffo A, Claassen E, and Noelle RJ. gp39-CD40 
interactions are essential for germinal center formation and the development of B cell memory. J 
Exp Med, 1994. 180, 157-63.

87. Prlic M, Blazar BR, Khoruts A, Zell T, and Jameson SC. Homeostatic expansion occurs 
independently of costimulatory signals. J Immunol, 2001. 167, 5664-8.



40

88. Mackay CR. Homing of naive, memory and effector lymphocytes. Curr Opin Immunol, 1993. 
5, 423-7.

89. Nagata S. Apoptosis by death factor. Cell, 1997. 88, 355-65.

90. Nagata S. Apoptotic DNA fragmentation. Exp Cell Res, 2000. 256, 12-8.

91. Nossal GJ, and Pike BL. Clonal anergy: persistence in tolerant mice of antigen-binding B 
lymphocytes incapable of responding to antigen or mitogen. Proc Natl Acad Sci U S A, 1980. 
77, 1602-6.

92. Lamb JR, Skidmore BJ, Green N, Chiller JM, and Feldmann M. Induction of tolerance in 
influenza virus-immune T lymphocyte clones with synthetic peptides of influenza 
hemagglutinin. J Exp Med, 1983. 157, 1434-47.

93. Lechler R, Chai JG, Marelli-Berg F, and Lombardi G. T-cell anergy and peripheral T-cell 
tolerance. Philos Trans R Soc Lond B Biol Sci, 2001. 356, 625-37.

94. Ramsdell F, and Fowlkes BJ. Maintenance of in vivo tolerance by persistence of antigen. 
Science, 1992. 257, 1130-4.

95. Rocha B, Tanchot C, and Von Boehmer H. Clonal anergy blocks in vivo growth of mature T 
cells and can be reversed in the absence of antigen. J Exp Med, 1993. 177, 1517-21.

96. Schneider MK, and Grönvik KO. Acute graft-versus-host reaction in SCID mice leads to an 
abnormal expansion of CD8+ Vβ14+ and a broad inactivation of donor T cells followed by a 
host-restricted tolerance and a normalization of the TCRVβ repertoire in the chronic phase. 
Scand J Immunol, 1995. 41, 373-83.

97. Sprent J, and Tough DF. Lymphocyte life-span and memory. Science, 1994. 265, 1395-400.

98. Smith KG, Weiss U, Rajewsky K, Nossal GJ, and Tarlinton DM. Bcl-2 increases memory B cell
recruitment but does not perturb selection in germinal centers. Immunity, 1994. 1, 803-13.

99. Akbar AN, Borthwick N, Salmon M, Gombert W, Bofill M, Shamsadeen N, Pilling D, Pett S, 
Grundy JE, and Janossy G. The significance of low bcl-2 expression by CD45RO T cells in 
normal individuals and patients with acute viral infections. The role of apoptosis in T cell 
memory. J Exp Med, 1993. 178, 427-38.

100. Grayson JM, Zajac AJ, Altman JD, and Ahmed R. Cutting edge: increased expression of Bcl-2 in
antigen-specific memory CD8+ T cells. J Immunol, 2000. 164, 3950-4.

101. Desbarats J, Wade T, Wade WF, and Newell MK. Dichotomy between naive and memory CD4+

T cell responses to Fas engagement. Proc Natl Acad Sci U S A, 1999. 96, 8104-9.

102. Manjunath N, Shankar P, Wan J, Weninger W, Crowley MA, Hieshima K, Springer TA, Fan 
X, Shen H, Lieberman J, and von Andrian UH. Effector differentiation is not prerequisite for 
generation of memory cytotoxic T lymphocytes. J Clin Invest, 2001. 108, 871-8.

103. Kundig TM, Bachmann MF, Oehen S, Hoffmann UW, Simard JJ, Kalberer CP, Pircher H, 
Ohashi PS, Hengartner H, and Zinkernagel RM. On the role of antigen in maintaining cytotoxic 
T-cell memory. Proc Natl Acad Sci U S A, 1996. 93, 9716-23.

104. Swain SL, Hu H, and Huston G. Class II-independent generation of CD4 memory T cells from 
effectors. Science, 1999. 286, 1381-3.

105. Zhang X, Sun S, Hwang I, Tough DF, and Sprent J. Potent and selective stimulation of 
memory-phenotype CD8+ T cells in vivo by IL-15. Immunity, 1998. 8, 591-9.



41

106. Suresh M, Whitmire JK, Harrington LE, Larsen CP, Pearson TC, Altman JD, and Ahmed R. 
Role of CD28-B7 interactions in generation and maintenance of CD8 T cell memory. J 
Immunol, 2001. 167, 5565-73.

107. Ridge JP, Fuchs EJ, and Matzinger P. Neonatal tolerance revisited: turning on newborn T cells 
with dendritic cells. Science, 1996. 271, 1723-6.

108. Harding FA, McArthur JG, Gross JA, Raulet DH, and Allison JP. CD28-mediated signalling co-
stimulates murine T cells and prevents induction of anergy in T-cell clones. Nature, 1992. 356,
607-9.

109. Salomon B, and Bluestone JA. Complexities of CD28/B7: CTLA-4 costimulatory pathways in 
autoimmunity and transplantation. Annu Rev Immunol, 2001. 19, 225-52.

110. van Kooten C, and Banchereau J. CD40-CD40 ligand. J Leukoc Biol, 2000. 67, 2-17.

111. Watts TH, and DeBenedette MA. T cell co-stimulatory molecules other than CD28. Curr Opin 
Immunol, 1999. 11, 286-93.

112. Grewal IS, Foellmer HG, Grewal KD, Xu J, Hardardottir F, Baron JL, Janeway CA, Jr., and 
Flavell RA. Requirement for CD40 ligand in costimulation induction, T cell activation, and 
experimental allergic encephalomyelitis. Science, 1996. 273, 1864-7.

113. Yang Y, and Wilson JM. CD40 ligand-dependent T cell activation: requirement of B7-CD28 
signaling through CD40. Science, 1996. 273, 1862-4.

114. Cannons JL, Lau P, Ghumman B, DeBenedette MA, Yagita H, Okumura K, and Watts TH. 4-
1BB ligand induces cell division, sustains survival, and enhances effector function of CD4 and 
CD8 T cells with similar efficacy. J Immunol, 2001. 167, 1313-24.

115. Gramaglia I, Cooper D, Miner KT, Kwon BS, and Croft M. Co-stimulation of antigen-specific 
CD4 T cells by 4-1BB ligand. Eur J Immunol, 2000. 30, 392-402.

116. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, and Coffman RL. Two types of murine 
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted 
proteins. J Immunol, 1986. 136, 2348-57.

117. Mosmann TR, and Sad S. The expanding universe of T-cell subsets: Th1, Th2 and more. I
mmunol Today, 1996. 17, 138-46.

118. Seder RA, and Paul WE. Acquisition of lymphokine-producing phenotype by CD4+ T cells. 
Annu Rev Immunol, 1994. 12, 635-73.

119. Abbas AK, Murphy KM, and Sher A. Functional diversity of helper T lymphocytes. Nature, 
1996. 383, 787-93.

120. Poorafshar M, Helmby H, Troye-Blomberg M, and Hellman L. MMCP-8, the first lineage-
specific differentiation marker for mouse basophils. Elevated numbers of potent IL-4-producing 
and MMCP-8-positive cells in spleens of malaria-infected mice. Eur J Immunol, 2000. 30,
2660-8.

121. Horvat B, Loukides JA, Anandan L, Brewer E, and Flood PM. Production of interleukin 2 and 
interleukin 4 by immune CD4-CD8+ and their role in the generation of antigen-specific 
cytotoxic T cells. Eur J Immunol, 1991. 21, 1863-71.

122. Paliard X, de Waal Malefijt R, Yssel H, Blanchard D, Chretien I, Abrams J, de Vries J, and Spits
H. Simultaneous production of IL-2, IL-4, and IFN-γ by activated human CD4+ and CD8+ T 
cell clones. J Immunol, 1988. 141, 849-55.



42

123. Croft M, Carter L, Swain SL, and Dutton RW. Generation of polarized antigen-specific CD8 
effector populations: reciprocal action of interleukin (IL)-4 and IL-12 in promoting type 2 versus 
type 1 cytokine profiles. J Exp Med, 1994. 180, 1715-28.

124. Assenmacher M, Schmitz J, and Radbruch A. Flow cytometric determination of cytokines in 
activated murine T helper lymphocytes: expression of interleukin-10 in interferon-gamma and in 
interleukin-4-expressing cells. Eur J Immunol, 1994. 24, 1097-101.

125. Doyle AG, Buttigieg K, Groves P, Johnson BJ, and Kelso A. The activated type 1-polarized 
CD8+ T cell population isolated from an effector site contains cells with flexible cytokine 
profiles. J Exp Med, 1999. 190, 1081-92.

126. Kelso A, Groves P, Ramm L, and Doyle AG. Single-cell analysis by RT-PCR reveals 
differential expression of multiple type 1 and 2 cytokine genes among cells within polarized 
CD4+ T cell populations. Int Immunol, 1999. 11, 617-21.

127. Modlin RL, and Nutman TB. Type 2 cytokines and negative immune regulation in human 
infections. Curr Opin Immunol, 1993. 5, 511-7.

128. Yamamura M, Uyemura K, Deans RJ, Weinberg K, Rea TH, Bloom BR, and Modlin RL. 
Defining protective responses to pathogens: cytokine profiles in leprosy lesions. Science, 1991. 
254, 277-9.

129. Mosmann TR, and Coffman RL. TH1 and TH2 cells: different patterns of lymphokine secretion 
lead to different functional properties. Annu Rev Immunol, 1989. 7, 145-73.

130. Daugelat S, and Kaufmann SH. Role of Th1 and Th2 cells in bacterial infections. Chem 
Immunol, 1996. 63, 66-97.

131. Rocken M, Racke M, and Shevach EM. IL-4-induced immune deviation as antigen-specific 
therapy for inflammatory autoimmune disease. Immunol Today, 1996. 17, 225-31.

132. Carter LL, and Dutton RW. Type 1 and type 2: a fundamental dichotomy for all T-cell subsets. 
Curr Opin Immunol, 1996. 8, 336-42.

133. Heinzel FP, Schoenhaut DS, Rerko RM, Rosser LE, and Gately MK. Recombinant interleukin 
12 cures mice infected with Leishmania major. J Exp Med, 1993. 177, 1505-9.

134. Heinzel FP, Sadick MD, Holaday BJ, Coffman RL, and Locksley RM. Reciprocal expression of 
interferon gamma or interleukin 4 during the resolution or progression of murine leishmaniasis. 
Evidence for expansion of distinct helper T cell subsets. J Exp Med, 1989. 169, 59-72.

135. Gould DS, and Auchincloss H, Jr. Direct and indirect recognition: the role of MHC antigens in 
graft rejection. Immunol Today, 1999. 20, 77-82.

136. Lechler RI, and Batchelor JR. Restoration of immunogenicity to passenger cell-depleted kidney 
allografts by the addition of donor strain dendritic cells. J Exp Med, 1982. 155, 31-41.

137. Lechler R, and Lombardi G. The structural basis of alloreactivity. Immunol Res, 1990. 9, 135-
46.

138. Lechler RI, and Batchelor JR. Immunogenicity of retransplanted rat kidney allografts. Effect of 
inducing chimerism in the first recipient and quantitative studies on immunosuppression of the 
second recipient. J Exp Med, 1982. 156, 1835-41.

139. Pietra BA, Wiseman A, Bolwerk A, Rizeq M, and Gill RG. CD4 T cell-mediated cardiac allograft
rejection requires donor but not host MHC class II. J Clin Invest, 2000. 106, 1003-10.

140. Benichou G. Direct and indirect antigen recognition: the pathways to allograft immune rejection. 
Front Biosci, 1999. 4, D476-80.



43

141. Auchincloss H, Jr., Lee R, Shea S, Markowitz JS, Grusby MJ, and Glimcher LH. The role of 
"indirect" recognition in initiating rejection of skin grafts from major histocompatibility 
complex class II-deficient mice. Proc Natl Acad Sci U S A, 1993. 90, 3373-7.

142. Webb SR, and Gascoigne NR. T-cell activation by superantigens. Curr Opin Immunol, 1994. 6,
467-75.

143. Bosma GC, Custer RP, and Bosma MJ. A severe combined immunodeficiency mutation in the 
mouse. Nature, 1983. 301, 527-30.

144. Blunt T, Finnie NJ, Taccioli GE, Smith GC, Demengeot J, Gottlieb TM, Mizuta R, Varghese 
AJ, Alt FW, Jeggo PA, and et al. Defective DNA-dependent protein kinase activity is linked to 
V(D)J recombination and DNA repair defects associated with the murine scid mutation. Cell, 
1995. 80, 813-23.

145. Chen J, Trounstine M, Kurahara C, Young F, Kuo CC, Xu Y, Loring JF, Alt FW, and Huszar 
D. B cell development in mice that lack one or both immunoglobulin κ light chain genes. 
Embo J, 1993. 12, 821-30.

146. Zou YR, Takeda S, and Rajewsky K. Gene targeting in the Ig kappa locus: efficient generation 
of λ chain-expressing B cells, independent of gene rearrangements in Ig κ. Embo J, 1993. 12,
811-20.

147. Julius MH, Simpson E, and Herzenberg LA. A rapid method for the isolation of functional 
thymus-derived murine lymphocytes. Eur J Immunol, 1973. 3, 645-9.

148. Rothenberg EV, Chen D, and Diamond RA. Functional and phenotypic analysis of thymocytes 
in SCID mice. Evidence for functional response transitions before and after the SCID arrest 
point. J Immunol, 1993. 151, 3530-46.

149. Scott B, Bluthmann H, Teh HS, and von Boehmer H. The generation of mature T cells requires 
interaction of the αβ T-cell receptor with major histocompatibility antigens. Nature, 1989. 338,
591-3.

150. Shores EW, Sharrow SO, Uppenkamp I, and Singer A. T cell receptor-negative thymocytes from
SCID mice can be induced to enter the CD4/CD8 differentiation pathway. Eur J Immunol, 1990. 
20, 69-77.

151. Schneider MK, and Gronvik KO. CD4-CD8-C.B-17 SCID thymocytes enter the CD4+CD8+

stage in the presence of neonatally grafted T cells. Scand J Immunol, 1998. 47, 466-74.

152. Berzins SP, Boyd RL, and Miller JF. The role of the thymus and recent thymic migrants in the 
maintenance of the adult peripheral lymphocyte pool. J Exp Med, 1998. 187, 1839-48.

153. Agus DB, Surh CD, and Sprent J. Reentry of T cells to the adult thymus is restricted to activated
T cells. J Exp Med, 1991. 173, 1039-46.

154. Shores EW, Van Ewijk W, and Singer A. Disorganization and restoration of thymic medullary 
epithelial cells in T cell receptor-negative scid mice: evidence that receptor-bearing lymphocytes 
influence maturation of the thymic microenvironment. Eur J Immunol, 1991. 21, 1657-61.

155. Godfrey DI, and Zlotnik A. Control points in early T-cell development. Immunol Today, 1993. 
14, 547-53.

156. Shortman K, and Wu L. Early T lymphocyte progenitors. Annu Rev Immunol, 1996. 14, 29-
47.

157. Shibata S, Asano T, Ogura A, Hashimoto N, Hayakawa J, Naiki M, and Doi K. TCR beta-
independent development of CD4+ CD8+ thymocytes observed in a strain of scid mice. Immunol 
Cell Biol, 1997. 75, 154-60.



44

158. Shibata S, Asano T, Noguchi A, Kimura H, Hashimoto N, Hayakawa J, Ogura A, and Doi K. 
Characterization of CD4+CD8+ thymocytes observed in SCID-bg mice. Immunol Cell Biol, 
1997. 75, 472-7.

159. Cao X, Shores EW, Hu-Li J, Anver MR, Kelsall BL, Russell SM, Drago J, Noguchi M, 
Grinberg A, Bloom ET, and et al. Defective lymphoid development in mice lacking expression 
of the common cytokine receptor γ chain. Immunity, 1995. 2, 223-38.

160. DiSanto JP, Muller W, Guy-Grand D, Fischer A, and Rajewsky K. Lymphoid development in 
mice with a targeted deletion of the interleukin 2 receptor γ chain. Proc Natl Acad Sci U S A, 
1995. 92, 377-81.

161. Zlotnik A, and Moore TA. Cytokine production and requirements during T-cell development. 
Curr Opin Immunol, 1995. 7, 206-13.

162. Murali-Krishna K, and Ahmed R. Cutting edge: naive T cells masquerading as memory cells. J 
Immunol, 2000. 165, 1733-7.

163. Goldrath AW, Bogatzki LY, and Bevan MJ. Naive T cells transiently acquire a memory-like 
phenotype during homeostasis-driven proliferation. J Exp Med, 2000. 192, 557-64.

164. Cho BK, Rao VP, Ge Q, Eisen HN, and Chen J. Homeostasis-stimulated proliferation drives 
naive T cells to differentiate directly into memory T cells. J Exp Med, 2000. 192, 549-56.

165. Barrat F, Haegel H, Louise A, Vincent-Naulleau S, Boulouis HJ, Neway T, Ceredig R, and Pilet 
C. Quantitative and qualitative changes in CD44 and MEL-14 expression by T cells in C57BL/6 
mice during aging. Res Immunol, 1995. 146, 23-34.

166. Ernst DN, Weigle WO, Noonan DJ, McQuitty DN, and Hobbs MV. The age-associated increase 
in IFN-γ synthesis by mouse CD8+ T cells correlates with shifts in the frequencies of cell 
subsets defined by membrane CD44, CD45RB, 3G11, and MEL-14 expression. J Immunol, 
1993. 151, 575-87.

167. Linton PJ, Haynes L, Klinman NR, and Swain SL. Antigen-independent changes in naive CD4 
T cells with aging. J Exp Med, 1996. 184, 1891-900.

168. Timm JA, and Thoman ML. Maturation of CD4+ lymphocytes in the aged microenvironment 
results in a memory-enriched population. J Immunol, 1999. 162, 711-7.

169. Bell EB, and Sparshott SM. The peripheral T-cell pool: regulation by non-antigen induced 
proliferation? Semin Immunol, 1997. 9, 347-53.

170. Mackall CL, Hakim FT, and Gress RE. Restoration of T-cell homeostasis after T-cell depletion. 
Semin Immunol, 1997. 9, 339-46.

171. Van Parijs L, and Abbas AK. Homeostasis and self-tolerance in the immune system: turning 
lymphocytes off. Science, 1998. 280, 243-8.

172. Webb S, Morris C, and Sprent J. Extrathymic tolerance of mature T cells: clonal elimination as 
a consequence of immunity. Cell, 1990. 63, 1249-56.

173. Grawunder U, Melchers F, and Rolink A. Interferon-γ arrests proliferation and causes apoptosis 
in stromal cell/interleukin-7-dependent normal murine pre-B cell lines and clones in vitro, but 
does not induce differentiation to surface immunoglobulin-positive B cells. Eur J Immunol, 
1993. 23, 544-51.

174. Le Gros G, and Erard F. Non-cytotoxic, IL-4, IL-5, IL-10 producing CD8+ T cells: their 
activation and effector functions. Curr Opin Immunol, 1994. 6, 453-7.



45

175. Krenger W, and Ferrara JL. Graft-versus-host disease and the Th1/Th2 paradigm. Immunol Res, 
1996. 15, 50-73.

176. Krenger W, Snyder KM, Byon JC, Falzarano G, and Ferrara JL. Polarized type 2 alloreactive 
CD4+ and CD8+ donor T cells fail to induce experimental acute graft-versus-host disease. J 
Immunol, 1995. 155, 585-93.

177. Krenger W, Cooke KR, Crawford JM, Sonis ST, Simmons R, Pan L, Delmonte J, Jr., 
Karandikar M, and Ferrara JL. Transplantation of polarized type 2 donor T cells reduces mortality 
caused by experimental graft-versus-host disease. Transplantation, 1996. 62, 1278-85.

178. Murphy WJ, Welniak LA, Taub DD, Wiltrout RH, Taylor PA, Vallera DA, Kopf M, Young H, 
Longo DL, and Blazar BR. Differential effects of the absence of interferon-gamma and IL-4 in 
acute graft-versus-host disease after allogeneic bone marrow transplantation in mice. J Clin 
Invest, 1998. 102, 1742-8.

179. Kemeny DM, Noble A, Holmes BJ, and Diaz-Sanchez D. Immune regulation: a new role for the 
CD8+ T cell. Immunol Today, 1994. 15, 107-10.

180. Gorczynski RM, Chen Z, Zeng H, Gorczynski L, and Terzioglu E. Analysis of cytokine 
production and Vβ T-cell receptor subsets in irradiated recipients receiving portal or peripheral 
venous reconstitution with allogeneic bone marrow cells, with or without additional anti-
cytokine monoclonal antibodies. Immunology, 1998. 93, 221-9.

181. Hollander GA, Widmer B, and Burakoff SJ. Loss of normal thymic repertoire selection and 
persistence of autoreactive T cells in graft vs host disease. J Immunol, 1994. 152, 1609-17.

182. Hosaka N, Nagata N, Miyashima S, and Ikehara S. Attenuation of lpr-graft-versus-host disease 
(GVHD) in MRL/lpr spleen cell-injected SCID mice by in vivo treatment with anti-Vβ 8.1,2 
monoclonal antibody. Clin Exp Immunol, 1994. 96, 500-7.

183. Chen W, and Howell CD. Oligoclonal expansion of T cell receptor Vβ 2 and 3 cells in the livers 
of mice with graft-versus-host disease. Hepatology, 2002. 35, 23-9.

184. Coulie PG, Vink A, and Van Snick J. A monoclonal antibody specific for the murine IL-6-
receptor inhibits the growth of a mouse plasmacytoma in vivo. Curr Top Microbiol Immunol, 
1990. 166, 43-6.

185. Howard M, O'Garra A, Ishida H, de Waal Malefyt R, and de Vries J. Biological properties of 
interleukin 10. J Clin Immunol, 1992. 12, 239-47.

186. Paul WE. Interleukin-4: a prototypic immunoregulatory lymphokine. Blood, 1991. 77, 1859-70.

187. Vink A, Coulie P, Warnier G, Renauld JC, Stevens M, Donckers D, and Van Snick J. Mouse 
plasmacytoma growth in vivo: enhancement by interleukin 6 (IL-6) and inhibition by antibodies 
directed against IL-6 or its receptor. J Exp Med, 1990. 172, 997-1000.

188. Sideras P, Noma T, and Honjo T. Structure and function of interleukin 4 and 5. Immunol Rev, 
1988. 102, 189-212.


	Abstract
	List of papers
	Contents
	Abbreviations
	INTRODUCTION
	The immune system
	Lymphocyte development
	Lymphocyte lineage commitment
	T-cell development
	B-cell development

	Homeostasis
	Tolerance or memory?
	Tolerance
	Memory

	Activation of T cells
	Type 1 and type 2 immune responses
	Allogeneic recognition

	PRESENT STUDY
	Aim
	Methodology
	The SCID mouse
	The κ-deficient mouse
	Experimental systems

	Results and discussion
	Peripheral T cells influence thymocyte development in SCID mice (paper I).
	Memory T cells in lymphopenic mice (paper II)
	Selection of T cells during GVHD (paper III)
	Kappa-deficient mice exhibit different patterns of cytokines compared to wild-type mice (paper IV)


	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES

