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Abstract :

In this essay we suggest that the primary goal of the cells of the immune system is
to ensure their own growth and survival. In adults, in steady state conditions, the
number and distribution of lymphocyte populations is under homeostatic control. New
lymphocytes, which are continuously produced in primary and secondary lymphoid
organs must compete with resident cells for survival. We discuss recent findings
supporting lymphocyte survival as a continuous active process and implicating cognate
receptor engagement as fundamental survival signals for both T and B lymphocytes.
The conflict of survival interests between different cell types gives rise to a pattern of
interactions, which mimics the behavior of complex ecological systems. In their flight
for survival and in response to competition, lymphocytes use different survival signals
occupying different ecological niches during cell differentiation. This is the case for T
and B lymphocytes, and also for naive and memory/activated T and B cells. We discuss
how niche differentiation allows the co-existence of different cell types, and guarantees

both repertoire diversity and efficient immune responses.



I. Introduction:

Life started by the arousal of self-replicating molecules (1). The first unicellular
organisms emerged when these molecules developed the capacity to control their
immediate surroundings to ensure survival and replication. With time, single cell
individuals evolved to give rise to multicellular organisms. In these complex
individuals, each cell is still imprinted with the same primordial program for self-
replication and survival (2). An hierarchical organization is, however, established in
which the survival and the rate of replication of the different cell types are restrained
and their number controlled (3).

The individual cells of the immune system follow the same program, but they can
only survive within the limited constraints imposed by the host. In adult mice the total
number of lymphocytes remains constant and shows a “return tendency, due to a
density dependent process to approach a stationary distribution of population
densities” (4), usually referred to as homeostasis. T and B lymphocytes are, however,
produced continuously in either the primary lymphoid organs or by peripheral cell
division: it follows that each newly formed lymphocyte can only persist if another
resident lymphocyte dies. In an immune system where the total number of cells is
limited, cell survival can no longer be a passive phenomenon, but rather a continuous
active process (5) where each lymphocyte must compete with other lymphocytes (6). It
can be said that lymphocytes follow the Red Queen Hypothesis postulate “it takes all
the running you can do to keep in the same place”(5, 7).

Il. Lymphocyte Survival.

1. Naive T Cells.



Maintenance of naive T cells in peripheral lymphoid organs requires continuous T
cell receptor (TCR) engagement by major histocompatibility complex (MHC) molecules.
This was established for both CD4* and CD8* lymphocytes using various experimental
approaches.

In the case of naive CD8* T cells, their capacity to survive was initially studied
after adoptive transfer into mice expressing different MHC class | alleles. It was found
that monoclonal naive CD8* cells from TCR transgenic (TCR-Tg) mice, restricted to
MHC class | H-2Db, survived without dividing when transferred to mice lacking H-2Kb,
but expressing normal levels of H-2DP (8). In mice expressing lower levels of H-2DP only
a fraction of the transferred cells survived - this fraction being proportional to the level
of H-2DP expression. In H-2KP*Db- host mice the TCR-Tg cells rapidly disappeared (8).
The requirements for the peripheral survival of this naive CD8* T cell clone mimic,
therefore, the requirements for positive selection of the same clone in the thymus (9),
which include the continuous ligation of the TCR by MHC, the frequency of selected
cells being related to the level of MHC class | expression (10). The existing experimental
evidence indicates that the results obtained with this TCR-Tg clone apply to naive CD8*
T cell populations in general. Naive monoclonal CD8* T cells, expressing a TCR-Tg
specific for the gp33-41 peptide of LCMV and restricted to H-2DP (11) also persist after
transfer into CD3e-/-H-2Kb-Db+ hosts, but disappear by one week after injection into
CD3e-/-H-2KbP*Db- hosts (Legrand & Freitas, unpublished). When wild type thymic
epithelium was grafted into MHC class | deficient mice, mature CD8* T cell
differentiation in the thymus was restored, but naive CD8* T cells produced in the

thymus were unable to survive at the periphery (12).



Naive CD4+ T cells also require allele-specific MHC class Il interactions to survive
(13, 14). Monoclonal TCR-Tg CD4+ T cells, restricted to I-Ad, survive after transfer into I-
Ad+ recipients, but disappear after transfer into I-Ad-Ab* recipients. Persistence of non-
Tg CD4+ policlonal populations also depends on interactions with MHC class Il. Using
retroviral vectors, class Il expression was transiently induced in the thymus of class 1l-
deficient mice allowing cohorts of CD4+ T cells to be generated and exported into class
II- peripheral pools (15). Alternatively, MHC class II* fetal thymus grafts were
implanted into class Il deficient hosts (16). In both cases, permanent CD4+* survival was
dependent on the expression of class Il at the periphery, but the exported CD4+ T cells
took 100 days to disappear in the absence of Class Il. Although these results
demonstrate that permanent mature CD4+ T cell engraftment requires TCR/MHC class
Il interactions, it appeared that in the absence of these interactions policlonal CD4+*
populations survived much longer than CD8* T cells. This relative prolonged survival
could be due to the presence of activated cells; as most persistent survivor cells were of
an activated phenotype (16) these cells (when compared to naive T cells) could be less
dependent on MHC for survival (see bellow). It was also likely that within an
heterogeneous policlonal T cell population some clones could interact with MHC class |
or class Il-like molecules, and thus be able to survive longer in absence of “bona fide”
TCR/class Il interactions (17). Alternatively the prolonged CD4+ survival could be due
to the presence of MHC class Il bearing dendritic cells (DC) exported by the class I1*
thymus (18). When a class II* thymus depleted of all BM derived class I+ cells was
grafted into class IlI- mice, the CD4* T cells generated in the thymus did not survive at
the periphery (18). When the transplanted class Il-deficient hosts expressed a transgene

of the same MHC class Il molecule on the peripheral DC, the CDA4+ cells exported from



the thymus survived in the periphery (18). In this case CD4+ T cells were shown to be in
close contact with transgenic class |1+ DC, suggesting that this direct interaction plays a
key role in CD4* survival. When these hosts expressed at the periphery a class Il
transgene of a different haplotype from the thymus class Il, the majority of the naive
CD4+ T cells generated and exported from the thymus did not survive (T. Brocker,
personal communication). These findings indicate that policlonal naive CD4* T cell
populations require TCR/MHC restricted interactions for peripheral survival.
TCR/MHC class Il interactions are also required for the expansion of CD4* T cells in T
cell deficient hosts (19).

Thymus positive selection requires the simultaneous recognition of MHC and
peptide molecules presented by the MHC. The role of such peptide recognition in
peripheral T cell survival was also investigated by comparing the fate of mature T cells
in environments of restricted peptide complexity. In H-2Ma deficient mice the level of
expression of MHC class Il is not modified, but the loading of peptides into the MHC
class Il molecules is impaired. Most of the I-A molecules are occupied by the invariant
chain peptide CLIP (20). This limited peptide display affects thymus selection and the
peripheral T cells from these mice have a restricted repertoire diversity (20). It was
reported that policlonal CD4* T cells and TCR-Tg cells restricted to I1-AP do not survive
when transferred either to H-2Ma deficient mice, to mice expressing a different MHC
class Il allotype or to MHC class Il deficient hosts (14). The similar behavior of
peripheral T cells in environments of restricted peptide diversity or MHC deficiency
establishes that peptide recognition is essential for T cell survival. The peptides
involved are probably similar to those mediating thymus positive selection. Thus, CD4+*

T cells from H-2Ma deficient mice which were selected by peptides expressed by the H-



2Ma deficient thymus survived when transferred into H-2Ma deficient peripheral pools
but not when transferred into MHC class Il deficient hosts (14). CD4+ T cells selected by
a single MHC class I1/peptide complex, survived without dividing in mice expressing
the same complex at the periphery (21). These results demonstrate that, alike thymus
positive selection, peptide recognition plays a role in peripheral T cell survival. They
also suggest that the peptides involved in thymus positive selection and peripheral
survival may be similar.

It thus appears that naive mature T cells, following emigration from the thymus,
must continuously recognize MHC/peptide complexes in order to survive in the
periphery. Alike thymus positive selection this TCR ligation event is: a) MHC restricted,
b) involves recognition of similar self-peptides, ¢) maintains bcl-2 levels of expression,
since when TCR/MHC interactions are discontinued bcl-2 levels decrease (13), d) does
not induce extensive cell division as the vast majority of naive peripheral T cells appear
to survive as resting T cells: CD44-TCR-Tg or wild type CD8* cells do not divide (8, 22,
23). Naive CD4+ T cells do not divide or cycle very slowly (21, 24).

In spite of these similarities it is likely that peripheral survival and thymus
positive selection signals are not overlapping. Positive selection is mainly determined
by interactions between T cells and MHC/peptide complexes expressed by the thymus
epithelial cells, a cell type absent at the periphery. At the periphery a close interaction
between surviving CD4* T cells with class 1I* DC was identified (18). It is not known if
survival of naive CD8* T cells also needs interactions with particular cell types. Besides,
thymus positive selection and naive T cell survival also seem to differ in lymphokine
requirements as suggested by studies on H-Y antigen-specific TCR-Tg mice, deficient

for the common y chain of the IL-2 receptor (yc- mice). The yc-deficient mice have severe



defects on thymus T cell differentiation. As productive TCR rearrangements are rare,
immature precursors survive poorly, most dying before TCR gene rearrangement.
These abnormalities of thymus differentiation can be partially overcome when the yc-
mice are crossed into an af-TCR-Tg background (25). Although producing CD8*
mature T cells in the thymus, these mice still lack peripheral CD8* T cells. These results
suggest that peripheral T cell survival is not solely dependent on signals mediated by
the TCR, it may also depend on signals transmitted by lymphokine receptors. The
lymphokine/s required for naive T cell survival were not yet identified.

2. Memory T cells.

Memory T cells express at the cell surface a vast array receptors (lymphokine
receptors, co-stimulatory and adhesion molecules), absent or expressed at low levels in
naive cells (8, 26-28). It is likely that the expression of these receptors will modify the
interactions of memory cells with their environment, in a yet unidentified way.
Changes in overall receptor expression may contribute to modify the T cell avidity for
antigen and/or MHC, and to lower the thresholds of survival and activation (28-33).
Moreover, some of these receptors may be able to transmit activation signals and
induce cell division independently of TCR engagement.

The requirements for the survival and division of memory T cells are not yet
completely characterized. Current studies, however, indicate that they differ from those
of naive T cells, suggesting that lymphocytes are “able to tune their threshold of
activation in response to recurrent signals” (34). Memory CD8* T cells expressing the
H-Y specific TCR-Tg, restricted to MHC H-2DP class | survive and expand in the
absence of either H-Y male antigen or the MHC restricting element in female H-2KbP+Db-,

but disappear in mice lacking both p2-microglobulin and H-2DP (presumably



expressing few MHC class | molecules) (8). The same anti H-Y TCR-Tg cells stimulated
in vitro by the cognate peptide were transferred to TAP-1* Rag-deficient or TAP-1- Rag-
deficient mice (35). All memory cells survived for at least 70 days in mice expressing
TAP-1, while most Tg cells disappear two weeks after transfer into TAP-1 deficient
recipients. To investigate if the behavior of this T cell clone can be extrapolated to CD8*
memory T cell populations in general, we studied the survival of CD8+*CD44+ policlonal
memory cells from normal B6 mice. Since the MHC restriction elements of this
policlonal population cannot be identified we followed their fate after transfer into
syngeneic hosts lacking simultaneously p2-microglobulin, H-2DP and H-2KP MHC class
I molecules. We found that one week after transfer 80-90% of the transferred memory T
cells disappeared (Rocha, Freitas & Lemonnier, unpublished). Although long-term
survival has yet to be studied, these results suggest that the vast majority of the
memory CD8+CD44+ policlonal T cell populations still require some type of TCR/MHC
class I interactions to survive.

The requirements for the in vivo survival of memory CD4* T cells were not yet
investigated, but probably they also differ from those of naive CD4* T cells. In MHC
class Il deficient mice the rare CD4* T cells that are able to persist at the periphery bear
a very activated phenotype. Cells with a similar phenotype also persist in class Il and
B2-microglobulin deficient mice which appear to recognize MHC-like molecules (17).

Although memory T cell survival may require TCR-MHC-peptide interactions, in
contrast to naive cells, this recognition does not appear to be MHC restricted (8). It is
difficult to envisage how such non-restricted interactions would trigger memory T cells.
Nonspecific signaling through the CD4/CD8 co-receptors might be involved as Lck was

found to be targeted to the CD8 co-receptor in LCMV specific memory CD8* T cells



(36). Alternatively a lower threshold of T cell activation would allow signaling by allo-
MHC. It must be referred, however, that so far that memory T cell survival has been
studied only after transfer into irradiated hosts. In these mice, memory T cells (but not
naive cells) divide extensively (37). Part of this proliferation may be due to mitogenic
factors liberated after irradiation. The crossing of MHC deficient mice into a CD3g-/-
background will allow the study of memory T cell survival in intact hosts in absence of
possible artifacts induced by irradiation.

Memory T cells also differ from naive cells in the state of activation associated
with survival. While naive T cells persist mainly as long-lived resting cells, memory cell
survival is accompanied by cell division (self-renewal). In normal mice a fraction of
memory T cells are cycling and divide in the absence of nominal antigen stimulation (8,
23, 32, 35, 37-42). The rate of memory T cell division can be enhanced by the in vivo
injection of lymphokines such as IL-2, IL-12, IL-15 and o-interferon (43). During
immunization the increased production of growth factors also leads to the by-stander
activation of memory T cells of unrelated specificity (31, 44). Memory T cell
proliferation increases in conditions of T cell depletion. When mice are sub-lethally
irradiated residual activated T cells expand (37). T cell expansion is evident when T
lymphocytes are transferred to T cell deficient or irradiated hosts (38, 45). This
expansion is at least partially responsible for the early increase in T cell numbers
observed in treated AIDS patients (46) and in irradiated adults after BM transplantation
(47). In these conditions peripheral mature T cells retain a considerable expansion
potential which, in absence of intentional immunization, allows a single CD4+ T cell to
generate up to 10 daughter cells upon sequential transfers into successive T cell

depleted hosts (38).



The finding that memory T cells divide in the absence of their cognate antigen
raises several (yet unanswered) questions. The first concerns the existence of long-lived
resting memory T cells. It is possible that no memory T cell is actually in the Go phase
of the cell cycle. Memory populations are likely not constituted by cells that cycle and
cells that never divide. By studying the dilution of CFSE labeling in LCMV specific
memory T cells in steady state conditions it was shown that all these antigen-specific
memory T cells divide (Murali-Khrishna & Ahmed, in preparation). Studies of BrdU
accumulation by memory CD8* T cells are also compatible with long cycle times and
asynchronous division (23). If all memory cells are in some type of pre-activated state
this may favor their rapid and efficient engagement in secondary responses (Veiga-
Fernandes & Rocha, submitted). The second question refers to the type of signals
driving antigen-independent division. Survival and proliferation of memory cells may
be driven by IL-15 (48) or by several other cytokines which are able to increase the rate
of proliferation of memory T cells (43). It is probable, however, that some type of
cognate TCR/MHC/peptide interactions may also be involved: CDA4+ cells selected by a
single MHC/peptide complex do not divide after transfer to irradiated mice expressing
the same complex, but expand after transfer into normal mice (21). These results
suggest that peptides responsible for thymus positive selection and peripheral survival
differ from those driving peripheral T cell division, the latter phenomenon involving
some type of TCR *“cross”-reactivity.

Finally the most important question concerns the functional activity induced by
“non-specific” T cell stimulation. What are the functional differences between these
“naturally” activated T cells and T cells triggered in the course of an immune response?

Several (non-exclusive) possibilities may be considered. Low affinity signals may 1)



reduce the frequency of the cells engaged in different effector functions, or 2) reduce the
efficiency of each different effector function. For example production of cytokines after
“non-specific” stimulation may be so low that they can only promote autocrine growth
(and maintain antigen-independent division of memory T cells) and would be unable to
act on neighboring cells. 3) Different effector functions may require different thresholds
of activation. It can be envisaged that some type of cytokine secretion (required for
memory T cell growth) can be induced by “weak” interactions, while T cell cytotoxicity
depends on a “strong” T cell activation. In a lymphocyte receiving multiple signals
through several cell surface receptors what will determine the “strength” of T cell
activation? How lymphocytes integrate TCR-mediated signals with signals transmitted
by other cell surface molecules is largely unknown. These signals may act
independently, antigen-specific engagement being absolutely required to induce some
effector functions. Alternatively some type of integration may take place: in this latter
case a “non-specific” TCR engagement associated with other intense stimulation
through other receptors may also be able to induce “strong” T cell activation.

The answer to these questions has major implications to our understanding of
auto-immunity. Mature memory T cells are continuously triggered by “non-specific”
TCR/MHC/peptide engagement. Strong activation through alternative receptors may
explain the emergency of auto-aggression in conditions of lymphokine imbalance (49,
50), or deficient control of T cell activation and growth (51, 52). Secondly, situations in
which T cell repertoires are restricted are now frequent. In AIDS or after irradiation or
chemotherapy the restoration of immune-competence may be dependent of our
capacity to induce “low affinity” T cells to mediate effector functions.

3. B cell survival.



Survival of naive B cells in the peripheral pools also appears to involve
interactions between the B cell receptor (BCR) and yet unidentified ligand(s). This was
first suggested by experiments in which a transgenic BCR could be ablated by an
inducible Cre-LoxP recombination event. It was reported that after BCR ablation, B cells
rapidly disappeared from the peripheral pools (53). This study, however, did not allow
to directly correlate BCR signaling and peripheral B cell survival, as BCR ablation also
leads to the arrest of new B cell production in the BM (54). In the absence of the newly
formed BM migrants a significant fraction of the peripheral B cells is rapidly lost (55). In
mice with a deletion mutation of the Iga cytoplasmic tail, early B cell development in
the BM exhibits only a small impairment but the generation of the peripheral B cell pool
was severely reduced (56). The question remained on whether the mere presence of a
signaling complex, e.g. IgM-lga-1gp or other, at the cell surface suffices to signal B cell
survival, or if B cell survival requires ligand recognition. Other studies addressed
directly the role of ligand-mediated recognition in peripheral B cell survival. B cells
lacking the V-region of the IgM receptor were shown to have a very short life-
expectancy (57). The presence of the truncated membrane IgM transgene, lacking the V-
region, provides constitutive signals that suffice to signal allelic exclusion and to
promote pre-B cell development in the absence of the surrogate light chain A5 (58), but
fails to support long-term survival of the Tg B cells (57). Differences in the antibody
repertoires expressed by pre-B and peripheral B cells can also be invoked to suggest the
involvement of ligand-mediated recognition in peripheral B cell positive selection and
persistence (59-61).

In contrast to T cells in which TCR survival signaling seems to require the

recognition of MHC class | or class Il molecules, the nature of the ligand(s) that might



be involved in B cell survival remain elusive. Analysis of Vy-gene family expression has
provided evidence for a very conserved pattern of Vu-gene family usage that is
independent of the Vu-gene number, is strain and tissue specific and is tightly regulated
during B cell differentiation (60). After B cell generation in the BM, naive B cell survival
is associated with a strong peripheral selection of B cells expressing particular Vy-gene
families (61, 62). These observations suggest that the recognition interactions related to
B cell survival may not require the involvement of the full antigen-binding site and
might be exclusively Vu-mediated. It is possible that this type of ligand recognition may
not lead to full cell activation and that low avidity interactions suffice to promote cell
survival. It was recently shown that the BCR is capable of differential signaling and that
B cell responses may differ depending upon the properties of the antigen. Thus, while
some B cell responses were better correlated with antigen-BCR affinity than with
receptor occupancy, other were only weakly dependent on antigen affinity (63).
Memory B cells not only show phenotypic changes and express an hypermutated
BCR of a different isotype with an increased avidity for antigen, but show also an
higher rate of cell division, a lower threshold of activation and occupy a different
habitat within the secondary lymphoid organs. Studying memory responses to both
thymus-dependent and independent antigens and using different cell transfer systems,
it has been claimed that long-term persistence of B cell memory requires continuous cell
division in the presence of antigen (64-66). Recent observations in mice in which an
inducible Cre-loxP-mediated gene inversion (67) is used to change the specificity of the
BCR contradict these results. In these experiments it was shown that after antigenic
stimulation and the generation of memory B cells, memory cells survived even after

expressing a new BCR unable to bind to the original activating antigen (Maruyama,



Lam and Rajewsky, personal communication). These findings suggest that antigen may
only be required at early steps of cell activation and selection of high affinity B cells in
the germinal centers. Once these B cells acquire a “memory phenotype”, they may no
longer require antigen recognition for long-term survival.

In this context it is important to refer that the difference in the interactions
required for the survival of B and T cells may explain the different rate of mutation of B
and T cell receptors. Since T cell survival requires recognition of ubiquitous MHC
molecules, somatic mutation of the TCR might always be disadvantageous as it may
cause loss of MHC recognition and thus cell death. In contrast somatic mutation may
increase the BCR-ligand avidity and favor selection of high affinity B cells which,
compared to the initial population of non-mutated B cells, have a competitive survival
advantage within the germinal center. In their flight for survival, B cells are still able to
use mechanisms of receptor editing (68-70) and change BCR specificity to escape cell
death and may be gain a survival advantage over other rival cells.

Lymphocyte survival is likely to involve multiple mechanisms. Different signals
may engage different cell surface receptors using the same or different survival
pathways. Naive T cell survival depends on signals transmitted via lymphokine
receptors (71) and it requires the expression of LKLF (72) or NFAT4 (73) transcription
factors. The constitutive expression of the Ebstein-Barr virus LMP2A protein in
transgenic mice bypasses BCR signaling and allows the survival of receptor-less B cells
in the peripheral pools (74). Downstream of the BCR signaling pathway defects in CD45
(75) ,Btk (76), Syk (77), or NF-xB (78) or in the OBF-1 transcription factor (79) also affect
peripheral B cell maintenance. Lymphocyte survival is also modified through the

balance between different apoptotic and anti-apoptotic proteins (80-82). It has been



shown that BCR signaling and increased levels of intracellular bcl-2 ensure lymphocyte
survival through independent pathways (53, 57). It is possible that the expression of bcl-
2 may simply increase cell efficiency by lowering the threshold of resource
requirements for survival.

I11. Homeostasis and Competition.

1. Lymphocyte production.

In adult mice the potential to produce new lymphocytes in the primary lymphoid
organs or by peripheral cell division, largely exceeds the number required to replenish
the peripheral pools.

Firstly, the number of immature T cell precursors in the thymus is not limiting. A
normal sized T cell pool can be generated in Rag2-deficient mice reconstituted with a
mixture of 50% normal BM and 50% BM cells from a CD3e¢-/- deficient mice which are
unable to generate T cells. The thymus production of mature T cells is also in excess as
shown in mice in which thymus export is artificially reduced. Mice with reduced
thymus export are Rag2-deficient hosts reconstituted with normal BM cells diluted in
TCRa deficient BM (that can not generate mature T cells). In these mice peripheral T cell
numbers are maintained in spite of the lower production of mature T cells (A. Almeida
& Freitas, unpublished). Finally, T cells can also be produced by peripheral cell
division. In a normal mouse peripheral division is restricted. When peripheral T cells
are transferred into a T cell deficient host they are able of considerable expansion (38). It
was found that each lymphocyte could generate a progeny of about 105 cells (38).
Therefore a single T cell might be sufficient to repopulate the peripheral T cell pool of a
mouse. Secondly, an increase in lymphocyte production is not directly reflected in the

size of the peripheral T cell pool. Mice grafted with increasing numbers of thymuses do



not show a proportional increase in the total number of naive peripheral T cells (83-85).
All these results indicate that the total number of peripheral T cells is not necessarily
determined by T cell production, but is limited at the periphery.

Mature B cells are produced in much higher numbers than those required to fill
the peripheral B cell pool. The number of B cell precursors is not limiting as shown in
mice in which the B cell precursor number is artificially reduced. The number of pre-B
cells can be reduced in Rag2-deficient mice which were lethally irradiated and
reconstituted with mixtures of normal BM cells diluted among incompetent BM cells
from B cell-deficient (uMT) donors. In these chimeras the number of BM pre-B cells is
proportional to the fraction of normal BM cells injected. Mice containing less than 25%
of the normal number of pre-B cells had reduced peripheral B cell numbers. A normal
sized peripheral B cell pool, however, was generated in mice containing only 30% of the
normal number of pre-B cells. These results demonstrate that about 1/3 of the normal
number of BM B cell precursors suffices to maintain the peripheral B cell pool size (86).
A similar conclusion was obtained after parabiosis between one normal and two or
three B cell deficient mice. In these circumstances B cell production was restricted to the
BM of the normal mouse since no chimerism was detectable in the BM of the different
partners. In mice triads it was found that each individual mouse had physiological B
cell numbers i.e. the B cell production of one mouse was sufficient the populate the
peripheral pools of three mice (86). These results demonstrate that peripheral B cells
number is not determined by the rates of BM B cell production, but it is limited at the
periphery.

2. Demonstration of Lymphocyte Competition.



In an immune system where new lymphocytes are continuously produced in
excess but their total numbers are kept constant, newly generated cells have to compete
with other newly produced or resident cells to survive. Competition can be defined as
“an interaction between two populations, in which, for each, the birth rates are
depressed or the death rates increased by the presence of the other population”(87).
There are two main established criteria accepted as evidence of competition among
populations: 1. The presence of competitors should modify the equilibrium size of a
population and 2. should alter the dynamics, e.g. the life-span of a population (88). The
guestion of whether competition arises between B and T cells was addressed by
comparing the development and the fate of TCR or BCR-Tg and non-Tg populations in
several different lines of mouse BM chimeras (89, 90). It was found that: a) when
injected alone, Tg and non-Tg cell populations show an identical behavior and generate
peripheral pools of similar size. b) when Tg and non-Tg cells are mixed in the same host
they initially accumulate at the same rate. However, after reaching steady state
numbers there is a preferential selection of the non-Tg cells at the periphery. These
observations fulfil the first criteria for competition since they demonstrate that the
presence of non-Tg populations modifies the number of the Tg cells (89, 90). In these
experiments it was also found that that the life-expectancy of the Tg T or B cells varied
according to the presence and the type of other competing cells (89-91). These latter
findings fulfil the second main criteria required for the definition of competition as they
prove that the presence of competitors alters the life-span of a population.

By considering each cell clone as a species, competition between Tg and non-Tg
cells represents an example of inter-specific competition. Competition may also occur

between individuals of the same species (intra-specific competition) (87). Studies using



monoclonal mice may allow to determine whether competition also occurs among cells
of the same clone.

3. Types of Competition and Resources.

Competition may arise through different processes. In interference competition
populations may interact directly with each other or one population can prevent a
second population from occupying an habitat and from exploiting the resources in it.
Thus, although interference competition may occur for a resource it is “only loosely
related to the resource level” (87). In exploitation competition different populations
have a common need for resources present in limited supply. In this case competition is
directly related to level of resources available.

We may define “resource” as any factor which can lead to increased cell survival
or growth through at least some range of their availability (88). On a broad sense a
resource is any factor which is “used” by a cell and for that reason is no longer available
to other cells. Resources can be essential, complementary, substitutable, antagonistic or
even inhibitory (92).

There is ample evidence for the role of resources in lymphocyte competition. 1)
The kinetics of accumulation of Tg and non-Tg populations after reconstitution in
different groups of mouse chimeras followed a density dependent growth curve which
follows the Monod growth function, i.e. “it increases in a saturating manner with
resource availability” (93). During the expansion phase of cell reconstitution, resources
are abundant and both Tg and policlonal populations accumulate at the same rate.
When population growth reached equilibrium, policlonal populations become
dominant, i.e. competition only occurs when resources are limiting (89, 90). 2) As

discussed bellow changes in resource level should alter the balance between



populations. Antigenic administration to chimeras hosting different Tg cell populations
favors the dominance by the antigen-specific Tg cells (91, 94). 3) Experiments
demonstrating that the total numbers of peripheral T and B cells are not determined by
rates of new cell production, but are limited at the periphery, represent further evidence
to the existence of resource competition.

In the immune system many molecules can function as resources, e.g. antigen,
MHC molecules, ligands for co-stimulatory and adhesion molecules, mitogens,
interleukins, chemokines, hormones and other growth factors, etc. Resources can be
external to the immune system or be produced by the lymphocytes themselves. By
producing their own resources lymphocytes also contribute to generate their own
ecological “space”.

4. Resource Availability Shapes Lymphocyte Populations.

Resource competition may be determinant to the regulation of the size of
peripheral lymphocyte pools (94); if peripheral resources are plenty many more newly
generated T and B cells are able to survive (86). Any manipulation of resources may
modify lymphocyte populations.

When resources are used by many cell types, changes in these common resources
will modify overall cell numbers. Hormones and mitogens are examples of pleiotropic
resources. The size of T and B cell pools is diminished in mice deficient in growth
hormone and is increased in adrenalectomized, ovarectomized, castrated, pseudo-
pregnant and pregnant mice (Reviewed in (6)). In axenic mice lymphocyte numbers are
reduced and lymphocytes expressing activation or memory markers are rare or absent

(Rocha, unpublished). Normal sized peripheral pools are rapidly restored as soon as the



normal gut flora is reestablished or after its colonization by a single fungus or bacteria
species.

Activated lymphocytes and antigen presenting cells (APC) are major producers of
their own resources. Antigen stimulation increases resource availability by inducing
macrophage and lymphocyte activation and the production of humerous cytokines. In
this context, lymphocytes can increase in numbers as during the expansion phase of the
immune response (95). Once antigen is eliminated cytokine production decreases.
Reduced resource levels are unable to maintain the same number of lymphocytes: most
will die during the contraction phase of the immune response (95). Antigen can also be
considered as an example of a private resource, i.e., that used by a particular cell set.
Changes in the levels of private resources modify the composition of lymphocyte
populations, as when antigen injection to chimeras carrying mixtures of two different
Tg B cells or of Tg and non-Tg B cells shifted the balance between populations to favor
the antigen-specific Tg B cells (91, 94).

In conditions of resource competition one would also expect changes in
“morphology” of a population in response to the presence of competitors: a process
known as *“character displacement” (96). The IgM secreted into the serum by a
population of normal B cells exhibits different binding patterns according to the
presence or absence of a population of Tg B cells (94). This implies that the presence of
the Tg B cells leads to changes in the selection of the non-Tg B cell clones, a process that
at a population level may be considered to mimic character displacement.

5. The Competition Exclusion/Diversity Paradox.

According to the competition exclusion principle, competition should lead to the

progressive dominance of a limited number of clones and consequently to the exclusion



of most clones (87). In this context lymphocyte competition would be incompatible with
maintenance of diversity. This traditional model of population dynamics assumes that
all cells interact equally well with each other in small closed environments. The more
recent metapopulation approach takes into account difference in the age and structure
of the populations, their migration capacity, the heterogeneity and patchwork
distribution of fragment habitats and their change with time (4, 97). This approach
explains the co-existence of multiple potentially competing species within larger areas
of space. According to this theory, there are several mechanisms through which the
immune system can solve the apparent competition-diversity paradox and select
preferentially for diversity.

1. Continuous cell production. The continuous generation of naive cells ensures
the permanent availability of new cell specificities. The contribution of new cell
production to the maintenance of diversity can be evaluated by comparing lymphocyte
repertoires in young and old individuals. With age the progressive decrease in new
lymphocyte production both in the thymus and in the bone-marrow generally
correlates with an increased frequency of pauciclonal repertoires.

2. Terminal differentiation. Control of cell proliferation by terminal differentiation
prevents unlimited expansion and dominance (34). This is the case of B cell terminal
differentiation into Ig-secreting plasma cells.

3. The redundancy of resources. The capacity to use multiple alternative factors for
survival and proliferation may provide a critical advantage for cells competing for
limiting resources. Indeed, it was shown that B cells from a LPS-reactive mouse strain
have a clear competitive advantage when compared to B cells from a non-LPS reactive

strain (89).



4. Diversification in resource usage. The use of different resources by different
populations of lymphocytes will allow the co-existence of different cell types. Cell
differentiation is associated with the acquisition of receptors for different chemokines,
and growth factors or by regulation of homing receptors. These parameters contribute
to create a heterogeneity of habitats that favors co-existence of diverse potentially
competing cell populations (4). Migration ensures the distribution of cells from source
to the periphery and between the different peripheral environments (98): cell survival is
associated with the adaptation to new ecological niches.

6. The Ecological Niche.

The variety of resources and the heterogeneity of anatomical structures in the
lymphoid organs permits that different lymphocyte types may find an ecological niche
to survive. The inability of the cell to migrate into the niche may compromise survival:
exclusion of B cells from follicular niches in the secondary lymphoid organs has been
claimed to result in cell death (99). Niches may also play a role in homeostasis and in
the control cell numbers by forcing the B cells to migrate into the primary follicles (100)
where they must compete for trophic factors present in limited supply.

Lymphocytes may help to define their appropriate niches. Thus differentiation of
epithelial cells in the thymus and the organization of the thymus cortex and medulla
cellular networks depends on the presence of thymocytes (101); the maturation of the
splenic follicular dendritic cell networks and the organization of B cell follicles depends
on the expression of LTa and  and TNF by B lymphocytes (102-104).

Germinal centers that develop in the B cell follicles during T cell dependent
antibody responses are one of the best characterized ecological niche in immunology

(105-107). Germinal centers are oligoclonal; the B cells that give rise to germinal centers



are initially activated outside follicles and on the average three B cells colonize each
follicle. Massive clonal expansion of the initial founder cells, driven by antigen held by
follicular dendritic cells, prevents colonization of the germinal center by B cells specific
for a second unrelated antigen. Expansion of the B cells is accompanied by BCR
hypermutation. Competition among the proliferating B cells based on their ability to
interact with antigen held on FDC, will lead to the preferential survival of the cells
capable of high affinity recognition and to the death by apoptosis of other cells.
Germinal centers play therefore a critical role in the maturation of immune responses
by selecting cells with high avidity for antigen binding. They seem to have evolved to
provide the appropriate niche for selecting B cells which attempt to gain competitive
advantage for survival by somatic hypermutation. Indeed, somatic hypermutation is
present in philogeny (108) well before the development of the affinity maturation of
immune responses (109). Affinity maturation of the immune response, however, is only
present in species capable of germinal center formation.

When heterogeneous populations occupy heterogeneous habitats the probability
of extinction of a species is higher for the rare populations (97). It is possible that the
same rules may apply to the immune system. In mice arrest of new B cell production
leads to preferential extinction of B cells expressing rare V genes (61). The probability of
extinction of a population is also related to the area of habitat occupied. Destruction of
wide areas of habitat can be predicted to be more damaging for the survival of the most
frequent species with a wider distribution than for some rare species which commonly
occupy restricted niches and may therefore escape catastrophic events. Large structural
changes in secondary lymphoid organs (e.g. sub-lethal irradiation) have been shown to

affect predominantly dominant B cell clonal responses (110).



IV. Niche Differentiation.

1. Different Types of Lymphocytes Occupy Different Niches.

Different lymphocyte subsets likely use different resources. In adult mice the size
of T and B lymphocyte populations is independently regulated. The number of mature
B cells is similar in normal, or in mice which lack T cells (111). In mice that lack B cells,
the number of T cells is similar to that of normal mice (54). B and T cells also occupy
different locations in the secondary lymphoid organs (112, 113). These observations
suggest that B and T cells belong to different guilds, i.e. they exploit different resources.
Among the T cell subsets the number of aff and yd T cells is also independently
regulated (114): in the absence of a3 T cells, the number of vy T cells does not increase
significantly and vice-versa. Within o T lymphocytes the number of CD4* and CD8* T
cells is, however, co-regulated (38). In the absence of either of the two CD4+ or CD8+ T
cell subsets, cell loss can be compensated by the remaining cellular subset and the total
number of afp T cells remains similar to that of normal mice (115-117) suggesting that
CD4+* and CD8* T cells may partially share common resources.

2. Naive and Memory/Activated Cells Belong to Different Niches.

In response to the presence of competitors a population may modify its survival
requirements and adapt to a new ecological niche.

During lymphocyte development, cells bearing the same clonal specificity but at
different stages of differentiation (immature vs. mature; naive vs. memory; Thl vs. Th2)
modify either their use of resources or interact differently with the same resources. The
variety and the patchy distribution of resources in different habitats will make that the

adaptive lymphocyte environment will change according to time and tissue



localization. Lymphocytes were shown to engage in niche differentiation as it is the case
for naive and activated/memory populations of cells.

The peripheral pool of CD8* T cells was shown to be divided in two
compartments (naive and memory) of equivalent size, that are regulated by
independent homeostatic mechanisms. Mice manipulated to contain only naive CD8+ T
cells, in spite of available “space”, have only half of the total number of CD8* T cells.
Similarly, in mice engineered to contain only memory CD8* T cells, the total number of
CD8* T cells is also reduced by half (37, 118). To reconstitute a normal sized
compartment, both naive and memory T cells are required. The existence of
independent niches for naive and memory T cells ensures the coexistence of both cell
types, what has major functional implications. Thus, the continuous thymus output of
naive T cells cannot lead to the extinction of previously generated memory responses as
exported naive thymus migrants do not replace resident memory T cells (119). Survival
of naive T cells relies on the nature and the number of other competing naive T cells (90,
119). Conversely, accumulation of memory cells will not lead to the contraction of the
naive T cell pool: successive antigen encounters will not necessarily result in
pauciclonal repertoires, as the diverse naive repertoire will remain. Resident memory T
cells survival will rather be determined by the expansion of newly generated memory T
cell populations: upon the sequential immunization of mice with different types of
virus (120), response to a second antigen leads to the reduction of the residual memory
to a first antigen. It is not yet known if CD4+ T cells follow the same strategy, but
preliminary results suggest that this may be the case (A. Almeida & Freitas,

unpublished).



In the case of B lymphocyte populations the number of resting and activated IgM-
secreting cells is also independently regulated (86, 121), as shown in mice engineered to
contain different numbers of B cells. In mice with very low numbers, a significant
fraction of the B cells shows an activated phenotype and the number of IgM-secreting
cells and serum IgM levels are as in normal mice (86, 121, 122). Mature resting B cells
only accumulate once the activated pool is replenished (121). These results suggest that
the immune system is organized to first ensure the maintenance of normal levels of
natural antibodies (“innate immunity”) which constitute an initial barrier of protection
while keeping a reserve of diversity among the resting B cell compartment that allows
responses to new antigenic stimuli. The independent homeostatic regulation of resting
and activated/memory lymphocyte compartments implies the existence of an
hierarchical organization of the immune system.

3. Lymphocyte Substitution.

From birth to adult life, lymphocyte pools increase in size and can accommodate
newly generated lymphocytes. The situation differs once steady state numbers are
reached, the “space” is full: newly generated lymphocytes survival will be determined
by the rate of cell substitution.

Substitution is conditioned by the rate of colonization (invasion) by new cells, but
it is also determined by the rate of extinction of pre-established cells. To survive a cell
must migrate and find the appropriate niche. If the niche is empty there is no obstacle to
cell entering. If the niche is already colonized the newly arriving cell is either able to
out-compete and displace the established cell or it is prevented from entering the niche

and dies. A population pre-established in the correct niche and with a low extinction



rate benefits from the founder advantage “first come, first served”. It may resist
replacement by a new coming cell.

The most extreme case of substitution is succession in which the vast majority of a
resident population is replaced by a population of newly arriving cells. This situation
probably occurs during ontogeny, as lymphocytes produced during the perinatal
period are replaced by “adult” cells. Thus, T lymphocytes generated early in ontogeny
perform poorly when compared to adult T cells (Reviewed in (123)). They proliferate
poorly and secrete low levels of certain cytokines in response to in vitro anti-TCR
stimulation. In vivo proliferation in response to anti-TCR or antigenic stimulation is
also impaired (124, 125). This is due both to an intrinsic lymphocyte defect, and to
deficient antigen presenting cell function (125). These characteristics of the perinatal
environment are believed to be the basis for its increased susceptibility to tolerance
induction (126). Affinity maturation may be absent, as suggested by the extensive cross-
reactivity of neonatal T cells repertoires (127).

Similarly, neonatal B cell repertoires differ from those of adult mice. In neonatal
mice the Dy proximal V17183 gene family is used at the same frequency by 30% of the
immature pre-B cells in the BM and 30% of the peripheral B cells (60), while in adult
mice B cells expressing Vn-genes of the V17183 gene family are strongly counter-
selected at the pre-B to B cell transition (62). By comparing the binding specificities of B
cell hybridomas it was also found that the vast majority of the antibodies were multi-
reactive in neonatal mice, (128), while in adult mice most of the antibodies were mono-
specific (129). These changes of B cell repertoires correlate with overall modifications of
B cell dynamics (55, 130) suggesting that B cell selection is permissive in neonatal mice

during the phase of expansion of lymphocyte numbers while it becomes strict in adult



mice when resources become scarce and competition is established. The replacement of
both T and B cell neonatal cross-reactive repertoires suggest that in ontogeny
lymphocyte populations go through a process of ecological succession in which
generalist cells are replaced by specialists.

Analysis of the processes of succession also may reveal other types of interactions
between populations (97). The presence of an early population by modifying the
environment may prepare the site for colonization by a latter cell type, a process known
as facilitation. Examples of these should be looked for in the immune system.

How does substitution works in the adult mice? Studies of the substitution of
resident naive T cells by recent thymus migrants gave contradictory results. In
irradiated TCR-Tg mice injected with normal BM cells, substitution of the naive Tg
CD8* T cells by newly generated naive non-Tg cells was found to be age-independent
e.g. thymus migrants and resident cells appeared to have the same survival probability
at the periphery (119). Opposite results were obtained in mice transplanted with
increased number of fetal thymus grafts. These grafts initially exported fetal T cell of
donor origin, but where subsequently colonized by host BM cells. The study of the
substitution of T cells of graft origin by T cells of host origin suggested that recent
thymus migrants survived better than resident naive T cells (85). Finally, the study of
long-term colonization and persistence of recent thymus migrants labeled in vivo with
CFSE seems to suggest the resistance of resident cells to replacement by the newly
arriving cells (131). Similar conclusions were made from parabiosis experiments (90).
The reasons for these conflicting results no doubt derive from the complexity of the
different experimental systems required to study substitution. All experimental

approaches involved stressful conditions such as irradiation or surgery. Very diverse



populations (Tg vs. policlonal; fetal vs. adult; etc.) were compared. Finally, conclusions
on substitution rates rely on the quantification of very low T cell numbers. The definite
answer to the this question requires new yet unavailable experimental approaches.

As naive and memory T cells belong to different niches (see page 21), naive recent
thymus migrants do not substitute resident memory T cells (119). Surprisingly, thymus
migrants are able to dislodge resident tolerant T cells. Tolerant CD8* Tg cells can persist
at high frequencies for prolonged periods of time in then absence of other CD8* T cells
(132). Tolerant Tg CD8* T cells can be substituted by both thymus migrants (119) and
memory CD8* T cells (Rocha, unpublished). This replacement is such that a significant
part of these cells disappear, but a few cells remain for prolonged time periods. The
residual tolerant Tg T cells are unable to eliminate antigen but are not inert. They secret
IL-10 and yINF (133) and may also play a role in the control of immune responses by
interference competition (134, 135).

In the naive B cell pool substitution of naive B cells by B cells produced in the BM
occurs continuously. Maintenance of the physiological size of the peripheral B cell pool
requires a minimal continuous input of new cells, since mouse chimeras with a 10 fold
reduced B cell production show diminished B cell numbers (86). Abrogation of the “de
novo” B cell production leads to a rapid decrease in naive B cell numbers (55, 136). The
excess of B cell production in normal physiological conditions suggests the existence of
an high attrition rate at the periphery (55). Tolerant B cells from double-transgenic mice
co-expressing hen egg lysozyme (HEL) and anti-HEL Ig-genes have a relatively short
life span when compared to normal B cells (137).

Naturally activated IgM-secreting B cells can resist replacement by newly arriving

B cells. They can also prevent the entry of new emigrating B cells into the activated cell



pool (121). This negative feedback regulation may be due to the secretion of inhibitory
factors, e.g. Igs, IL-10, y-INF. Alternatively, the first established population may occupy
a niche required for the selection and survival of incoming cells preventing colonization
(87). The ability of newly formed B cells to differentiate into IgM plasma cell is
dependent on the nature and number of cells already present at the periphery. Early
during development and expansion of the immune system an initial pool of activated B
cells is selected which may resist replacement. The same IgM-secreting cells are also
found in axenic mice, suggesting their activation by “self-antigens”. Recent evidence
suggest a possible role of self-antigen in the positive selection and activation of auto-
reactive B cells (138). Competition based on the BCR diversity and the antigenic
environment heterogeneity eventually leads to the substitution of the initially selected
population by new specificities formed in the BM. The question remains on the possible
functional differences between these ’naturally” activated B cells and the B cells
triggered in the course of an immune response.

V. Mutualism.

Besides competition, populations of cells also interact differently. One of the most
important types of interactions is cooperation, also called mutualism. Through
cooperation the survival and growth rate of one population is increased in the presence
of a second population. During evolution eucaryotic cells represent the first example of
mutualism (139). Multicellular organisms, where no cell survives on its own, are yet
another example of mutualism.

There are multiple examples of mutualism in the immune system. T and B
lymphocytes evolved mutualistic interactions: CD4+ T cells help proliferation and

differentiation of antigen-specific B cells. Reciprocally, antigen presentation by B cells



contributes to the expansion of antigen-specific T cells. CD4+ T cells enhance cytolytic
CD8* T cell responses. Similarly, T lymphocytes and antigen presenting cells (APC)
have evolved mutualistic interactions, essential for T cell survival and for triggering
immune responses. Dendritic and other APC may therefore play a keystone role in the
establishment of lymphocyte communities.

Predator-prey interactions may also shape lymphocyte populations. In chimeras
reconstituted with mixed populations of BM cells from male and female donors, the
immediate injection of TCR Tg CD8* T cells specific for the HY male antigen leads to
the elimination of all cells from male origin. This is followed by a subsequent increase in
the number of cells from the female progeny (132). In fact, in this example the fate of the
two BM cell types mimics the dynamic behavior of two competing populations -
apparent competition (87).

V1. Selection of Repertoires. Tolerance and Autoimmunity.

In an immune system where the total number of cells is limited, lymphocyte
repertoires will be shaped by the differential ability of lymphocytes to survive.
Lymphocyte survival relies on cell/ligand interactions, the availability of other
“resources” and the nature and number of competing rivals.

In their continuous flight for survival lymphocytes must acquire a selective
advantage over its competitors. They must adapt to the immediate environment either
by modifying their survival thresholds (140) and requirements through differentiation.
At different life stages lymphocytes will require different signals to survive. These
factors impinge a continuous selective pressure throughout the lymphocyte life history.

Initially, T and B cell repertoires are shaped in primary lymphoid organs at early

stages of T and B cell differentiation (141, 142). In the thymus, selection is determined



by the avidity of cognate receptor/ligand interactions; by the presence of growth and
differentiation factors; by the size of the selecting niche (143); by the number of
competitors present at the different stages/compartments of lymphocyte differentiation
(90, 144). Immature B cell precursors are particularly sensitive to deletion and receptor-
editing mechanisms by low affinity interactions (145) and the outcome of the ligand/B
cell interaction may be determined by the degree of receptor engagement (146).
Selection of T and B cells continues at the periphery (147, 148). After activation
lymphocytes may follow a pre-established hierarchical program and differentiate first
to effector functions, then to memory, to anergy and/or terminal differentiation (149).
The duration of antigen persistence may be fundamental to trigger sequentially these
stochastic processes (29, 150) and thus to determine the class of immune responses.

Lymphocyte selection and adaptation also requires co-evolution involving several
different cell lines. Different subclasses of lymphocytes and antigen presenting cells
represent patterns of co-evolved interactions. These patterns allow the emergence of the
holistic properties of the immune system. The global properties of cellular communities
by far exceed the simple properties of the individual cells. The multiple interactions
between all different cells suffices to explain the immune system’s development and
functions.

The context of homeostasis, survival and competition excludes any manicheism as
realistic to explain the global behavior of the immune system. In contrast to the original
postulate of the clonal selection theory (151), lymphocyte selection through competition
occurs even in absence of exogenous antigens. The idiotypic network of variable to
variable region interactions is not essential (152). A closed autistic self-referential

immune system (153) is impossible. The immune system’s functions cannot be directed



by self/non-self (151) or sense/non-sense (154) discrimination or the detection of
danger (155). It is likely that lymphocyte activation, rather than be determined by the
ability of the cells to discriminate between one or two signals (156) will be triggered by
the capacity of the cell to integrate different exogenous stimuli. Indeed, it was shown
that both TCR and BCR are capable of differential signaling according to the properties
of the antigen and to the environmental conditions of stimulation (63, 132).

In a complex system where a vast number of different new cell specificities are
continuously generated both in the central and peripheral compartments the presence
of “self-reactive” cells is unavoidable. Besides the described mechanisms of tolerance
induction that work at a single cell level the global properties of the system may also
contribute to avoid auto-aggression.

One of these properties is niche segregation. When a lymphocyte encounters an
activating ligand in the correct niche and in the presence of plenty of resources it will
respond and expand proportionally. This is the case for infectious agents which are
presented to lymphocytes in the appropriate niche (in the secondary lymphoid organs)
and in the presence of an excess of new resources provided by the primary
inflammatory reaction. In contrast encounters with a self ligand frequently occur
outside lymphoid organs, where deficient antigen presentation and limiting resources
may be major factors to restrict clonal expansion and auto-aggression.

The growth of the potentially “harmful” cells will be controlled by lymphocyte
competition. In these circumstances, lymphocyte diversity associated with policlonal
stimulation may help preventing the emergency of large clone sizes, clonal dominance
and immune-pathology. Conversely, pauciclonal repertoires will determine higher

fluctuations in clonal frequencies which may increase the probability for the expansion



and fixation of clones that in absence of competition will become irreversibly dominant
and induce pathology. This is supported by the inverse correlation between the world
incidence of auto-immune diseases and the frequency of infectious diseases. The
prevalence of auto-immune pathology is higher in developed countries with low
population densities and very cold climates that disfavor germ spread. It is lower in
highly populated areas of third world countries (157). In this context policlonal
activation may have a therapeutic role in auto-immune disease, while immune
suppression, as a side effect may reinforce the already established self-reactive clonal
drift. It may be more appropriate to refer to “horror monoclonicus” rather than “horror
autotoxicus™: in the survival/competition model the question is no longer how large
should the repertoire be to discriminate self and non-self (158, 159), but rather what is
the minimum size of the repertoire that protects and avoids auto-immune pathology.

In their flight for survival lymphocytes may be caught in a Prisoner’s Dilemma
game (160-162): they either cooperate, i.e. protect the host with strong immune
responses, and continue to survive or they defect i.e. fail to protect or destroy the host

with uncontrolled responses, and eventually die.



V1. References

1. Miller, S. L., L. E. Orgel. 1974. The origins of life on Earth. Englewood Cliffs,
New Jersey: Prentice-Hall.

2. Dawkins, R. 1989. The selfish gene. Oxford: Oxford University Press

3. Buss, L. W. 1987. The evolution of individuality. Princeton: Princeton
University Press

4, Hanski, 1. 1999. Metapopulation Ecology. Oxford: Oxford University Press

5. Freitas, A. A., B. Rocha. 1997. Lymphocyte survival: a red queen
hypothesis. Science. 277: 1950

6. Freitas, A. A., B. A. Rocha. 1993. Lymphocyte lifespans: homeostasis,
selection and competition. Immunol. Today. 14: 25-29

7. Van Valen, L. 1973. A new evolutionary law. Evolutionary Theory. 1: 1-30

8. Tanchot, C., F. A. Lemonnier, B. Perarnau, A. A. Freitas, B. Rocha. 1997.
Differential requirements for survival and proliferation of CD8 naive or memory T cells.
Science. 276: 2057-2062

9. Kisielow, P., A. Miazek. 1995. Positive selection of T cells: rescue from
programmed cell death and differentiation require continual engagement of the T cell
receptor. Journal of Experimental Medicine. 181: 1975-84

10. van Santen, H. M., A. Woolsey, P. G. Aston Rickardt, L. van Kaer, E. J.
Baas, A. Berns, S. Tonegawa, H. Ploegh. 1995. Increase in positive selection of CD8+ T
cells in TAP1-mutant mice by human beta2-microglobulin transgene. J.Exp.Med. 181:

787-792



11. Pircher, H., K. Burki, R. Lang, H. Hengartner, R. M. Zinkernagel. 1989.
Tolerance induction in double specific T-cell receptor transgenic mice varies with
antigen. Nature. 342: 559-561

12. Nesic, D., S. Vukmanovic. 1998. MHC class | is required for peripheral
accumulation of CD8+ thymic emigrants. Journal of Immunology. 160: 3705-12

13. Kirberg, J., A. Berns, H. von Boehmer. 1997. Peripheral T cell survival
requires continual ligation of the T cell receptor to major histocompatibility complex-
encoded molecules. J.Exp.Med. 186: 1269-1275

14. Viret, C., F. S. Wong, C. A. Janeway. 1999. Designing and maintaining the
mature TCR repertoire: the continuum of self-peptide:self-MHC complex recognition.
Immunity. 10: 559-568

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

16. Takeda, S., H.-R. Rodewald, H. Arakawa, H. Bluethman, T. Shimizu. 1996.
MHC class Il molecules are not required for survival of newly generated CD4+ T cells,
but affect their long-term life span. Immunity. 5: 217-228

17. Cardell, S., S. Tangri, S. Chan, M. Kronenberg, C. Benoist, D. Mathis. 1995.
CD1-restricted CD4+ T cells in major histocompatibility complex class Il-deficient mice.
Journal of Experimental Medicine. 182: 993-1004

18. Brocker, T. 1997. Survival of mature CD4 T lymphocytes is dependent on
Major Histocompatibility complex Class Il-expressing dendritic cells. J.Exp.Med. . 186:

1223-1232,



19. Beutner, U., H. R. MacDonald. 1998. TCR-MHC class Il interaction is
required for peripheral expansion of CD4 cells in a T cell-deficient host. International
Immunology. 10: 305-10

20. Martin, W. D., G. G. Hicks, S. K. Mendiratta, H. I. Leva, H. E. Ruley, L.
Van Kaer. 1996. H2-M mutant mice are defective in the peptide loading of class Il
molecules, antigen presentation, and T cell repertoire selection. Cell. 84: 543-50

21. Bender, J., T. Mitchell, J. Kapler, P. Marrack. 1999. CD4+ T cell division in
irradiated mice requires peptides distinct from those responsible for thymic selection. J.
Exp. Med. (in press)

22, von Boehmer, H., K. Hafen. 1993. The life span of naive aff T cells in
secondary lymphoid organs. J.Exp.Med. 177: 891-896

23. Tough, D. F., J. Sprent. 1994. Turnover of naive-and memory-phenotype T
cells. J.Exp.Med. 179: 1127-1135

24. Bruno, L., J. Kirberg, H. von Boehmer. 1995. On the cellular basis of
immunological T cell memory. Immunity. 2: 37-43

25. DiSanto, J. P., I. Aifantis, E. Rosmaraki, C. Garcia, J. Feinberg, H. J. Fehling,
A. Fischer, H. von Boehmer, B. Rocha. 1999. The common cytokine receptor gamma
chain and the pre-T cell receptor provide independent but critically overlapping signals
in early alpha/beta T cell development. J. Exp. Med. 189: 563-573

26. Budd, R. C., J.-C. Cerottini, C. Horvath, C. Bron, T. Pedrazzini, R. C.
Howe, H. R. MacDonald. 1997. Distinction of virgin and memory T lymphocytes.

J.Immunol. 138: 3120-3129



217. Curtsinger, J. M., D. C. Lins, M. F. Mescher. 1998. CD8+ memory T cells
(CD44high, Ly-6C+) are more sensitive than naive cells to (CD44low, Ly-6C-) to
TCR/CDS8 signaling in response to antigen. Journal of Immunology. 160: 3236-43

28. Kedl, R. M., M. F. Mescher. 1998. Qualitative differences between naive
and memory T cells make a major contribution to the more rapid and efficient memory
CD8+ T cell response. J. Immunol. 161: 674-683

29. Gett, A. V., P. D. Hodgkin. 1998. Cell division regulates the T cell cytokine
repertoire, revealing a mechanism underlying immune class regulation. Proc. Natl. Acad.
Sci. 95: 9488-9493

30. Ke, Y., H. Ma, J. A. Kapp. 1998. Antigen is required for the activation of
effector activities, whereas interleukin 2 Is required for the maintenance of memory in
ovalbumin-specific, CD8+ cytotoxic T lymphocytes. Journal of Experimental Medicine.
187: 49-57

31. Nahill, S. R., R. M. Welsh. 1993. High frequency of cross-reactive cytotoxic
T lymphocytes elicited during the virus-induced polyclonal cytotoxic T lymphocyte
response. J.Exp.Med. 177: 317-327

32. Tough, D. F., P. Borrow, J. Sprent. 1996. Induction of bystander T cell
proliferation by viruses and Type | interferon in vivo. Science. 272: 1947-1950

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

34. Grossman, Z. 1982. Recognition of self, balance of growth and
competition: horizontal networks regulate immune responsiveness. European Journal of

Immunology. 12: 747-56



35. Markiewicz, M. A., C. Girao, J. T. Opferman, J. Sun, Q. Hu, A. A. Agulnik,
C. E. Bishop, C. B. Thompson, P. G. Ashton-Rickardt. 1998. Long-term T cell memory
requires the surface expression of self-peptide/major histocompatibility complex
molecules. Proceedings of the National Academy of Sciences of the United States of America.
95: 3065-70

36. Bachmann, M. F., A. Gallimore, S. Linkert, V. Cerundolo, A. Lanzavecchia,
M. Kopf, A. Viola. 1999. Developmental Regulation of Lck Targeting to the CD8
Coreceptor Controls Signaling in Naive and Memory T Cells. J. Exp. Med. 189: 1521-
1530.

37. Tanchot, C., B. Rocha. 1995. The peripheral T cell repertoire: independent
homeostatic regulation of virgin and activated CD8+ T cell pools. Eur.J.Immunol. 25:
2127-2136

38. Rocha, B., N. Dautigny, P. Pereira. 1989. Peripheral T lymphocytes:
expansion potential and homeostatic regulation of pool sizes and CD4/CD8 ratios "in
vivo". Eur. J. Immunol. 19: 905-911

39. Hou, S., L. Hyland, K. W. Ryan, A. Portner, P. C. Doherty. 1994. Virus-
specific CD8+ T-cell memory destermined by the clonal burst size. Nature. 369: 652-654

40. Lau, L. L., B. D. Jamieson, T. Somasundaran, R. Ahmed. 1994. Cytotoxic T-
cell memory without antigen. Nature. 369: 648-652

41, Mullbacher, A. 1994. The long-term maintenance of cytotoxic T cell
memory does not require persistence of antigen. J.Exp.Med. 179: 317-321

42. Tripp, R. A., J. M. Lahti, P. C. Doherty. 1995. Laser light suicide of
proliferating virus-specific CD8+ T cells in an in vivo response. Journal of Immunology.

155: 3719-21



43. Sprent, J., D. F. Tough, S. Sun. 1997. Factors controlling the turnover of T
memory cells. Immunological Reviews. 156: 79-85

44, Doherty, P. C., D. J. Topham, R. A. Tripp. 1996. Establishment and
persistence of virus-specific CD4+ and CD8+ T cell memory. Immunological Reviews. 150:
23-44

45, Miller, R. A., O. Stutman. 1984. T cell repopulation from functionally
restricted splenic progenitors: 10,000-fold expansion documented by using limiting
dilution analyses. Journal of Immunology. 133: 2925-32

46. Hellerstein, M., M. B. Hanley, D. Cesar, S. Siler, C. Papageorgopoulos, E.
Wieder, D. Schmidt, R. Hoh, R. Neese, D. Macallan, S. Deeks, J. M. McCune. 1999.
Directly measured Kinetics of circulating T lymphocytes in normal and HIV-1-infected
humans [see comments]. Nature Medicine. 5: 83-9

47. Mackall, C. L., F. T. Hakim, R. E. Gress. 1997. Restoration of T-cell
homeostasis after T-cell depletion. Seminars in Immunology. 9: 339-46

48. Lodolce, J. P., D. L. Boone, S. Chai, R. E. Swain, T. Dassopoulos, S. Trettin,
A. Ma. 1998. IL-15 receptor maintains lymphoid homeostasis by supporting lymphocyte
homing and proliferation. Immunity. 9: 669-76

49. Kramer, S., A. Schimpl, T. Hunig. 1995. Immunopathology of interleukin
(IL) 2-deficient mice: thymus dependence and suppression by thymus-dependent cells
with an intact IL-2 gene. Journal of Experimental Medicine. 182: 1769-76

50. Kuhn, R., J. Lohler, D. Rennick, K. Rajewsky, W. Muller. 1993. Interleukin-

10-deficient mice develop chronic enterocolitis [see comments]. Cell. 75: 263-74



51. Waterhouse, P., J. M. Penninger, E. Timms, A. Wakeham, A. Shahinian, K.
P. Lee, C. B. Thompson, H. Griesser, T. W. Mak. 1995. Lymphoproliferative disorders
with early lethality in mice deficient in Ctla-4 [see comments]. Science. 270: 985-8

52. Van Parijs, L., A. Biuckians, A. Ibragimov, F. W. Alt, D. M. Willerford, A.
K. Abbas. 1997. Functional responses and apoptosis of CD25 (IL-2R alpha)-deficient T
cells expressing a transgenic antigen receptor. Journal of Immunology. 158: 3738-45

53. Lam, K.-P., R. Kuhn, K. Rajewsky. 1997. In vivo ablation of surface
immunoglobulin on mature B cells by inducible gene targeting results in rapid cell
death. Cell. 90: 1073-1083

54. Kitamura, D., J. Roes, R. Kuhn, K. Rajewsky. 1991. A B-cell deficient
mouse by targeted disruption of the membrane exon of the immunoglobulin mu chain
gene. Nature. 350: 423-426

55. Freitas, A. A., B. Rocha, A. Coutinho. 1986. Lymphocyte population
kinetics in the mouse. Immunol. Rev. 91: 5-37

56. Torres, R. M., H. Flaswinkel, M. Reth, K. Rajewsky. 1996. Aberrant B cell
development and immune response in mice with a compromised BCR complex [see
comments]. Science. 272: 1804-8

57. Rosado, M. M., A. A. Freitas. 1998. The role of the B cell receptor V region
in peripheral B cell survival. Eur. J. Immunol. 28: 2685-2693

58. Corcos, D., O. Dunda, C. Butor, J.-Y. Cesbron, P. Lores, D. Buchinni, J.
Jami. 1995. Pre-B cell development in the absence of lambda5 in transgenic mice
expressing a heavy-chain disease protein. Curr.Biol. 5: 1140-1148

59. Gu, H., D. Tarlinton, W. Muller, K. Rajewsky, |. Forster. 1991. Most

peripheral B cells are ligand selected. J. Exp. Med. 173: 1357-1371



60. Freitas, A. A., M. P. Lembezat, A. Coutinho. 1989. Expression of antibody
V-regions is genetically and developmentally controled and modulated by the B
lymphocyte environment. Int. Immunol. 1: 342-354

61. Viale, A. C., A. Coutinho, R. A. Heyman, A. A. Freitas. 1993. V region
dependent selection of persistent resting peripheral B cells in normal mice. International
Immunology. 5: 599-605

62. Freitas, A. A, L. Andrade, M. P. Lembezat, A. Coutinho. 1990. Selection of
VH gene repertoires: differentiating B cells of adult bone marrow mimic fetal
development. Int. Immunol. 2: 15-23

63. Kouskoff, V., S. Famiglietti, G. Lacaud, P. Lang, J. E. Rider, B. K. Kay, J. C.
Cambier, D. Nemazee. 1998. Antigens varying in affinity for the B cell receptor induce
differential B lymphocyte responses. Journal of Experimental Medicine. 188: 1453-64

64. Colle, J. H., P. Truffa-Bachi, A. A. Freitas. 1988. Secondary antibody
responses to thymus-independent antigens. Decline and life-span of memory. European
Journal of Immunology. 18: 1307-14

65. Gray, D., H. Skarvall. 1988. B-cell memory is short-lived in the absence of
antigen. Nature. 336: 70-3

66. Schittek, B., K. Rajewsky. 1990. Maintenance of B-cell memory by long-
lived cells generated from proliferating precursors. Nature. 346: 749-51

67. Lam, K. P., K. Rajewsky. 1998. Rapid elimination of mature autoreactive B
cells demonstrated by Cre-induced change in B cell antigen receptor specificity in vivo.
Proceedings of the National Academy of Sciences of the United States of America. 95: 13171-5

68. Gay, D., T. Saunders, S. Camper, M. Weigert. 1993. Receptor editing: an

approach by autoreactive B cells to escape tolerance. J. Exp. Med. 177-4: 999-1008



69. Tiegs, S. L., D. M. Russell, D. Nemazee. 1993. Receptor editing in self-
reactive bone marrow B cells. Journal of Experimental Medicine. 177: 1009-20

70. Retter, M. W., D. Nemazee. 1998. Receptor editing occurs frequently
during normal B cell development. Journal of Experimental Medicine. 188: 1231-8

71. DiSanto, J. P., D. Guy-Grand, A. Fisher, A. Tarakhovsky. 1996. Critical role
for the common cytokine receptor gamma chain in intrathymic and peripheral T cell
selection. Journal of Experimental Medicine. 183: 1111-8

72. Kuo, C. T., M. L. Veselits, J. M. Leiden. 1997. LKLF: A transcriptional
regulator of single-positive T cell quiescence and survival [see comments]. Science. 277:
1986-90

73. Oukka, M., 1.-C. Ho, F. C. de la Brousse, T. Hoey, M. J. Grusby, L. H.
Glimcher. 1998. The Transcription Factor NFAT4 Is Involved in the Generation and
Survival of T Cells. Immunity. 9: 295-304

74. Caldwvell, R. G., J. B. Wilson, S. J. Anderson, R. Longnecker. 1998. Epstein-
Barr virus LMP2A drives B cell development and survival in the absence of normal B
cell receptor signals. Immunity. 9: 405-11

75. Byth, K. F., L. A. Conroy, S. Howlett, A. J. Smith, J. May, D. R. Alexander,
N. Holmes. 1996. CD45-null transgenic mice reveal a positive regulatory role for CD45
in early thymocyte development, in the selection of CD4+CD8+ thymocytes, and B cell
maturation. Journal of Experimental Medicine. 183: 1707-18

76. Khan, W. N., F. W. Alt, R. M. Gerstein, B. A. Malynn, I. Larsson, G.
Rathbun, L. Davidson, S. Muller, A. B. Kantor, L. A. Herzenberg. 1995. Defective B cell

development and function in Btk-deficient mice. Immunity. 3: 283-99



77. Turner, M., A. Gulbranson-Judge, M. E. Quinn, A. E. Walters, I. C.
MacLennan, V. L. Tybulewicz. 1997. Syk tyrosine kinase is required for the positive
selection of immature B cells into the recirculating B cell pool. Journal of Experimental
Medicine. 186: 2013-21

78. Sha, W. C., H. C. Liou, E. I. Tuomanen, D. Baltimore. 1995. Targeted
disruption of the p50 subunit of NF-kappa B leads to multifocal defects in immune
responses. Cell. 80: 321-30

79. Schubart, D. B., A. Rolink, M. H. Kosco-Vilbois, F. Botteri, P. Matthias.
1996. B-cell-specific coactivator OBF-1/0OCA-B/Bobl required for immune response
and germinal centre formation. Nature. 383: 538-42

80. Adams, J. M., S. Cory. 1998. The bcl-2 protein family: arbriters of cell
survival. Science. 281: 1322-1326

81. Chao, D. T., S. J. Korsmeyer. 1998. Bcl-2 family: regulators of cell death.
Ann. Rev. Immunol. 16: 395-419

82. Minn, A. J., R. E. Swain, A. Ma, C. B. Thompson. 1998. Recent progress on
the regulation of apoptosis by Bcl-2 family members. Adv. Immunol. 70: 245-279

83. Metcalf, D. 1965. Multiple thymus grafts in aged mice. Nature. 208: 87-8

84. Wallis, V., E. Leuchars, D. Collavo, A. J. Davies. 1976. 'Hyperlymphoid’
mice. Advances in Experimental Medicine & Biology. 66: 183-9

85. Berzins, S. P., R. L. Boyd, J. F. Miller. 1998. The role of the thymus and
recent thymic migrants in the maintenance of the adult peripheral lymphocyte pool.
Journal of Experimental Medicine. 187: 1839-48

86. Agenes, F., M. M. Rosado, A. A. Freitas. 1997. Independent homeostatic

regulation of B cell compartments. Eur. J. Immunol. 27: 1801-1807



87. Begon, M., J. L. Harper, C. R. Townsend. 1990. Ecology: individuals
populations and communities. Oxford: Blackwell Scientific Publications

88. Pianka, E. R. 1976. Competition and niche theory. In Theoretical Ecology.
Principles and applications., ed. R. M. May, 114-141. Oxford: Blackwell Scientific
Publications

89. Freitas, A. A., M. Rosado, A.-C. Viale, A. Grandien. 1995. The role of
cellular competition in B cell survival and selection of B cell repertoires. Eur. J. Immunol.
25:1729-1738

90. Freitas, A. A., F. Agenes, G. C. Coutinho. 1996. Cellular competition
modulates the survival and selection of CD8 T cells. Eur.J.Immunol. 26: 2640-2649

91. Cyster, J. G., C. C. Goodnow. 1995. Antigen-induced exclusion from
follicles and anergy are separate and complementary processes that influence
peripheral B cell fate. Immunity. 3: 691-701

92. Tilman, D. 1982. Resource competition and community structure. Monographs
in Population Biology., 17. Princeton: Princeton University Press

93. Monod, J. 1950. La technique de culture continue; theorie et applications.
Ann. Inst. Pasteur. 79: 390-410

94, McLean, A., M. M. Rosado, F. Agenes, R. Vasconcelos, A. A. Freitas. 1997.
Resource competition as a mechanism for B cell homeostasis. Proc. Natl. Acad. Sci. USA.
94: 5792-5797

95. Ahmed, R., D. Gray. 1996. Immunological memory and protetive
immunity: understanding their relation. Science. 272: 54-57

96. Schulter, D. 1994. Experimental evidence that competition promotes

divergence in adaptive radiation. Science. 266: 798-800



97. Tilman, D., P. Kareiva. 1997. The role of space in population dynamics and
interspecific interactions. Monographs in Population Biology, 30. Princeton: Princeton
University Press.

98. Butcher, E. C., L. J. Picker. 1996. Lymphocyte homing and homeostasis.
Science. 272: 60-6

99. Cyster, J. G., S. B. Hartley, C. C. Goodnow. 1994. Competition for follicular
niches excludes self-reactive cells from the recirculating B-cell repertoire. Nature. 371:
389-395

100. Forster, R., A. E. Mattis, E. Kremmer, E. Wolf, G. Brem, M. Lipp. 1996. A
putative chemokine receptor, BLR1, directs B cell migration to defined lymphoid organs
and specific anatomic compartments of the spleen. Cell. 87: 1037-47

101. Penit, C., B. Lucas, F. Vasseur, T. Rieker, R. L. Boyd. 1996. Thymic medulla
epithelial cells acquire specific markers by post-mitotic maturation. Developmental
Immunology. 5: 25-36

102. Gonzalez, M., F. Mackay, J. L. Browning, M. H. Kosco-Vilbois, R. J. Noelle.
1998. The sequential role of lymphotoxin and B cells in the development of splenic
follicles. Journal of Experimental Medicine. 187: 997-1007

103. Fu, Y. X., G. Huang, Y. Wang, D. D. Chaplin. 1998. B lymphocytes induce
the formation of follicular dendritic cell clusters in a lymphotoxin alpha-dependent
fashion. Journal of Experimental Medicine. 187: 1009-18

104. Endres, R., M. B. Alimzhanov, T. Plitz, A. Futterer, M. H. Kosco-Vilbois, S.
A. Nedospasov, K. Rajewsky, K. Pfeffer. 1999. Mature follicular dendritic cell networks

depend on expression of lymphotoxin beta receptor by radioresistant stromal cells and



of lymphotoxin beta and tumor necrosis factor by B cells. Journal of Experimental
Medicine. 189: 159-68

105. Przylepa, J., C. Himes, G. Kelsoe. 1998. Lymphocyte development and
selection in germinal centers. Current Topics in Microbiology & Immunology. 229: 85-104

106. MacLennan, I. C. 1994. Germinal centers. Annual Review of Immunology. 12:
117-39

107. Liu, Y. J., C. Arpin. 1997. Germinal center development. Immunological
Reviews. 156: 111-26

108. Hinds-Frey, K. R., H. Nishikata, R. T. Litman, G. W. Litman. 1993. Somatic
variation precedes extensive diversification of germline sequences and combinatorial
joining in the evolution of immunoglobulin heavy chain diversity. Journal of
Experimental Medicine. 178: 815-24

109. Litman, G. W, J. S. Stolen, H. O. Sarvas, O. Makela. 1982. The range and
fine specificity of the anti-hapten immune response: phylogenetic studies. Journal of
Immunogenetics. 9: 465-74

110.  Cazenave, P. A, C. Martinez, A. Coutinho. 1989. Differential L chain
expression in the antibody responses to phosphorylcholine of adult bone marrow or
peritoneum-derived B lymphocytes. Journal of Immunology. 142: 8-11

111. Mombaerts, P., A. R. Clarke, M. A. Rudnicki, J. lacomini, S. Itohara, J. J.
Lafaille, L. Wang, Y. Ichikawa, R. Jaenisch, M. Hooper, S. Tonegawa. 1992. Mutations in
T-cell antigen receptor genes alpha and beta block thymocyte development at different

stages. Nature. 360: 225-231



112. Parrott, D. V., M. A. De Sousa, J. East. 1966. Thymus-dependent areas in
the lymphoid organs of neonatally thymectomized mice. Journal of Experimental
Medicine. 123: 191-204

113. De Sousa, M. A., A. Ferguson, D. M. Parrott. 1973. Ecotaxis of B cells in the
mouse. Advances in Experimental Medicine & Biology. 29: 55-62

114. Mombaerts, P., A. R. Clarke, M. L. Hooper, S. Tonegawa. 1991. Creation of
a large genomic deletion at the T-cell antigen receptor beta-subunit locus in mouse
embryonic stem cells by gene targeting. Proceedings of the National Academy of Sciences of
the United States of America. 88: 3084-7

115. Rahemthulla, A., F.-L. W. P, M. W. Schilham, T. M. Kundig, S. R.
Sambhara, A. Narendran, A. Arabian, A. Wackeham, C. J. Paige, R. M. Zinkernagel, R.
G. Miller, M. T. W. 1991. Normal development and function of CD8+ cells but markedly
decreased helper cell activity in mice lacking CD4. Nature. 353: 180-184

116. Zijistra, M., M. Bix, N. E. Simister, J. M. Loring, D. H. Raulet, R. Jaenish.
1990. B2— Microglobulin deficient mice lack CD4-CD8+ cytolytic T cells. nature. 344: 742-
746

117. Cosgrove, D., D. Gray, A. Dierich, J. Kaufman, M. Lemeur, C. Benoist, D.
Mathis. 1991. Mice lacking MHC class Il molecules. Cell. 66: 1051-1066

118. Tanchot, C., B. Rocha. 1998. The organization of mature T-cell pools.
Immunology Today. 19: 575-9

119. Tanchot, C., B. Rocha. 1997. Peripheral selection of T cell repertoires: the

role of continuous thymus output. J. Exp.Med. 186: 1099-1106



120. Selin, L. K., K. Vergilis, R. M. Welsh, S. R. Nabhill. 1996. Reduction of
otherwise remarkably stable virus-specific cytotoxic T lymphocyte memory by
heterelogous viral infection. J.Exp.Med. 183: 2489-2499

121. Agenes, F., A. A. Freitas. 1999. Transfer of small resting B cells into
immunodeficient hosts results in the selection of a self-renewing activated B cell
population. Journal of Experimental Medicine. 189: 319-30

122. Kitamura, D., A. Kudo, S. Schaal, W. Muller, F. Melchers, K. Rajewsky.
1992. A critical role of lambda 5 protein in B cell development. Cell. 69: 823-31

123. Adkins, B. 1999. T-cell function in newborn mice and humans. Immunology
Today. 20: 330-335

124, Rueff-Juy, D., I. Liberman, A. M. Drapier, J. C. Guillon, C. Leclerc, P. A.
Cazenave. 1991. Cellular basis of the resistance of newborn mice to the pathogenic
effects of anti-CD3 treatment. International Immunology. 3: 683-90

125. Le Bon, A., C. Desaymard, M. Papiernik. 1995. Neonatal impaired
response to viral superantigen encoded by MMTV(SW) and Mtv-7. Int. Immunol. 7:
1897-1903

126. Billingham, R. E., L. Brent, P. B. Medawar. 1953. Actively acquired
tolerance of foreign cells. Nature. 172: 603

127. Gavin, M. A., M. J. Bevan. 1995. Increased peptide promiscuity provides a
rationale for the lack of N regions in the neonatal T cell repertoire. Immunity. 3: 793-800

128. Holmberg, D., S. Forsgren, F. Ivars, A. Coutinho. 1984. Reactions among
IgM antibodies derived from normal, neonatal mice. European Journal of Immunology. 14:

435-41



129. Holmberg, D., A. A. Freitas, D. Portnoi, F. Jacquemart, S. Avrameas, A.
Coutinho. 1986. Antibody repertoires of normal BALB/c mice: B lymphocyte
populations defined by state of activation. Immunological Reviews. 93: 147-69

130. Thomas-Vaslin, V., A. A. Freitas. 1989. Lymphocyte population kinetics
during the development of the immune system. B cell persistance and life span can be
determined by the host environment. Int. Immunol. 1: 237-246

131.  Graziano, M., Y. St-Pierre, C. Beauchemin, M. Desrosiers, E. F.
Potworowski. 1998. The fate of thymocytes labeled in vivo with CFSE. Experimental Cell
Research. 240: 75-85

132. Rocha, B., A. Grandien, A. A. Freitas. 1995. Anergy and exhaustion are
independent mechanisms of peripheral T cell tolerance. J.Exp.Med. 181: 993-1003

133. Tanchot, C., S. Guillaume, J. Delon, C. Bourgeois, A. Franzke, A. Sarukhan,
A. Trautmann, B. Rocha. 1998. Modifications of CD8+ T cell function during in vivo
memory or tolerance induction. Immunity. 8: 581-90

134. Qin, S., S. P. Cobbold, H. Pope, J. Elliott, D. Kioussis, J. Davies, H.
Waldmann. 1993. "Infectious" transplantation tolerance. Science. 259: 974-7

135.  Cobbold, S. P., E. Adams, S. E. Marshall, J. D. Davies, H. Waldmann. 1996.
Mechanisms of peripheral tolerance and suppression induced by monoclonal antibodies
to CD4 and CD8. Immunological Reviews. 149: 5-33

136. Heyman, R. A., E. Borrelli, J. Lesley, D. Anderson, D. D. Richman, S. M.
Baird, R. Hyman, R. M. Evans. 1989. Thymidine kinase obliteration : creation of
transgenic mice with controlled immune deficiency. Proc. Nat. Acad. Sci. 86: 2698

137. Fulcher, D. A., A. Basten. 1994. Reduced life span of anergic self-reactive B

cells in a double-transgenic model. Journal of Experimental Medicine. 179: 125-34



138. Hayakawa, K., M. Asano, S. A. Shinton, M. Gui, D. Allman, C. L. Stewart,
J. Silver, R. R. Hardy. 1999. Positive Selection of Natural Autoreactive B Cells. Science.
285:113-116

139. Margulis, L. 1981. Symbiosis in cell evolution. San Francisco: W. H. Freeman
& Co.

140. Grossman, Z., W. E. Paul. 1992. Adaptive cellular interactions in the
immune system: the tunable activation threshold and the significance of subthreshold
responses. Proceedings of the National Academy of Sciences of the United States of America.
89: 10365-9

141.  von Boehmer, H. 1990. Developmental biology of T cells in T-cell receptor
transgenic mice. Annu. Rev. Immunol. 8: 531

142. Goodnow, C. C., J. G. Cyster, S. B. Hartley, S. E. Bell, M. P. Cooke, J. I.
Healy, S. Akkaraju, J. C. Rathmell, S. L. Pogue, K. P. Shokat. 1995. Self-tolerance
checkpoints in B lymphocyte development. Advances in Immunology. 59: 279-368

143. Merkenschlager, M., C. Benoist, D. Mathis. 1994. Evidence for a single-
niche model of positive selection. Proc. Nat. Aca. Sci. (U.S.A.). 91: 11694-11698

144, Huesmann, M., B. Scott, P. Kisielow, H. von Boehmer. 1991. Kinetics and
efficiency of positive selection in the thymus of normal and T cell receptor transgenic
mice. Cell. 66: 533

145. Lang, J., M. Jackson, L. Teyton, A. Brunmark, K. Kane, D. Nemazee. 1996.
B cells are exquisitely sensitive to central tolerance and receptor editing induced by
ultralow affinity, membrane-bound antigen. Journal of Experimental Medicine. 184: 1685-

97



146. Fulcher, D. A, A. B. Lyons, S. L. Korn, M. C. Cook, C. Koleda, C. Parish, B.
Fazekas de St. Groth, A. Basten. 1996. The fate of self-reactive B cells depends primarily
on the degree of antigen receptor engagement and availability of T cell help [see
comments]. Journal of Experimental Medicine. 183: 2313-28

147. Rocha, B., H. von Boehmer. 1991. Peripheral selection of the T cell
repertoire. Science. 251: 1225-8

148. Russell, D. M., Z. Dembic, G. Morahan, J. F. Miller, K. Burki, D. Nemazee.
1991. Peripheral deletion of self-reactive B cells. Nature. 354: 308-11

149. Opferman, J. T., B. T. Ober, P. G. Ashton-Rickardt. 1999. Linear
differentiation of cytotoxic effectors into memory T lymphocytes. Science. 283: 1742-1745

150. Hodgkin, P. D., J. H. Lee, A. B. Lyons. 1996. B cell differentiation and
isotype switching is related to division cycle number. Journal of Experimental Medicine.
184: 277-81

151. Burnet, M. 1959. The clonal selection theory of acquired immunity. Nashville:
Vanderbilt University Press.

152.  Jerne, N. K. 1974. The immune system: a web of V-domains. Harvey
Lectures. 70 Series: 93-110

153. Coutinho, A., L. Forni, D. Holmberg, F. lvars, N. Vaz. 1984. From an
antigen-centered, clonal perspective of immune responses to an organism-centered,
network perspective of autonomous activity in a self-referential immune system.
Immunological Reviews. 79: 151-68

154. Vaz, N. M., F. J. Varela. 1978. Self and non-sense: an organism-centered

approach to immunology. Medical Hypotheses. 4: 231-67



155. Matzinger, P. 1994. Tolerance, danger, and the extended family. Annual
Review of Immunology. 12: 991-1045

156. Bretscher, P., M. Cohn. 1970. A theory of self-nonself discrimination.
Science. 169: 1042-9

157. Garchon, H. J., F. Djabiri, J. P. Viard, P. Gajdos, J. F. Bach. 1994.
Involvement of human muscle acetylcholine receptor alpha-subunit gene (CHRNA) in
susceptibility to myasthenia gravis. Proceedings of the National Academy of Sciences of the
United States of America. 91: 4668-72

158.  Perelson, A. S., G. F. Oster. 1979. Theoretical studies of clonal selection :
Minimal antibody repertoire size and reliability of self-non-self discrimination. J. Theor.
Biol. 81: 645-670

159. De Boer, R. J., A. S. Perelson. 1993. How diverse should the immune
system be? Proc.R.Soc.Lond.B. 252: 171-175

160. Maynard-Smith, J. 1982. Evolution and the Theory of Games. Cambridge:
Cambridge University Press.

161. Nowak, M. A., K. Sigmund. 1998. Evolution of indirect reciprocity by
image scoring [see comments]. Nature. 393: 573-7

162.  Turner, P. E., L. Chao. 1999. Prisoner's dilemma in an RNA virus. Nature.

398: 441-443

Acknowledgements:
We thank our colleagues F. Agenes, A. Almeida, S. Guillaume, N. Legrand, M. Rosado,

C. Tanchot and H. Veiga-Fernandes for continuous discussion. This work was



supported by the Institute Pasteur, INSERM, CNRS, ANRS, ARC, DRET, Sidaction and

MRT, France.



	Population Biology of Lymphocytes :
	The Flight for Survival. 
	Antonio A. Freitas° and Benedita Rocha*
	Acknowledgements:



