B and T Cell Development
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Abstract Hematopoiesis is the ordered development of the different blood cell
populations from stem cells. One early branch point in hematopoietic development
is the lymphoid pathway which gives rise to B and T lymphocytes and NK cells.
B and T lymphocytes express antigen-specific receptors that are generated by the
genetic joining of segments randomly selected from multiple loci. The cells express-
ing the resulting antigen receptors are subjected to a selection process for receptors
with appropriate binding properties. Following the selection process, the naive cells
enter the circulation and respond when they encounter antigen able to be bound by
the receptor. Once stimulated, the cells mature into functional lymphocytes in a
process that is dictated by the factors and signals that are present in the environment.
While NK cells can develop in the thymus, NK cells do not express antigen-specific
receptors, but instead express a variety of activating and inhibitory receptors.
The integration of responses from these receptors determines if the NK cell will
respond. The developmental process from stem cells into mature functional cells
can be interrupted at any step by genetic mutations which cause uncontrolled prolif-
eration. Thus, an understanding of the changes important for the development of
leukemias and lymphomas facilitates generation of new treatments for these diseases
and also enhances our understanding of lymphocyte differentiation pathways.

The Development and Differentiation of Lymphocytes

The responses of the immune system are divided into two categories: innate immune
responses and adaptive immune responses. Innate immune responses occur rapidly
inresponse to antigen butlack specificity and immunological memory. Immunological
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memory is the ability to mount a more rapid response upon subsequent encounter
with the same antigen. Conversely, adaptive immune responses are antigen-specific
and generate immunological memory but take more time to develop as they require
the expansion of antigen-specific lymphocytes that are originally present in
extremely low frequencies. Because first encounter with antigen both increases the
number and functionality of antigen-specific adaptive immune system effector cells,
immunological memory is established.

Lymphocytes, a subset of white blood cells, are important components of both
innate and adaptive immune responses. There are three main types of lymphocytes:
natural killer (NK) cells, B lymphocytes (B cells), and T lymphocytes (T cells).
NK cells are large, granular lymphocytes that serve as the main effector cells of the
innate immune system. Effector functions mediated by NK cells include secretion
of cytokines and other soluble factors that regulate responses of number of sub-
populations of immune cells and lysis of a variety of target cells. B cells and T cells
are smaller lymphocytes essential to the adaptive immune response. These lympho-
cyte populations use similar mechanisms of random recombination to generate a
highly diverse set of antigen-specific receptors that is key to the enablement of
antigen-specific immune responses. These antigen-specific receptors are called
immunoglobulins (or antibodies) on B cells and T cell receptors (TCR) on T cells.

B cells initially express membrane-bound immunoglobulin. Once activated,
B cells secrete immunoglobulins which are able to trigger a variety of responses
once they bind to antigen. T cells are also capable of providing help to other immune
cells through the expression of activation antigens that serve as ligands for receptors
on other lymphocytes and/or by the production of cytokines that regulate the
immune responses of these immune cells. One subset of T lymphocytes is also able
to mediate cytolytic activity when activated. This chapter will present an overview
of these three populations of lymphocytes, including developmental pathways,
mechanisms responsible for regulation and generation of function, and how dys-
regulated lymphocyte growth can result from oncogenic transformation and subse-
quently lead to development of leukemias and lymphomas.

Hematopoiesis

Hematopoiesis is the term used to describe the overall blood cell development
process. This developmental pathway starts with hematopoietic stem cells (HSC),
which are defined as cells able to both replicate themselves and generate progeny
cells that can ultimately develop into more than ten different lineages. It was origi-
nally thought that receipt of specific signals directed the differentiation of HSC
progeny to a particular pathway in a single step [1, 2]. Yet, recent studies suggest
that the differentiation process is more progressive in nature, with cells gradually
losing the ability to commit to certain lineages as they are placed in specific envi-
ronments. Therefore, cells will eventually reach the point of being fully committed
to a single lineage. Previous studies have shown that transferring cells from one
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environment to another will allow them to develop down alternative pathways if
they are not yet fully committed to a particular pathway, demonstrating the environ-
ment to which differentiating cells are exposed plays an important role in differen-
tiation. One method of distinguishing cells at different stages of hematopoiesis
involves characterization of adhesion molecule and chemokine receptor cell surface
expression. This pattern of cell surface marker expression is important because it
directs cells to certain environments. An alternative approach is to study the expres-
sion of cell surface receptors that respond to signals in that environment and direct
the expression of regulatory factors such as transcription factors. Transcription fac-
tors, which are proteins that bind to DNA and influence gene expression, are impor-
tant because they are responsible for activating loci whose products drive cells
toward certain pathways or away from alternative pathways. For B and T lymphocytes,
it is also important to study the stages involved in the development of the clonal
antigen-specific receptors.

The initial approach to identify HSC has been to sort cells based on their cell
surface markers and then test the ability of the sorted cell populations to repopulate
immunodeficient murine recipients [1]. This approach identified cells expressing the
cell surface marker combination Lin"CD45°CD34*CD38*CD45RA-CD90Ki67*
as the cell population that contained HSC. However, this approach is limited to the
analysis of the expression of cell surface markers and cannot be used to measure the
ability of these cells to respond to specific stimuli. Single-cell level analysis of
HSC-containing populations indicated that responses to different cytokine stimuli
were exceedingly heterogeneous [3]. It was also observed that adding combinations
of different cytokines often generated greater responses than a single cytokine alone.
This observation is consistent with concept of heterogeneous populations within
these HSC populations.

Stochastic differences may also contribute to HSC heterogeneity. Sorting
HSC-containing populations based on cell cycle stage suggested that HSC in differ-
ent stages produced different types of cells [4, 5]. A related experiment used single-
cell mass cytometry, which permits simultaneous analysis of 34 parameters by using
antibodies labeled with transition element isotopes in chelated tags [6]. Analysis of
the resulting multidimensional data segregated healthy human bone marrow cell
populations into a number of different populations. Using this technology, analysis
of HSC-containing populations indicated that even the Lin~ population is still quite
heterogeneous and that the differentiation of HSC, as well as of more differentiated
cells, actually represents a continuum along which cells increasingly develop more
constrained differentiative outcomes as they progress. This data suggests that the
development of cells down unique hematological pathways is not the result of dis-
crete steps, but instead a gradual transition marked by the progressive loss of dif-
ferentiation options.

From HSC, the next step in the development of T and B lymphocytes is the pres-
ence of multipotential progenitor cells (MPP), which are characterized as Lin"CD4
5°CD34+*CD38*CD45RA-CD907Ki67*. MPP have lost self-renewal potential but
still retain the capacity to differentiate down multiple lineage pathways [6]. In mice,
MPP further differentiate into lymphoid-primed MPP (LMPP), or alternatively, to
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common lymphoid precursors (CLP). Both LMPP and CLP are strongly biased
toward lymphoid differentiation but have differing abilities to differentiate along
other pathways (such as the myeloid pathway). The reason for the presence of these
heterogeneous categories of lymphoid precursors in mice remains unclear. In
humans, the cells that migrate to and populate the thymus are CLP
(CD10*CD24-CD34%) [7] . Directing these lymphoid precursors toward the B lym-
phocyte or T lymphocyte pathway appears to be based on the ability to repress
alternative differentiative pathways. Signaling via Notch receptors is important for
repressing the development of other pathways and generating T lymphocytes.
Conversely, the silencing of the Notch! receptor signaling by the Pax5 transcription
factor, along with EBF1, appears to be important in the directing lymphoid precur-
sors toward the B lymphocyte pathway [8].

B Lymphocytes

The development of B lymphocytes in the bone marrow was recently studied using
single-cell mass cytometry multiparameter analysis. The results of this study
identified a progression of B lymphocyte precursors which undergo gradual changes
in cell surface marker expression. These different combinations of surface markers
can be used to define the different precursor populations [6]. In B cell development,
Pro-B cells first give rise to Pre-B1 cells, which then subsequently mature into
Pre-B2 cells. Pre-B2 cells give rise to immature B cells, which in turn lead to
mature- and IL3Ra*-mature B cells. Some of the more dramatic phenotypic changes
that occur as B cells differentiate include the loss of CD38 expression, increased
expression of CD45RA and CD20, and, at the end of B cell differentiation in the
bone marrow, a more modest increase of CD19 and CD123 (IL3Ro). While the
genetic rearrangement needed to generate heavy and light immunoglobulin chains
occurs early in the differentiation of B cells, the cytoplasmic expression of p heavy
chain, the first heavy chain produced, occurs in the pre-B cells. The pu heavy chain
combines with two proteins called .5 and VpreB to generate the pre-B cell receptor
(BCR). A positive signal from the pre-BCR is needed to complete differentiation
into an immature B cell expressing IgM (u heavy chain plus light chain) on the cell
surface [9].

Once the B cells leave the bone marrow, they express additional cell surface
markers including CD21, CD22, and surface IgD. B cells continuously recirculate
through secondary lymphoid organs and move to B cell follicles, which are concen-
trated areas of B cells [9, 10]. When B cells encounter antigen in the follicle, they
move to the boundary between the B cell follicles and the T cell areas in order to
interact with T cells. The costimulatory signal provided by CD40 ligand (CD154)
expressed on activated CD4+ T cells binding to CD40 on B cells drives the initial
proliferation of the antigen-bound B cell. Within days, the cytokines produced by
activated CD4+ T cells dictate a switch from the p heavy chain to the vy, €, or a
heavy chain constant region genes. This switch is mediated by the enzyme,
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activation-induced, cytidine deaminase (AID), which demethylates deoxycytidine
residues in the targeted switch recombination sequences. The resulting deoxyuracil
bases are then excised by a uracil DNA glycosylase (UNG). The excision of bases
triggers the recombination process, which results in the downstream heavy chain
assuming the position of the p heavy chain gene. This is the process by which a
B cell initially producing IgM converts to an IgG-, IgE-, or IgA-producing cell.

Activated B cells choose one of two paths after the initial antigen and
costimulation-driven activation of the B cells [9, 10]. Some of the activated B cells
migrate to extrafollicular areas in the secondary lymphoid organs where they rap-
idly expand and differentiate into antibody-secreting plasmablasts and plasma cells.
These cells provide the earliest source of antigen-specific antibodies, which are an
important component of the specificity mediated by the adaptive immune system.
The remaining antigen-stimulated B cells stay in the follicles where they seed ger-
minal centers. Germinal centers are locally defined environments within the second-
ary lymphoid organs where B cells are able to mature and undergo affinity maturation,
a process that generates higher affinity antibodies [10]. The factors that dictate
which path an activated B cell will take include the B cell’s initial affinity for anti-
gen and the level of T cell help that is generated.

Histologically, germinal centers have been shown to be composed of dark zone
and light zone compartments [10]. The dark zone is located next to the T cell areas
and contains a high density of large, proliferating B cells. These B cells have
decreased surface immunoglobulin and are called centroblasts. The B cells in
the light zone, known as centrocytes, are small, nonmitotic B cells expressing sur-
face immunoglobulin. The light zone also has a network of follicular dendritic cells,
which, while not derived from hematopoietic stem cells, express a number of Fc and
complement receptors that allow them to trap antigens. The follicular dendritic cells
can then present these antigens to B cells. In addition to the follicular dendritic cells,
there is a minor population of follicular CD4+ T cells that provide signals for ger-
minal center B cell survival.

The movement of the B cells to all of these different sites is controlled by the
expression of specific chemokine markers and production of their ligands [10].
Chemokines are chemoattractant cytokines that are able to guide lymphocytes
expressing appropriate receptors toward the cell sources producing the chemokines.
CXCRS5 is found on naive and activated B cells and drives cells toward B cell folli-
cles where cells producing the CXCRS ligand, CXCL13, are located. Once B cells
are activated, they upregulate expression of CCR7, whose ligands, CCL19 and
CCL20, are produced by cells in the T cell area. Cells in the germinal center also
express CXCR4, which recognizes the CXCL12 ligand.

Affinity maturation of B cells takes place within germinal centers [10]. When
B cells proliferate in germinal centers, they exhibit high rates of mutation in the immu-
noglobulin variable region. This process is termed somatic hypermutation and occurs
using the same enzymes that are used for switching heavy chains. AID demethylates
deoxycytidine bases and the resulting deoxyuracil bases are removed by UNG.
The polymerase that fills in the missing bases is error prone so wrong bases are often
added randomly. The consequence of somatic hypermutation is that a number of
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immunoglobulin variants are generated. B cells expressing immunoglobulin variants
that exhibit increased binding affinity to the immunizing antigen are induced to pro-
liferate further. These expanded B cell clones then differentiate into either memory
B cells or long-lived plasma cells that exit germinal centers and move to other sites in
the body, such as the bone marrow. In contrast, the B cells in which the affinity matu-
ration process induced immunoglobulin variants with decreased affinity toward the
immunizing antigen undergo apoptosis. This selective process is the driving force for
the increasing affinity of the antigen-specific antibodies that is observed.

Another consequence of B cell somatic hypermutation is the induction of DNA
strand breaks. These mistakes appear to be the primary driving force for the devel-
opment of a number of different types of B cell lymphomas. Many of the categories
of B cell malignancies that have been identified are listed below [9, 11].

Markers

CD10, CD19, CD24, TdT
CD10, CD19, CD24, TdT

Malignancy Source/origin

Acute lymphocytic leukemia Bone marrow
Chronic myelocytic leukemia-

lymphoid blast crisis

Bone marrow

Chronic lymphocytic leukemia Blood CD19, CD20, CD21, CD24,
BCR, pn, CD5

Small lymphocytic lymphoma Primary follicle CD19, CD20, CD21, CD22,
CD24, BCR, pd

Mantle cell lymphoma Primary follicle CD19, CD20, CD21, CD22,
CD24, BCR, ud

Follicular lymphoma Germinal center CD10, CD19, CD20, CD24,
BCR, ud

Diffuse large B cell lymphoma Germinal center CD10, CD19, CD20, CD24,
BCR, ud

Burkitt lymphoma Germinal center CD10, CD19, CD20, CD24,
BCR, ud

Hodgkin lymphoma Germinal center CDI10, CD19, CD20, CD24,
BCR, ud

Multiple myeloma Post-germinal center CD19, CD138

Waldenstrom macroglobulinemia Post-germinal center CD19, CD138

Marginal zone lymphoma Post-germinal center CD19,CD138

Hairy cell leukemia Post-germinal center CD19, CD138

Plasmablastic lymphoma Post-germinal center CD19, CD138

T Lymphocytes

While development of B lymphocytes occurs in the bone marrow, T lymphocyte
development occurs primarily in the thymus. This means that T lymphocyte precur-
sor cells must be able to migrate from the bone marrow through the blood to the
thymus. Experimental data indicates that the interaction between the chemokine
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receptors, CCR9 and CCR7, expressed on precursor cells and the thymic-produced
chemokines, CCL25 and CCL19-CCL21, is essential to the process of directing
these cells toward the thymus. However, the expression of these receptors does not
appear to play a role in the differentiation of the thymocytes [8].

Precursor cells that settle in the thymus develop along the T lymphocyte pathway
because of signals generated by the Notchl transcription factor and the cytokine,
IL-7. The role of these different signals in thymopoiesis appears to vary somewhat
between mice and humans. These differences include different responses to varying
levels of these respective factors, varying degrees of dependence on these two fac-
tors, and the stages at which T cell precursors respond to the factors. One of the pri-
mary roles of the signals induced by these factors is to repress the ability of early
T cell precursors to differentiate along alternative pathways. However, when these
early thymocytes are removed from the repressive environment of the thymus, they
have been shown to still retain the ability to develop into B lymphocytes, myeloid
cells, dendritic cells, and NK cells in the presence of the appropriate factors. However,
as demonstrated in mice, commitment to the erythroid and megakaryocyte lineages
cannot be achieved once T cell precursors arrive in the thymus, as these pathways are
permanently repressed prior to the thymic arrival. Once reaching the thymus, studies
suggest that the ability of T cell precursors to differentiate into B lymphocytes is
rapidly inhibited, followed by somewhat later inhibition of the myeloid and dendritic
cell pathways, and the NK cell pathway is the latest pathway to be repressed. Analysis
of human T lymphocyte precursors indicates that these cells have already lost myel-
oid differentiation capacity at the time of thymic arrival.

The differentiation stages of murine thymocytes are described as follows: DN1/
ETP, DN2a, DN2b, DN3a, DN3b, and lastly a8 T cells [8]. These stages are defined
according to the expression levels of certain cell markers, including c-kit, CD44,
CD25, and the B-chain of the T cell receptor. The B-chain of the T cell receptor is
first expressed in stages DN3a and DN3b and is therefore an important marker of
these stages. In humans, thymocyte differentiation starts with CD10*CD24-CD34*
cells that mature in a stepwise fashion by first acquiring CD7 and secondly acquir-
ing CDla [7]. Human TCR f-chain rearrangements are initially detected in
CD4CD8 CD34*CDl1a* cells. Cells then begin to express CD4 but not CD8 and
then subsequently express both CD8a and CDS8p in addition to CD4. A number of
studies have suggested that TCR B-chain rearrangements can occur at any of these
stages. The TCR B-chain then associates with a surrogate o.-chain which forms a
pre-TCR. Triggering this pre-TCR results in the expansion of the CD4*CD8* double
positive cells and initiation of a-chain TCR rearrangements [12]. The process of
a-chain TCR rearrangement continues sequentially on both chromosomes until
(1) an a-chain is formed that is able to properly associate with the previously formed
B-chain and (2) the TCR complex is able to bind to a self-major histocompatibility
complex (MHC) molecule/peptide complex and transduce a signal. Receiving this
positive signal allows a T cell to continue differentiating, while no signal results
in death of the cell. Too strong an interaction between the TCR and self-MHC
molecule/peptide complex also causes a cell to undergo activation-induced apop-
tosis (negative selection) eliminating the cell. Presumably, this negative selection
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process removes autoreactive T cells that could contribute to autoimmunity if they
were allowed to complete differentiation and be released to the periphery.

Once the naive CD4* and CD8* T lymphocytes leave the thymus, they circulate
throughout the body in the blood or reside temporarily in lymphoid organs (such the
spleen or lymph nodes). Expression of the selectin ligand, CD62L, and lack of
expression of the adhesion molecule, VLLA-4, direct the migration of naive T cells to
lymph nodes. Naive T lymphocytes are unable to migrate to tissues because they
have not yet been activated. Activation is achieved once T cells encounter antigen on
antigen-presenting cells (APCs), such as dendritic cells, in the spleen or lymph nodes.
T lymphocytes need to receive several different signals to become sufficiently acti-
vated and undergo proliferation and differentiation. Required APC signals to T cells
include presentation of antigenic peptides by MHC molecules, presentation of
costimulatory ligands such as CD80/86 on the APC cell surface, and production
of inflammatory cytokines such as type I IFN and IL-12.

The effector responses of CD4* T lymphocytes, known as “T-helper cells,”
primarily consist of the production of cytokines. CD4* T lymphocytes can produce
a wide variety of cytokines, but usually do not produce them all at once. Instead,
CD4* T cells produce a discrete set of cytokines that is determined by the combi-
nation of cytokines already present in the environment when T cell activation
occurs. CD4* T cells are divided into categories based on the cytokines they pro-
duce: T-helper 1 (Thl) cells, T-helper 2 (Th2) cells, T-helper 3 (Th3) cells, and
T-helper 17 (Th17 cells). The cytokines produced by these subsets determine their
mechanism of action. Th1 cytokines include IFN-y, IL-2, and TNF-o, which are
important in the generation of immune responses to intracellular pathogens, such
as viruses. Th2 cytokines include IL-4, IL-5, IL-10, and IL-13. These are impor-
tant in mounting responses to extracellular pathogens, such as worms. The pres-
ence of IFN-y or IL-4 at the initiation of the immune response is crucial in
determining whether an immune response will be skewed toward Thl or Th2.
IFN-y promotes the production of Thl cytokines and inhibits the production of
Th2 cytokines. In contrast, the early presence of IL-4 directs the production of
Th2 cytokines and inhibits Th1 cytokines. The early presence of TGF-§3 directs
CD4* cells to produce Th3 cytokines, TGF-f and IL-10, which facilitate the pro-
duction of IgA in mucosal tissues. When both TGF-f and IL-6 are present early in
the immune response, CD4* T cells are directed toward the Th17 phenotype result-
ing in the production of IL-17 and are often found in inflammatory conditions.

CD8* T lymphocytes, often defined as cytolytic T lymphocytes (CTLs), play a
major role in the Thl response against intracellular pathogens but have also been
shown to produce a variety of different cytokines. While CD8* T cells can produce
Th1 cytokines when activated, the primary method these cells use to eliminate intra-
cellular pathogens is by lysing the pathogen-infected cells. The lysis of these
infected cells is accomplished through exocytosis of cytolytic granules. Main com-
ponents of these granules include serine proteases called granzymes and perforin, a
protein that forms holes in the cell membrane [13]. Perforin facilitates entry of gran-
zymes into the cell cytoplasm where they are able to induce programmed cell death
(apoptosis) in the target cell.
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Naive CD8* T cells do not contain cytolytic granules. Once CD8* T cells receive
sufficient activating signals, they begin producing granzymes and perforin and
packaging these proteins into granules. When an activated and armed CD8* T cell
encounters a cell expressing the same antigen as that which triggered its initial acti-
vation, cytolytic granules are mobilized to the point of contact and triggered to
exocytose stored contents into the extracellular environment next to the target cell.
Once clearance of an infectious pathogen has been accomplished, activated CDS8
T cells are reduced in number via a process called activation-induced cell death.
Yet, even after this contraction, the number of memory CDS8 T cells specific for the
pathogen remains elevated. High levels of granzyme A have been observed in these
resting memory CD8 T cell populations [14, 15]. With additional encounters with
antigens, the process of repeated activation and return to rest results in even higher
resting levels of cytolytic effector molecules. Initially, resting memory CD8 cells
express granzyme A plus low levels of granzyme B or perforin. With more cycles of
activation, these cells begin to express high levels of both granzyme A and gran-
zyme B and low levels of perforin. Eventually, high resting levels of perforin are
also established. These end-stage CD8* cells also are marked by the expression of
NK cell markers, particularly CD57. As CD8* T cells progress through these differ-
ent stages, it has been found that they express an increasing number of these NK
markers, which can alter how they respond to specific antigens.

Five granzymes can be found in human cytolytic granules: A, B, H, K, and M
[13]. These are produced and present in varying amounts depending on cell type.
Out of these five types, granzymes A and B have been most extensively studied.
Granzyme B induces target cell apoptosis through cleavage of caspases that trigger
the apoptotic pathway. While granzyme A may also induce apoptosis via an alterna-
tive pathway, it also contributes to inflammation by cleaving, and thereby activating,
assemblies of proteins called inflammasomes [16]. Inflammasome activation triggers
the cleavage of IL-1f and IL-18 pro forms, which in turn leads to the production of
active cytokines that induce inflammatory responses.

Natural Killer Cells

Natural killer (NK) cells are important effector cells in the innate response to anti-
genic stimulation [17]. These cells produce cytokines and also mediate cytolytic
activity. The development of NK cells primarily occurs in the bone marrow, although
it can occur at other sites as well. Transcription factors that appear to be important
for NK cell maturation include IRF-2, Gata3, Tbx21, and D1x. At an immature
stage, NK cells require a common y-chain and the IL-2RB-chain (both components
of the IL-2 and IL-15 receptor), along with the associated signaling molecules.
Knockout mice studies demonstrated that expression of IL-15 or the IL-15Ra-chain
is essential for the development and maintenance of NK cells, as absence of either
one of these molecules prevents NK cell development. In humans, no individuals
exhibiting loss of IL-15 or IL-15R have been reported, but information can still be
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gained from studying individuals with mutations in other proteins involved in these
pathways. Such studies have indicated that, like in mice, IL-15 is the key regulator
of NK cell development in humans.

Although the phenotype of NK cell precursors has not been identified in humans,
CD3CD161*CD56" cells can be induced in vitro from Lin"CD34* cells. When
these precursor cells are further stimulated with IL-2 and IL-12, CD56 expression
and natural cytotoxicity are acquired. NK cells also undergo a selection process that
results in them expressing a varying number of inhibitory receptors depending on
recognition of MHC molecules expressed in the environment during their develop-
ment [18]. These inhibitory receptors are important in maintaining self-tolerance.
If NK cell receptors interact with self-MHC on another cell, the kill signal will be
inhibited and the self-cell will remain intact. However, if a self-MHC complex is not
present, NK cell cytotoxic potential will be released. This system allows NK cells
to target foreign antigens and also pathogen-infected syngeneic cells (which often
downregulate expression of self-MHC).

NK cells can also develop in sites other than bone marrow, including the lymph
node, thymus, and intestine [17]. In the thymus, the differentiation pathway to NK
cells is the last alternative pathway lost before final commitment to T lymphocyte
lineage. This has raised the question of how NK-cell-inducing signals within the
thymus overcome the dominant push to become T cells. NK cells in the thymus
have been found to express intracellular CD3¢ proteins, a phenotype not observed
in the peripheral NK cells. There is evidence that NK cells can also develop in the
lymph nodes and intestines. The contribution of these non-bone marrow sites to the
overall number of NK cells has not been determined. Unlike NK cells that develop
in the bone marrow, many NK cells that develop in non-bone marrow sites are
CD56M¢"CD16"". The ratio observed is 10:1 CD56 "' CD16"%:CD56*CD16"e NK
cells in the lymph node and intestine, whereas the ratio of these two populations of
NK cells is 1:10 in the peripheral blood and spleen. These two populations of NK
cells have different primary effector functions. The CD56"¢"CD16"" NK cells are
primarily cytokine secretors, while the CD56°*CD16"s" NK cells are primarily
cytolytic effector cells.

Mature NK cells leaving the bone marrow are fully armed with cytolytic gran-
ules containing granzymes and perforin. Activation of NK cells to carry out cytolytic
activity is usually the result of receiving more activating signals than inhibitory
signals. The balance tips toward an activating response in situations where there is
a lack of self-MHC molecules. This happens when the target cells are allogeneic or
have lost expression of MHC molecules because the cell has been infected or
because of oncogenic transformation. Activation can also occur when an NK cell
receives strong activating signals. The strongest activating signal, which is able to
override all inhibitory signals, is triggered by the binding interaction between an
Fc receptor and antibody-coated cells or antigen.

A number of different leukemias and lymphomas have been identified as malig-
nant transformation of cells at all of the different stages of T cell and NK cell dif-
ferentiation [11]. The transformation of the more differentiated T cell stages is
reflected by the identification of a heterogenous group of T cell and NK lymphomas.
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T cell lymphomas have been divided into the cutaneous T cell lymphomas and
peripheral T cell lymphomas categories [19-21]. Peripheral T cell lymphomas
are a heterogenous group of lymphomas that are often derived from cytolytic
cells, including NK cells. These lymphomas occur with a relatively low frequency
(<1 case/100,000). They are further divided into subcategories based on clinical
features including nodal, extranodal, and leukemic. The nodal group of lymphomas
includes peripheral T cell lymphomas not otherwise specified, anaplastic large cell
lymphoma, and angioimmunoblastic T cell lymphoma. The extranodal group con-
tains a number of less common types, including hepatosplenic y5 T cell lymphoma,
enteropathy-associated T cell lymphoma (associated with celiac disease), intestinal
T and NK cell lymphomas, nasal-type NK7/T~ lymphoma, and panniculitis-like
T cell lymphoma.

The leukemia group includes the adult T cell lymphoma (ATL) associated with
human T-lymphotropic virus type 1 (HTLV-1). The geographic distribution of the
ATL is similar to where the HTLV-1 virus is endemic, which includes Japan and the
Caribbean. T cell chronic large granular lymphocyte leukemia, aggressive NK cell
leukemia, and T cell prolymphocytic leukemia also are included in the leukemic
subcategory.

The cutaneous T cell lymphomas are primarily comprised of mycosis fungoides
and the leukemic variant, Sezary syndrome [20]. Mycosis fungoides is a lymphoma
primarily comprised of mature, skin-homing CD4+ clonal cells producing the Th2
cytokines IL-4, IL-5, and IL-10. They usually present as patches, plaques, tumors,
or generalized erythema of the skin. These malignant cells can also be found in the
lymph nodes and peripheral blood. These cells lack expression of T cell markers
such as CD7 and CD26 but usually express clonal TCR. Gene expression profiling
of STAT4, GATA3, Plastin-T, CD1d, and TRAIL has been found to be 90% accurate
in predicating Sezary syndrome.

An understanding of the developmental and differentiation pathways of lympho-
cyte subpopulations including B lymphocytes, T lymphocytes, and NK cells is
important for categorizing the different types of malignant transformed lympho-
cytes. This understanding will facilitate study of the different types of lymphomas
and the mechanisms responsible for their development and provide a basis for the
development of novel and better therapeutic protocols.

References

1. Ema H, Morita Y, Yamazaki S et al (2006) Adult mouse hematopoietic stem cells: purification
and single-cell assays. Nat Protoc 1:2979-2987

2. Seita J, Weissman IL (2010) Hematopoietic stem cell: self-renewal versus differentiation.
Wiley Interdiscip Rev Syst Biol Med 2:640-653

3. Gibbs KD Jr, Gilbert PM, Sachs K et al (2011) Single-cell phospho-specific flow cytometric
analysis demonstrates biochemical and functional heterogeneity in human hematopoietic stem
and progenitor compartments. Blood 117:4226-4233

4. Dooner GJ, Colvin GA, Dooner MS et al (2008) Gene expression fluctuations in murine
hematopoietic stem cells with cell cycle progression. J Cell Physiol 214:786-795



22

V)]

10.

11.

12.

13.

15.

16.

17.

18.

20.

21.

L.D. Fast

. Quesenberry PJ, Colvin G, Dooner G et al (2007) The stem cell continuum: cell cycle, injury,
and phenotype lability. Ann N Y Acad Sci 1106:20-29

. Bendall SC, Simonds EF, Qiu Pet al (2011) Single-cell mass cytometry of differential immune
and drug responses across a human hematopoietic continuum. Science 332:687-696

. Vicente R, Swainson L, Marty-Gres S et al (2010) Molecular and cellular basis of T cell lin-
eage commitment. Semin Immunol 22:270-275

. Rothenberg EV (2011) T cell lineage commitment: identity and renunciation. J Immunol
186:6649-6655

. LeBien TW, Tedder TF (2008) B lymphocytes: how they develop and function. Blood

112:1570-1580

Gatto D, Brink R (2010) The germinal center reaction. J Allergy Clin Immunol 126:898-907,

quiz 8-9

Campo E, Swerdlow SH, Harris NL et al (2011) The 2008 WHO classification of lymphoid

neoplasms and beyond: evolving concepts and practical applications. Blood 117:5019-5032

Gascoigne NR, Palmer E (2011) Signaling in thymic selection. Curr Opin Immunol

23:207-212

Lieberman J (2003) The ABCs of granule-mediated cytotoxicity: New weapons in the arsenal.

Nat Rev Immunol 3:361-382

. Takata H, Takiguchi M (2006) Three memory subsets of human CD8+ T cells differently

expressing three cytolytic effector molecules. J Immunol 177:4330-4340

Chattopadhyay P, Betts M, Price D et al (2009) The cytolytic enzymes granzyme A, granzyme

B, and perforin: expression patterns, cell distribution, and their relationship to cell maturity

and bright CD57 expression. J Leukoc Blol 85:88-97

Lamkanfi M, Dixit VM (2011) Modulation of inflammasome pathways by bacterial and viral

pathogens. J Immunol 187:597-602

Huntington N, Mention J-J, Vosshenrich C et al (2010) Dissecting Human NK cell develop-

ment and differentiation. In: Zimmer J (ed) Natural killer cells. Springer, Heidelberg,

pp 39-61

Pegram HJ, Andrews DM, Smyth MJ et al (2011) Activating and inhibitory receptors of natu-

ral killer cells. Immunol Cell Biol 89:216-224

. Zeerleder S, Hack C, Caliezi C et al (2005) Activated cytotoxic T cells and NK cells in severe

sepsis and septic shock and their role in multiple organ dysfunction. Clin Immunol

116:158-165

Kim EJ, Lin J, Junkins-Hopkins JM et al (2006) Mycosis fungoides and sezary syndrome: an

update. Curr Oncol Rep 8:376-386

Foss FM, Zinzani PL, Vose JM et al (2011) Peripheral T-cell lymphoma. Blood

117:6756-6767



2 Springer
http://www.springer.com/978-1-4614-5850-0

Mon-Hodgkin Lymphoma

Prognostic Factors and Targets
Quesenberry, P.).; Castillo, J.). (Eds.)
2013, V1, 304 p., Hardcover

ISEM: 978-1-4614-3850-0

A product of Humana Press



	B and T Cell Development
	The Development and Differentiation of Lymphocytes
	Hematopoiesis
	B Lymphocytes
	T Lymphocytes
	Natural Killer Cells
	References


