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Gene expression variation is critical for the normal
development and physiology of immune cells. Using cDNA
microarrays, a systematic, genomic-scale view of gene
expression in immune cells at many stages of differentiation
and activation can be obtained. From the high vantagepoint
provided by this technology, the gene expression physiology of
immune cells appears remarkably ordered and logical. Each
stage of lymphocyte differentiation can be defined by a
characteristic gene expression signature. Genes that are co-
regulated over hundreds of experimental conditions often
encode functionally related proteins. Gene expression profiles
also provide unprecedented ability to define the molecular and
functional relationships between normal and malignant
lymphocyte cell populations. 
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Abbreviations
CLL chronic lymphocytic leukemia
DLBCL diffuse large-B-cell lymphoma
EST expressed sequence tag
FL follicular lymphoma
PCR polymerase chain reaction

Introduction
The analysis of gene expression variation has been a cor-
nerstone in the study of the immune system. The
expression of cell surface markers has allowed the cellular
components of the immune system to be subdivided into
functionally homogeneous groups. Expression of cell sur-
face receptors, cytokines and chemokines defines the
ability of immune cell subpopulations to interact with one
another and participate in the immune response. Although
traditional methods of gene expression analysis have yield-
ed a wealth of knowledge, they have only allowed a minute
fraction of the estimated 100,000 genes in the mammalian
genome to be studied. Until recently, a more comprehen-
sive analysis of gene expression was hindered by the
dearth of genome sequence and by the lack of methods for
parallel gene-expression profiling.

Auspiciously, immunology is about to enter the post-
genome era. Full genome sequences for several model
organisms are already available and the completion of sev-
eral more full genomes, including our own, is imminent.

An important complement to whole genome sequencing
has been the high-throughput, partial sequencing of
cDNAs to generate expressed sequence tags (ESTs) [1].
Public databases now contain over two million EST
sequences from cDNA libraries representing diverse cells
and tissues. Bioinformatics algorithms such as Unigene
assemble these ESTs into clusters that tentatively define
distinct genes [2]. Currently 93,544 human Unigene clus-
ters are defined (Unigene release 104) which still may only
represent ~90% of all human genes. These rich cDNA
resources have served as the foundation for recent
advances in quantitative, parallel gene-expression analysis.
The advent of DNA microarrays now makes analysis of
gene expression on a genomic-scale routine and we have
begun to view the immune system from this new perspec-
tive. Here we summarize work done jointly by the Staudt
laboratory and the laboratory of Pat Brown that used DNA
microarrays to investigate the responses of immune cell
subsets to diverse stimuli and to discern the relationship
between normal lymphocyte subpopulations and the
human lymphoid malignancies.

DNA microarrays and expression profiling
Although there are currently several different technologies
for the production of DNA microarrays, all produce an
ordered array of thousands of immobilized nucleic acids on
a solid substrate [3,4]. Each of these immobilized elements
serves to assay the abundance of its cognate complement
in a complex nucleic acid mixture, typically a fluorescently
labeled cDNA probe prepared from mRNA. The hybridi-
zation of fluorescently labeled molecules to the microarray
is captured in a digital image of the microarray using a
scanning laser microscope. This image is then processed
by various densitometric image-analysis algorithms to pro-
duce a table of measurements for each element on the
array. Given this highly parallel architecture, each experi-
ment generates abundant data very quickly, necessitating
new visualization and analytical tools [5••]. 

Currently, the most commonly available DNA microarrays
are of two main varieties: cDNA microarrays fabricated by
robotic spotting of PCR products on glass slides; and
in-situ-synthesized oligonucleotide arrays fabricated using
photolithographic chemistry on silicon wafers. The data
generated by these two methods are relatively concordant,
as illustrated by the fact that parallel studies of the yeast
cell cycle by these two methods yielded comparable
results [6•,7••]. In this review, we summarize cDNA
microarray experiments in which relative gene expression
in two experimental mRNA samples is compared on a sin-
gle microarray. A cDNA probe is prepared from the two
mRNA samples, with each probe incorporating a distinct
fluorophore. These two fluorescent probes are mixed and
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simultaneously hybridized to a cDNA microarray under
stringent conditions. Following washes, data are acquired
on a laser scanning microscope for each of the two wave-
lengths emitted by the pair of fluorophores, allowing
quantitation of the ratio of hybridization of the two probes
to each cDNA spot on the microarray. These fluorescent
ratios are robust measurements of relative gene expression
and have been shown to agree well with more standard
methods of gene expression analysis such as northern blot
hybridization and quantitative RT (reverse transcriptase)-
PCR [8,9]. mRNA specimens can be compared to one
another using either a direct or an indirect experimental
design. In time-course experiments, typically involving
exposure of cells to mitogens and/or cytokines, each
mRNA from stimulated cells is compared directly to the
mRNA from unstimulated cells. For survey experiments
requiring comparison of multiple unrelated samples, an
indirect experimental design is used in which each mRNA
sample is compared to a reference mRNA pool derived
from related cell types. The use of a common reference
mRNA pool on each cDNA microarray allows the relative
gene expression in multiple samples to be deter-
mined [10•].

Specialized DNA microarrays for immunology
Since human microarrays with full genome coverage are
currently unattainable, specialized microarrays tailored to
the biological questions being asked are highly useful. We
created one such specialized microarray, the ‘Lymphochip’,
to investigate questions in normal and malignant lympho-
cyte biology by selecting genes that are preferentially
expressed in lymphoid cells or that are of known immuno-
logical or oncological importance [10•]. One of our goals in
constructing the Lymphochip was to survey gene expres-
sion in non-Hodgkin’s lymphomas in order to classify these
malignancies into molecularly defined and clinically useful
categories. Because of the suspected importance of the ger-
minal center B cell to the etiology of non-Hodgkin’s
lymphomas, we began by creating a cDNA library from ger-
minal center B cells purified from human tonsils [10•].
Under the auspices of the Cancer Genome Anatomy pro-
ject [11], high-throughput EST sequencing of 50,898
clones from this library revealed that roughly 18% of the
ESTs from this library had not been previously observed.
This rich source of novel genes formed the foundation of
the Lymphochip and 12,069 out of 17,856 cDNA clones on
the Lymphochip are derived from the germinal center
B cell library. We also included an additional 2338 cDNA
clones from libraries derived from several non-Hodgkin’s
lymphomas as well as chronic lymphocytic leukemia
(CLL). Finally, we supplemented the array with clones rep-
resenting a variety of genes that are induced or repressed
during B and T lymphocyte activation by mitogens or
cytokines [12] and a curated set of 3186 ‘named’ genes of
importance to lymphocyte and/or cancer biology. Different
cDNA clones representing the same human gene were
included for ~30% of the genes to provide controls for the
reproducibility of gene expression quantitation. The

complete annotated list of these cDNAs can be found at
http://llmpp.nih.gov/lymphoma. The Lymphochip cDNA
microarray thus provides two complementary genomic-
scale views of normal and malignant lymphocytes: the
‘named’ gene component of the microarray generates
insights and hypotheses related to known cellular path-
ways whereas the novel genes on the microarray can define
gene expression profiles that relate or distinguish one lym-
phoid population from another.

The landscape of gene expression in normal
and transformed immune cells
Using the Lymphochip, a database of several million sepa-
rate measurements of gene expression in normal and
malignant immune cells has been assembled which is the
beginning of a systematic study of the genomic expression
in various immune cells. Figure 1 depicts ~3.8 million
measurements of gene expression made on ~13,000 genes
using 242 Lymphochip microarrays. The data displayed in
this figure have been organized using a hierarchical clus-
tering algorithm and displayed as described in [5••]. In
essence, this algorithm uses the standard Pierson correla-
tion coefficient to define the similarity in expression of
each pair of genes across all experimental samples. The
algorithm then arranges the order of the genes to place
genes with the most correlated expression near each other.

The organized data are graphically displayed in tabular for-
mat, with each horizontal row of colored boxes
representing the variation in mRNA abundance for a given
gene across all samples, and each vertical column repre-
senting the variation in mRNA abundance for a single
sample across all genes. A color scale is used to represent
variations in transcript abundance for each gene, where
shades of red represent higher expression and shades of
green represent lower expression; the intensity of the color
corresponds to the magnitude of mRNA expression. The
left half of Figure 1 depicts data from experiments study-
ing the activation responses of Jurkat T cells to mitogens
(5 experimental series with 10 time points each) and
human peripheral blood mononuclear cells to various con-
ditions including heat-killed bacteria and pharmacological
stimulation (eight experimental series with eight time
points each). Each time series is indicated in the legend
above the figure by a triangle that reflects the progression
of time during each experiment (from left to right). For
these experiments, the gene expression color scale repre-
sents gene expression in each stimulated cell sample
relative to unstimulated cells; red and green represent fold
induction and repression, respectively. In contrast, the
right half of Figure 1 represents data from a survey of gene
expression variation in normal and malignant lymphocytes,
with each cell type grouped together as indicated by the
color code above the figure. For these experiments, the
color scale reflects the relative expression level for a given
gene across all samples surveyed; red and green represent
fold overexpression and underexpression relative to the
median expression of the gene in all samples, respectively.
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The hierarchical clustering algorithm groups genes accord-
ing to the similarity in their expression and thus can be
used to define ‘clusters’ of genes that are coordinately
expressed [5••]. These gene expression clusters are often
revealed by prominent contiguous patches of red or green
color in graphical depictions of the data (Figure 1). If a
gene cluster includes genes that are characteristically
expressed in a given cell type, biological process or signal-
ing pathway, the cluster can be operationally defined as a
gene expression ‘signature’ (AA Alizadeh et al., unpub-
lished data; see Note added in proof). Several such gene
expression signatures are described below and are indicat-
ed on the right-hand sides of Figures 1 and 2.

Gene expression signatures and function in
the immune system
Genomic-scale gene expression studies have revealed, in
many instances, a striking relationship between the
expression pattern of a gene and its function [5••]. Several

studies in the yeast Saccharomyces cerevisiae have shown that
clusters of co-regulated genes often include genes that are
subunits of the same protein complex or genes that are
involved in the same biochemical pathway
[5••,6•,7••,8,13,14] For example, all subunits of the proteo-
some in S. cerevisiae are co-regulated, as are genes involved
in the diauxic shift and in sporulation. Analysis of promot-
ers of such clustered genes has revealed common sequence
motifs, in some cases reflecting regulation by known tran-
scription factors [7••,8,13,14]. Because of the intimate
relationship between gene expression and gene function, a
novel gene can hypothetically be assigned a function if it is
co-regulated with a set of genes that are involved in the
same biochemical process.

The most easily interpreted gene expression signatures in
Figure 1 involve genes that are expressed in distinct
immune cell types at particular stages of differentiation.
The T cell gene expression signature, for example,
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Figure 1

A gene expression map of immune cells.
Depicted are the results of over 3.8 million
measurements of gene expression made on
13,637 genes using 242 Lymphochip
microarrays. Each row represents one element
on the microarray and each column
represents one of 242 Lymphochip microarray
experiments. The experiments are grouped by
cell type as indicated by the color code and
key at the top. Jurkat T cells were
unstimulated (far left) or activated by mitogens
(5 experiments with 10 time points each);
peripheral blood mononuclear cells (PBMC)
were unstimulated or activated (8 experiments
with 8 time points each). Overexpressed or
induced genes are colored red whereas
underexpressed or repressed genes are
colored green. Black indicates gene
expression measurements close to the median
or to that of the unstimulated sample in a time
course series. Gray indicates undetermined
values. Various gene expression signatures
are indicated at the right. See text for more
details.
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includes T cell differentiation genes (e.g. the gene encod-
ing CD2), T cell receptor genes and genes whose products
are involved in T cell receptor signaling (LAT and fyn).
The B cell gene expression signature likewise includes

B cell differentiation genes (encoding CD20 and
immunoglobulin J chain) and genes encoding B cell recep-
tor components (e.g. CD79B). Genes in the lymph node
gene expression signature were generally found to be
expressed in lymph node biopsies from patients with dif-
fuse large-B-cell lymphoma (DLBCL) and reflect the
complex biology of this secondary lymphoid organ. This
gene expression signature includes monocyte differentia-
tion genes (encoding CD14 and c-fms), natural killer (NK)
cell differentiation genes (e.g. the gene encoding NK4), a
variety of chemokine genes (encoding IP-10, MIG, PARC
and RANTES) and genes whose products are involved in
generating and remodeling the extracellular matrix
(osteonectin and matrix metalloproteinase 9).

Other gene expression signatures in Figure 1 include genes
involved in related biochemical pathways or processes. The
‘proliferation gene expression signature’ is comprised of
hundreds of genes that function in one of the numerous
biochemical processes that change during the cell cycle. As
would be expected, the genes in the proliferation gene
expression signature were highly expressed by the aggres-
sive DLBCLs but not by the indolent lymphoid
malignancies, follicular lymphoma (FL) and CLL. This
gene expression signature includes genes regulating cell
cycle progression (encoding cdk4 and cdc2; cyclins A, B1,
E, F; and cdk kinase inhibitors p16 and p18), genes whose
products are involved in DNA replication (replication factor
C, MCM2 DNA replication licensing factor and dihydrofo-
late reductase) and checkpoint genes that monitor proper
cell cycle progression (encoding BUB1 and CHK1).

The ‘immune activation gene expression signature’
includes hundreds of genes that were induced when
B cells, T cells and peripheral blood mononuclear cells
were activated by a variety of mitogens, cytokines and
microorganisms (Figure 1). The organizing principle of this
signature appears to involve the transcription factor NF-κB
[15]. NF-κB factors are among the most important orches-
trators of innate and acquired immunity and consist of
homo- or hetero-dimers of proteins in the Rel family.
Homologues of the mammalian NF-κB gene family are
highly conserved in evolution. In insects, the NF-κB fac-
tors respond to a variety of environmental stresses. In the
mammalian immune system, NF-κB factors can function
in innate immunity by responding to components of micro-
bial pathogens such as lipopolysaccharide and
double-stranded RNA. In acquired immunity, NF-κB fac-
tors are activated by signals through the B cell and T cell
antigen receptors.

A host of genes have already been identified as transcrip-
tional targets of NF-κB factors [16]; many are present in
the immune activation signature represented in Figure 1.
Interestingly, genes encoding many of the known NF-κB/
Rel proteins are in this signature (i.e. NF-κB 1, NF-κB 2,
RelB, c-Rel and IκBα), reflecting the recognized autoreg-
ulatory nature of this intricately controlled signaling
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Figure 2

Gene expression during lymphocyte differentiation and activation. For
each gene, expression measurements were centered around the
median expression measurement in this experimental series. Various
gene expression signatures are indicated at the right. See the text and
the legend to Figure 1 for details. Experiment numbers correspond to
various treatments: 1, fetal CD4+ thymic cells, I+P (ionomycin+PMA
[phorbol myristate acetate]) stimulated; 2, fetal CD4+ thymic T cells;
3, neonatal naive CD4+ blood T cells; 4, adult naive CD4+ blood
T cells; 5, adult naive CD4+ blood T cells, I+P stimulated; 6, neonatal
naive cord blood T cells, I+P stimulated; 7, cord blood B cells; 8, blood
B cells; 9, blood B cells, anti-IgM stimulated (24 hours); 10, blood
B cells, anti-IgM stimulated (6 hours); 11, blood B cells, anti-
IgM+CD40L stimulated (6 hours); 12, blood B cells, anti-IgM+CD40L
stimulated (24 hours); 13, blood B cells, anti-IgM+CD40L stimulated
(6 hours); 14, blood B cells, anti-IgM+CD40L stimulated (24 hours);
15, blood B cells, anti-IgM+CD40L+IL-4 stimulated (6 hours);
16, blood B cells, anti-IgM+CD40L+IL-4 stimulated (24 hours);
17, blood B cells, anti-IgM+IL-4 stimulated (24 hours); 18, blood
B cells, anti-IgM+IL-4 stimulated (6 hours); 19, blood CD27+ memory
B cells; 20, blood CD27– naive B cells; 21, tonsilar GC (germinal
center) B cells; 22, tonsilar GC centroblasts.
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system. The NF-κB cluster includes genes encoding a
prominent group of secreted immune mediators including
cytokines (IL-1α, IL-1β, IL-3, IL-6, IL-10, TNFα,
TNFβ, SCF, G-CSF and GM-CSF) and chemokines
(IL-8, MIP-1α, MIP-1β, MIP-2 β, MIP-3α). NF-κB is well
known to block programmed cell death in many systems
[15] and, correspondingly, the immune activation signature
includes genes encoding A1, an anti-apoptotic bcl-2 family
member, and c-IAP2, a homologue of the insect-virus-
encoded inhibitor of apoptosis (IAP) protein. The immune
activation gene expression signature additionally includes
a variety of known and novel genes that may also be
NF-κB target genes. However, the mRNA samples in
which these genes were most highly expressed were those
derived from Jurkat T cells or peripheral blood mononu-
clear cells that were mitogenically stimulated. Clearly,
these stimuli engage multiple signal transduction path-
ways and, therefore, future experimentation will be
required to determine which genes in this immune activa-
tion signature are NF-κB targets.

Two prominent gene expression signatures include targets
of interferon signaling. The genes in both interferon signa-
tures were induced during Jurkat T cell activation but the
two signatures were separated by the hierarchical clustering
algorithm because their component genes were differen-
tially expressed in other cell types, notably CLL cells. The
Interferon 1 gene expression signature includes the gene
encoding the interferon-responsive transcription factor
STAT1, MHC class I genes, genes involved in antigen pre-
sentation (TAP1 and the proteosome subunit LMP2) and a
host of known interferon-responsive genes of unknown
function (Figure 1). The Interferon 2 gene expression
signature includes genes encoding several interferon-
responsive transcription factor subunits (STAT2, IRF-2 and
ISGF3γ), MHC class II genes, the influenza virus resis-
tance gene MxB and several known interferon-responsive
genes of unknown function (Figure 1).

Each of the gene expression signatures highlighted above
contains a large number of novel genes of unknown func-
tion. Given the functional relatedness of the genes in these
signatures, such gene expression data provide clues to the
function of these novel genes, even without any knowl-
edge of their predicted gene products.

Discovering etiological links between normal
and malignant lymphocytes
One of our primary goals in creating the Lymphochip
cDNA microarray was to develop a systematic understand-
ing of gene expression changes during B cell
differentiation. The motivation behind much of this work
was to define in molecular terms the differences among
the wide variety of B lymphoid malignancies. We suspect-
ed that the biology and clinical behavior of a B cell
malignancy would be strongly influenced by the biology of
its normal counterpart in B cell differentiation. Until now,
hypotheses regarding the cellular origins of B cell

lymphomas and leukemias have relied on the expression of
a handful of surface markers and on the status of the
immunoglobulin loci in the malignancies. Most of the non-
Hodgkin’s B cell lymphomas appear to be derived from
mature B cells as they have rearrangements of the
immunoglobulin heavy and light chain genes. Further
insight into the origin of these malignancies has come from
analysis of their immunoglobulin variable-region
sequences. The process of somatic hypermutation of
immunoglobulin genes is relatively restricted to the germi-
nal center microenvironment [17]. Many categories of
non-Hodgkin’s B-cell lymphoma have mutated
immunoglobulin variable genes, suggesting that the B cells
that gave rise to these lymphomas traversed the germinal
center microenvironment [18]. However, the presence of
immunoglobulin gene somatic mutations in a lymphoma
cannot be used to decide whether the lymphoma was
derived from a germinal center B cell per se or from a post-
germinal-center B cell.

We therefore sought to systematically define the gene
expression programs of normal lymphocytes and to deter-
mine the extent to which these programs are inherited by
human lymphoid malignancies. Figure 2 presents gene-
expression measurements in a variety of lymphocyte
subpopulations that were isolated by magnetic and fluo-
rescent cell sorting techniques from human peripheral
blood, thymus or tonsil. The lymphocyte subpopulations
were assayed for gene expression either in an unstimulat-
ed state or after stimulation with a variety of mitogens
and/or cytokines. Several gene-expression signatures are
evident from this display. A large number of lineage-
restricted genes distinguish B and T lymphocytes but
these two lineages also share the expression of many
genes. Within the B cell lineage, a striking signature of
activated B cells is evident. These genes are much more
highly expressed in activated B cells than activated T cells
and are also not as highly expressed in germinal center
B cells. Interestingly, two of these genes encode CXCR5
[19] and CCR7 [20], chemokine receptors involved in lym-
phocyte homing. CCR7 is responsible for retention of
B cells in the periarteriolar lymphoid sheath whereas
CXCR5 mediates homing of B cells towards follicular den-
dritic cells, leading to germinal center formation. Thus,
these chemokine receptors have opposing effects on lym-
phocyte migration and an activated B cell apparently
integrates the signals delivered by the binding of these
receptors to their respective ligands [20]. BCL-2 is anoth-
er interesting B cell activation gene product that is not
upregulated in mitogenically stimulated T cells and is pro-
foundly downregulated in germinal center B cells. BCL-2
may therefore play a restricted role in preventing activa-
tion-induced cell death in activated B cells that are
destined to differentiate into plasma cells in the periarteri-
olar lymphoid sheath.

The Germinal center B cell signature consists of hundreds
of genes that are not expressed in resting B cells, activated
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B cells or T cells. The Lymphochip microarray was, of
course, especially suited to discovering novel genes that
contribute to this signature since this microarray contains
over 12,000 cDNAs derived from a germinal center B cell
library. The discovery of this germinal center B cell signa-
ture demonstrates that germinal center B cells represent a
distinct stage of B cell development. Indeed it has not
been possible, to date, to generate germinal center B cells
in vitro by activation of resting B lymphocytes. It is likely,
therefore, that specific in vivo stimuli, perhaps delivered
by T cells and/or follicular dendritic cells, are required to
establish the germinal center B cell gene expression pro-
gram. Once established, the germinal center B cell
signature can be a stable phenotype, as evidenced by the
fact that some B cell lymphoma cell lines faithfully main-
tain the expression of these signature genes during in vitro
culture (AA Alizadeh et al., unpublished data; see Note
added in proof). Although most of the genes in the germi-
nal center signature are novel genes of unknown function,
the few named genes in this signature are noteworthy. The
gene for BCL-6 encodes a critical transcriptional repressor
protein that is required for the normal development of ger-
minal center B cells [21–23]. The BCL-6 gene is also the
most commonly translocated gene in DLBCLs, the most
common subtype of non-Hodgkin’s lymphoma [24]. Thus,
there is an intimate relationship between the expression of
BCL-6 and its function as a regulator of germinal center
formation and B cell malignancy. The gene encoding
A-myb is another transcription factor gene in the germinal
center B cell signature that can cause follicular hyperplasia
when overexpressed in transgenic mice [25]. Both of these
transcription factors may therefore contribute to the stable
maintenance of the germinal center B cell program. BCL-6
is downregulated in plasma cells, suggesting that the loss
of its function may allow the distinctive gene expression
program of plasma cells to proceed [24].

This map of gene expression changes during lymphocyte
differentiation provides a rich framework in which to inter-
pret the gene expression in lymphoid malignancies. We
have surveyed gene expression in three of the most com-
mon human B cell malignancies: DLBCL, FL and CLL
(AA Alizadeh et al., unpublished data; see Note added in
proof). It has been suggested that both DLBCL and FL
derive from a germinal center B cell or a B cell at a later
differentiation stage, based on the fact that the immuno-
globulin genes in these malignancies have somatic
mutations. The gene expression profile of FLs strongly sug-
gests that this malignancy is derived from the germinal
center B cell itself. Virtually all of the genes in the germinal
center B cell signature are expressed in FLs. On the basis of
this shared gene expression signature, FLs would be
expected to resemble normal germinal center B cells func-
tionally. Indeed, it has been shown that FLs continue the
process of somatic hypermutation of immunoglobulin genes
after they have been transformed [26]. By contrast, CLLs
did not express most of the genes in the germinal center
B cell gene expression signature. DLBCLs were heteroge-

neous in their expression of the germinal center B cell sig-
nature. About half of the DLBCL cases strikingly
resembled germinal center B cells in gene expression. The
other DLBCL cases, by contrast, lacked expression of most
of the genes in the germinal center B cell signature. Instead,
these DLBCL cases had their own characteristic gene
expression signature that overlapped significantly, but not
completely, with the activated B cell signature described
above (AA Alizadeh et al., unpublished data; see Note added
in proof). Thus, gene expression profiling was capable of
subdividing a single diagnostic category of lymphoma into
two apparently distinct diseases. One DLBCL subtype
seems clearly to be derived from the germinal center B cell
whereas the origin of the other subtype is presently enig-
matic. We are currently extending this analysis to include all
subtypes of lymphoid malignancy in a broadly collaborative
project termed the Lymphoma/Leukemia Molecular
Profiling Project (http://llmpp.nih.gov/lymphoma). We
anticipate that our understanding of gene expression in nor-
mal lymphocytes will continue to inform our understanding
of the pathogenesis of human lymphoid malignancies.

Conclusions
Very soon, DNA microarray analysis of gene expression
will change from being an ‘emerging technology’ to a ‘clas-
sic technique’.  However, it will take much longer for the
flood of data from this technology to be synthesized into
basic principles of gene expression ‘physiology’.
Genomic-scale gene expression data should ultimately
lead to an integrated view of cellular differentiation. In this
arena, the immune system offers distinct advantages since
cells at different stages of lymphocyte differentiation can
be readily isolated and manipulated in vitro. A genomic
description of differentiation should reveal orchestrated
fluxes in molecules involved in cell proliferation, cell
death, energy metabolism, intracellular signaling, intercel-
lular communication and cell migration. A genomic
description of diseases will provide molecular profiles of
pathogenic cell types and reveal the signaling pathways
that are perturbed in them. Autoimmune and immune
deficiency diseases that are currently defined by their clin-
ical phenotypes will soon be divided into molecular
subtypes based on functional genomics experiments.
Likewise, all lymphoid and myeloid malignancies will be
compared and contrasted with normal subsets of immune
cells, as described above for DLBCL. Such experiments
will require textbooks of medicine to be reformulated to
emphasize molecular definitions of disease. Armed with a
battery of enabling computer tools, scientists should be
able to parlay functional genomic data into new, funda-
mental biological principles and into rational therapies that
target pathogenic molecules in molecularly defined dis-
eases.

Note added in proof
The work referred to in the text as (AA Alizadeh et al.,
unpublished data) has now been accepted for publica-
tion [27].
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