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Immune cell-specific expression is one indication of the importance of a gene’s role in the immune response. We have
compiled a compendium of microarray expression data for virtually all human genes from six key immune cell types and their
activated and differentiated states. Immune Response In Silico (IRIS) is a collection of genes that have been selected for
specific expression in immune cells. The expression pattern of IRIS genes recapitulates the phylogeny of immune cells in terms
of the lineages of their differentiation. Gene Ontology assignments for IRIS genes reveal significant involvement in
inflammation and immunity. Genes encoding CD antigens, cytokines, integrins and many other gene families playing key roles
in the immune response are highly represented. IRIS also includes proteins of unknown function and expressed sequence tags
that may not represent genes. The predicted cellular localization of IRIS proteins is evenly distributed between cell surface and
intracellular compartments, indicating that immune specificity is important at many points in the signaling pathways of the
immune response. IRIS provides a resource for further investigation into the function of the immune system and immune

diseases.
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Introduction

The immune system in higher eukaryotes has evolved
into a complex network involving many specialized cell
types with multiple points of regulation. This enables the
immune response to attack foreign invaders while
recognizing and tolerating self-antigens. Two distinct
lineages of immune cells have evolved with cell types
that specialize in each of the many roles that are required
for this immune response. The myeloid lineage of
monocytes, macrophages, dendritic cells and neutrophils
carries out the innate immune response, recognizing
microbial pathogens typically by carbohydrates found
only in bacterial proteins. The lymphoid lineage of T
cells, B cells and natural killer (NK) cells enables
adaptive immunity by distinguishing self from non-self
antigens and also providing a memory of foreign
proteins seen before. Other immune cells, such as
eosinophils, basophils and mast cells, also participate
in the immune response. Although a large repertoire of
genes that play key roles in the differentiation, function
and regulation of these immune cells is already well-
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described, this has not yet led to a complete under-
standing of immune diseases.

Genome-wide microarray expression profiling of im-
mune cells provides opportunities for identifying other
genes that may function in the immune response.
Microarray experiments have been carried out on
various immune cell subsets by a number of different
investigators in order to understand gene expression
differences during differentiation and activation.'~"”
These studies have provided invaluable insight into
comprehensive gene expression profiles that define
many different immune cell subsets and states of
differentiation and activation. In particular, a recent
study detailed elegantly the genes expressed specifically
in many subsets of the T-cell lineage.'® Comparison of
gene expression profiles across a broad range of immune
cell types and nonimmune tissues is necessary, however,
to fully appreciate which gene expression differences are
unique to each immune cell subset, which are found in
multiple subsets or across immune cell lineages, and
which are found more widely across the many cell types
in the human body and thus may be involved in more
general cellular processes. Differences among microarray
platforms and experimental protocols used by different
investigators often confound such comparison. Here, a
compendium of microarray expression data from a broad
representation of isolated immune cell subsets has been
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generated on the same microarray platform and analysis
of gene expression profile across the major cell types of
the immune system is made possible. Moreover, gene
expression in all other major tissues allows determina-
tion of immune-specific expression. Traditional methods
of determining expression are performed on a gene-by-
gene basis, and single microarray experiments show
differential expression between just a few immune cell
subsets. Here, genes fitting a complex expression
criterion are identified on a genomic scale.

Immune cell-specific expression is one indication of
the importance of a gene’s role in the function of the
immune system. ‘Cluster of differentiation’” (CD) anti-
gens are used experimentally as specific markers for
immune cell subsets and they often play a key role in the
function of that cell. For example, the T-cell receptor is
expressed only on T lymphocytes and is responsible for
self-antigen recognition, a primary function of this
immune cell.” Here, immune cell specifically expressed
genes are identified by a survey of expression profiles
across all the immune cells and major non-immune
tissues by a method termed Immune Response In Silico
(IRIS). Immune cell specificity is determined generally by
higher expression in any immune cell than expression in
any nonimmune cell tissue. Finer characterization of
specificity within an immune cell type, such as T cells,
and an immune cell lineage, such as lymphoid cells, is
also determined. Furthermore, expression profiles within
subsets of an immune cell, such as classes of T cells
expressing CD4 or CD8 antigens, memory and helper T
cells and resting vs activated cells, further refine the
specificity of immune-specific genes. IRIS has identified
both well-characterized immune genes and a number of
highly immune-specific genes with unknown function.

Results

IRIS identifies genes more highly expressed in immune
cells than in any of the major organs of the body. Gene
expression is surveyed across a compendium of samples,
including immune cell subsets (Table 1) and a compre-
hensive range of normal tissues. The immune cells have
been isolated from normal human blood by purifying
each cell type via its specific cell surface markers.
Activated and differentiated subsets were developed by
in vitro stimulations. RNA samples were labeled and run
on microarray chips that include probesets for virtually
every human gene. Genes are often represented by more
than one probeset and the expression levels vary,
although the expression profiles are usually consistent.
Genes are selected for IRIS based on cutoff values for
expression levels in immune vs nonimmune samples, as
shown in Supplementary Figure 1. Prior to the determi-
nation of these cutoffs, genomewide expression levels
were evaluated by surveying the range of expression of
all genes and the expression levels of a few families of
genes already known to play important roles in the
immune system. Gene expression profiles for each IRIS
gene can be viewed from our website (http://share.
gene.com/share/clark.iris.2004/iris /iris.html).

Expression consistent with immune cell lineages
The expression pattern of IRIS genes recapitulates the
phylogeny of immune cells, as shown in Figure 1. The
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highest mean expression level of any immune cell subset
within each cell type as defined in Table 1 is calculated
for each IRIS gene. Hierarchical clustering, a statistical
method for grouping genes by the similarity of their
expression profiles, reveals patterns of gene expression
that are distinct among immune cell lineages. The
dendrogram of the relationships of these genes mimics
the evolutionary relationships of the lineages of immune
cell types. The heat map showing all IRIS genes also
illustrates the complexity of expression profiles, with
most genes expressed at some level in more than one
immune cell type.

IRIS categories

While clustering is a useful method for identifying
patterns of gene expression, it fails to clearly define the
parameters of these patterns. Therefore, cutoff values of
gene expression signatures in various immune cell types
were approximated and used to define the IRIS
categories that were observed in the clustering (Table 1)
and these parameters are defined in the Cell & Lineage
Assignment section of Materials and methods. The
probesets are categorized by their profiles according to
the degree of specificity within immune cells. Profiles
specific to one cell type are assigned to the categories T
cell, NK cell, B cell, monocyte, dendritic or neutrophil.
Profiles specific to more than one cell type within a
lineage are assigned to lymphoid or myeloid categories.
Profiles specific to cell types across lineages, as well as
probesets with expression levels equivalent in all
immune cells, are assigned to the multiple category.
Genes represented by several probesets may appear in
more than one category. A gene is best described as
specific to the most exclusive category to which it has
been assigned, that is, the highest expressing probeset
may be in the T-cell category and more weakly
expressing probesets for that gene may fall into the
lymphoid or multiple categories because of the strin-
gency of cutoff levels used.

Patterns of expression profiles within each lineage

Cell types within a lineage share some immune-specific
genes, suggesting that they confer common functions
among those cells. The expression profiles are very
diverse and complex, but some general patterns emerge.
As described above, the IRIS categories attempt to group
genes within a cell type, or, if specific to more than one
cell type, within a lineage. Here, these categories are
assessed for general patterns of expression profiles. K-
means clustering reveals groups of expression profiles
within an IRIS category, as shown in Figure 2. Within the
lymphoid category clustered in Figure 2a, T cells and NK
cells are shown to share a number of immune-specific
genes (clusters 1, 4 and 6), whereas B cells express more
distinct genes (clusters 3 and 5). Often, the genes shared
between T and NK cells are specifically expressed in the
activated state of both cells (cluster 6). The myeloid
category shown in Figure 2b reveals a similar relation-
ship between genes transiently expressed in differentiat-
ing macrophages and also in LPS-induced dendritic cells
(cluster 8). Profile clusters of genes highly specific to
single-cell types are shown in Supplementary Figure 2. T
cells have several general patterns of specificity among
subsets of T cells, as shown in Supplementary Figure 2a.
CDS cells have a number of unique genes (cluster 1), and
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Table 1 IRIS categories, the immune cell subset expression used to determine them and the number of genes in each category

IRIS category Immune cell subsets Replicates Genes
Lymphoid 241
T cell CD8 T cell (naive and resting) 4 77
CD4 T cell (naive and resting) 3
Helper Th1—12h (of differentiation) 2
Helper Th1—48h (of differentiation) 2
Helper Th2—12h (of differentiation) 3
Helper Th2—48h (of differentiation) 3
Memory T—resting (naive) 3
Memory T—activated 3
NK cell NK cell (resting) 2 16
NK—IL2 (activated) 5
NK—IL15 (activated) 6
B cell B cell (naive) 7 93
Memory B—IgG/IgA 4
Memory B—IgM 4
Plasma B—PBMC 3
Plasma B—bone marrow 4
Myeloid 343
Monocyte Monocyte 12 84
Macrophage—1 day (of differentiation) 12
Macrophage—7 days (of differentiation) 12
Dendritic cell Dendritic cell (resting) 6 74
Dendritic—LPS (activated) 6
Neutrophil Neutrophil 5 45
Multiple 821
Total IRIS 1688

Immune cell subsets were isolated and either differentiated or activated as described in Materials and Methods. Replicates indicates the
number of samples for each cell subset run on the microarray; the mean of their intensity values is used in the selection of IRIS, the standard
deviations are shown in Figure 3, Supplementary Figure 3 and Supplementary Table 1. The immune cell subset labels are used in subsequent
figures and tables, and further descriptors are in parentheses. A gene may be counted in multiple categories, but the total number of IRIS

genes is non-redundant.

also share some genes with CD4 cells (cluster 2). T-helper
cells share some specific genes (clusters 3 and 6) and a
number of genes appear only in activated memory T cells
(cluster 5). B cells also show distinct profiles, as shown in
Supplementary Figure 2b. Some genes are expressed
specifically in both naive and memory B cells (cluster 2),
others only in plasma cells (clusters 3 and 4), while there
are no specific B-cell genes expressed distinctly in naive
or memory cells alone. Likewise, monocytes and macro-
phages shown in Supplementary Figure 2c reveal a class
of genes specific to monocytes (cluster 1) and another
transiently expressed in differentiating macrophages
(cluster 2), but none specific to fully differentiated
macrophages. However, Figure 2b shows that fully
differentiated macrophages share profiles with neutro-
phils (cluster 2) and dendritic cells (cluster 5). All of these
observations provide insights into the differentiation of
immune cells as they have evolved to play specific roles
in the immune response.

Statistical significance of IRIS

The statistical significance of specificity is assessed for
the genes within each IRIS cell type or lineage, as shown
in Supplementary Figure 4. The F statistic measures both

immune cell variation and sample variation simulta-
neously, so a low F value can either indicate similar
expression of a gene across immune cells, or gene
expression variability among samples, but does not
distinguish between the two. Conversely, a gene highly
specific to one cell type has a high F value, particularly if
the replicate samples all have similar expression of that
gene. Sample variability occurs because of both incom-
plete reproducibility of microarray conditions and
biological variation between blood donors due to
unknown causes. The multiple category has the highest
proportion of genes with low F values, suggesting that
this category includes most of the genes falsely assigned
as immune-specific. While the microarray technology
used here is a well-established experimental method for
detecting differential gene expression, independent con-
firmation by real-time quantitative PCR (RT-QPCR) is
carried out before pursuing further functional studies on
genes of interest.?°

Gene ontology and gene families

Genes of known function are assigned a term from Gene
Ontology, a structured vocabulary for describing
biological process, molecular function and cellular
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Figure 1 IRIS genes are clustered based on expression for each
immune cell type and shown with a schematic of their lineages. The
highest mean expression of any cell subset for each probeset
represents the expression of that cell type. The dendrograms shows
the similarity of expression profiles for genes in the rows and cell
types in the columns. Intensity values less than 1000 have the
lightest shading and intensity values greater than 10,000 have the
darkest shading.

component.>® Table 2 shows the Biological Processes
most highly specific to IRIS, meaning that these
ontologies are seen in IRIS in higher numbers than in a
random set of genes. Many specific responses to different
foreign invaders, chemotaxis of immune cells to sites of
inflammation and other aspects of the immune response
are represented. In summary, 57% of the well-character-
ized IRIS genes have these immune functions. Similar
results are seen with the molecular function ontologies
(data not shown), with the most highly represented
being antigen binding and the activities of chemokines,
cytokines and their receptors. Table 3 shows the gene
families represented in IRIS that are known to have many
members with key roles in the differentiation, function
and regulation of the immune system, including those
with the molecular functions mentioned. The Protcomp
algorithm (Softberry, Inc.) predicts for the 1589 IRIS
genes with ORFs that 24% of the encoded proteins are in
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Figure 2 K-means clustering of the mean expression level in
each cell subset of the genes in the Lymphoid (a) and Myeloid
(b) category is shown. The y-axis is intensity level.

the plasma membrane, 13% are secreted, 24% are nuclear
and the remaining 39% are in other intracellular
compartments. These localization assessments were
made for comparison to previously reported observa-
tions, but the conclusions were deemed insignificant.?

Highly specific genes with known function

Genes with highly specific expression in each immune
cell type are likely to confer that cell’s distinct properties.
An expression differential of 10-fold between the highest
nonimmune tissue level and highest immune cell level
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Table 2 Gene Ontology (GO) biological process assignments with highest degree of statistical significance measured by the P-value of the x>

test

P-value IRIS genes All genes GO ID GO term

1.35E-101 216 582 9607 Response to biotic stimulus
1.84E-101 204 530 6952 Defense response

2.84E-93 187 483 6955 Immune response

3.73E-72 141 355 9613 Response to pest/pathogen/parasite
9.73E—64 231 833 9605 Response to external stimulus
1.18E-55 89 196 9611 Response to wounding

2.07E—49 242 1004 50896 Response to stimulus

1.76E—-38 154 571 6950 Response to stress

5.54E—-36 56 121 6954 Inflammatory response

5.54E—-36 56 121 45087 Innate immune response
2.36E—34 41 74 6968 Cellular defense response
1.54E-25 43 98 19730 Antimicrobial humoral response
1.16E-24 207 1043 50874 Organismal physiological process
3.68E—24 53 142 6959 Humoral immune response
2.50E—-20 36 85 6935 Chemotaxis

2.50E—-20 36 85 42330 Taxis

1.76E—13 36 109 42221 Response to chemical substance
9.29E—-10 242 1625 7165 Signal transduction

Ontologies may appear multiple times in a hierarchical tree, so a gene may be assigned to multiple GO terms. 367 IRIS genes are assigned to
these 18 ontologies 2270 times. 644 IRIS genes have GO Biological Process assignments.

Table 3 Families of genes encoding proteins with key immune
functions that are highly represented in IRIS are listed with the
number of IRIS members

Gene Family Number
of genes
CD ‘cluster of differentiation” antigens 171
Immunoglobulin domain-containing proteins 157
Immunoglobulin and transmembrane-containing proteins 136
SH2/SH3 domain proteins 66
Immunotyrosine activation/inhibition proteins 53
G-protein-coupled receptors 45
Interleukins and receptors 43
Chemokine ligands and receptors 40
C-type lectins 36
Interferon, receptors, regulatory and induced proteins 28
Tumor necrosis factors, receptors and induced proteins 27
Solute carriers 26
Fc receptors 18
Killer cell immunoglobulin-like receptors 15
Killer cell lectin-like receptors 14
Leukocyte immunoglobulin-like receptors 13
Caspases 13
Signaling lymphocytic activation molecules 12
Translocation-related lymphoma genes 11
Disintegrins and metalloproteinases 11
Integrins 9
Toll-like receptors 8
Colony stimulating factors and receptors 8
Major histocompatibility complex 6

selects 122 genes from the single-cell-type categories. The
expression profiles of the highest expressing of these
genes are shown in Figure 3 and the rest are shown in
Supplementary Figure 3. Reported literature on many of
these genes confirms that specific expression of tran-
scripts often results in specific protein expression and
that they have key roles in the immune response. For
each cell type, a few genes of interest are described
below.

T cells

Genes with specificity in T cells have expression profiles
in a wide variety of patterns as shown in Figure 3a and
Supplementary Figure 3a. The T-cell receptor alpha
locus, TCRA, as well as CD3 subunits D, E & G are
expressed on most T-cell subsets. CDSA and B1 are
heterodimers of the established protein marker for
CD8+ T cells which stabilizes interactions between the
T-cell receptor and an MHC class I-peptide complex,*
and are expressed only in CD8 cells. LEF1 is expressed
specifically in both CD8 and CD4 cells. LEF1 is a
transcription factor that has been implicated as critical
in a differentiation defect that leads to T-cell lympho-
mas.?* A number of genes exhibit exquisite selectivity
for memory vs naive T cells and most of these show
enhanced expression in Th1 or Th2 subsets. Cytokine IL9
is specific to both Th2 and activated memory cells,
whereas CTLA4 and ICOS are highly expressed in
activated memory cells but also seen at lower levels
in other T-cell subsets and are both cell-surface regula-
tory receptors.>®> GZMK is specific to CD8, Th2 and
resting memory cells and is a serine protease that is
proposed to prevent damage of bystander cells at sites
of inflammation.** LAG3 is found primarily on Thl
cells, but also on stimulated CD8 + T cells (data not
shown), and it stimulates the maturation of dendritic
cells.?”

NK cells

The highest expressing specific gene in NK cells is
KLRF1, a C-type lectin with immunoreceptor tyrosine-
based inhibitory motifs (ITIM) motifs that stimulates
cytolysis*® as shown in Figure 3b. Its expression is
highest in resting cells, and decreases upon activation.
The KIR gene cluster is also represented, although the
probesets probably cross-hybridize with these closely
related genes that have probably arisen from gene
duplication. Some members are established protein
markers for this cell type and all are known to play a

Genes and Immunity
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Figure 3 Highly specific genes for each IRIS category are shown with their expression profiles in immune cell subsets for that category as
compared to the level in non-immune tissues and in other immune cells: a) T cell, b) NK cell, ¢) B cell, d) monocyte, e) dendritic cell, and f)
neutrophil. Highly specific genes with lower expression levels are shown in Supplementary Figure 3.

key role in recognition of HLA class I ligands.?* NS1-BP
is specifically expressed in activated NK cells and binds
the influenza A virus NS1 protein.>

B cells

B cells are represented by a diversity of specific
expression profiles. TCL1A is expressed solely in naive
B cells and is an intracellular enzyme that regulates an
early stage of B- and T-cell differentiation,*'** as shown
with the other B-cell genes in Figure 3c and Supplemen-
tary Figure 3b. CD20 and a number of other genes have
equivalent expression in both naive B cells and memory
cells expressing either IgG/IgA or IgM. An antibody
therapeutic targeting CD20, Rituxan, is extremely effec-
tive in specific ablation of B cells.*®* CD19 is an
established protein marker for B cells. BAFFR is the
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principal receptor for the signaling pathway that main-
tains mature B-cell survival.** BANK1 protein has also
been shown to be specific to B cells and may play a role
in foreign antigen-induced immune response.* PAX5 is a
transcription factor that plays an essential role in
commitment to the B cell lineage.>* CD79A and B are
two components of the B-cell antigen receptor®” and are
expressed at lower levels in plasma cells. FCRH1, FCRH2
and IRTA2 are closely related in sequence to the Fc
receptor which functions in antibody binding and
regulation of the immune response,® but they have not
been functionally characterized.***> FCRH1 and FCRH2
are found primarily on naive and memory B cells, while
IRTA2 is specific to plasma cells from bone marrow. A
number of other genes are specific to plasma cells from
blood, from bone marrow or from both sources. BCMA is



a member of the TNF receptor family that is hypothe-
sized to transduce signals for B-cell survival and
proliferation.*®

Monocytes and macrophages

Several distinct patterns of specific monocyte and
macrophage expression are seen in Figure 3d and
Supplementary Figure 3c. Expressed only in monocytes
is PRAMI, an adaptor protein that appears to be
involved in the differentation of monocytes.** The second
and most common pattern is transient expression in
monocytes differentiated after 1 day, and lost after 7
days. Chemokines CCL24, CXCL1 and CXCL3, and
chemokine receptor CCRL2,* are expressed in the same
pattern. GPR84 is a G-protein-coupled receptor, possibly
a chemokine receptor, with protein expression detected
on neutrophils and eosinophils,* with this transient
macrophage expression not yet reported. IL1B has the
highest level of mean expression in this category,
although there is a wide range of expression levels in
individual blood donors. IL1B protein is also expressed
by other cell types under certain conditions.*”** IL1A, the
other chain in the IL1 heterodimer, is also expressed in
this pattern, although it has been shown that IL1A and
IL1B are regulated independently.* Three other cyto-
kines, IL1F9, IL19 and IL24, are expressed in a pattern
similar to that of IL1. IL1F9 appears to play a modulatory
role in IL1 receptor signaling.® IL19 and IL24 proteins
have been shown to be preferentially expressed on
monocytes.”® MMP9 has the highest expression in both
day 1 and fully differentiated macrophages and is a
matrix metalloprotease well studied in tumor immuno-
suppression.>

Dendritic cells

CD1A, CD1B and CDIE are specific to resting dendritic
cells and are established markers for this cell type,®
while CD1D is also expressed in B cells** and is not
found to be specific only to dendritic cells here (Figure 3e
and Supplementary Figure 3d). CLECSF13 is a lectin that
was identified in macrophages,®® although here it is seen
to have significantly higher expression in dendritic cells.
ALOX15 protein expression can be induced in mono-
cytes,®® but this study shows dendritic cell specificity.
Specific here to both resting and induced dendritic cells
are two chemokines, CCL13 and CCL17, that have been
shown to be expressed in different cell types under
different conditions.’”** FSCN1 is also specifically
induced with LPS here and is an actin-bundling
cytoplasmic protein that has been shown to be expressed
in dendritic cells, as well as other cell types that develop
membrane protrusions.> PDL2 protein has been shown
to be expressed on dendritic cells and to play a role in
inhibiting T-cell activation.®

Neutrophils

Many genes are seen to be specific to neutrophils
(Figure 3f). FCGR3 is an established protein marker for
neutrophils.®® NCF4 mediates intracellular killing follow-
ing ingestion of microorganisms, one of the main
functions of neutrophils.®> VNN2 mediates neutrophil
adherence migration.®® ILSRA and IL8RB, two receptors
of the cytokine IL8, are seen here to be expressed
specifically in neutrophils, but the protein has also been
found to be induced on a number of other immune cell
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types.®* DcR1 is a receptor antagonist of TRAIL/Apo-2L
and has been identified in a number of other cell
types,®>*® but here the neutrophil expression is most
significant.

Discussion

Immune-specific expression is an indication of the role of
a gene in a function specific to the immune system. These
functions include cell-type-specific differentiation, che-
motaxis and migration of infiltrating immune cells, cell
surface receptors that identify a specific cell, signaling
molecules that communicate between the cell types
through these receptors, immune functions such as
antigen recognition and self-recognition to maintain
tolerance, modulation of the immune response, and
apoptosis. IRIS includes a significant representation of
genes known to have key roles in these functions.
Furthermore, surveying complex gene expression pro-
files across many immune cell subsets provides an
insight into the distinct role played by each different
immune cell type. In fact, overall patterns of immune
specific expression recapitulate the lineages of immune
cell type differentiation. Commonalities and differences
between different immune cells within a lineage are
revealed by the expression profiles of IRIS genes.
Intriguingly, many IRIS genes have no known func-
tion. Some are represented only by an expressed
sequence tag (EST), with no evidence to date that they
are transcribed from a protein-encoding gene. This
phenomenon has also been described recently for
noncoding RNAs regulated in response to retinoic acid.®”
Highly specific genes (Figure 3) that have no known
function are highlighted here. Figure 3a shows ZBED2,
FLJ11029 and an EST (BX097705) to be highly expressed
in activated memory cells but also seen at lower levels in
other T-cell subsets. In Supplementary Figure 3a, HGFL
is seen to be specifically expressed in both CD8 and
CDAT cells and appears to be a membrane protein with
proteolytic activity implied by its predicted Kringle
domain (PFAM PF00051). B-cell-specific gene NALP7
(Supplementary Figure 3b) is a member of a family of
pyrin domain proteins with some members implicated in
inflammatory signalling.®®* LOC220213 is in only bone
marrow plasma cells and FLJ23235 is also expressed in
plasma cells from blood. KIAA1384 is specifically and
highly expressed only in blood plasma cells (Figure 3c).
The highest specific expression in only monocytes is seen
for an EST (BI600621), as shown in Figure 3d. RPELI,
ZFYVE16 and C2lorf42 have transient expression in
monocytes differentiated after one day (Supplementary
Figure 3c). HOZFP appears to be a transcription factor,
but has no known function and its dendritic cell specific
expression (Supplementary Figure 3d) has not been
previously described.®” Most highly and specifically
induced with LPS are RhoGAP2, FLJ23230 and two ESTs
(Figure 3e). CKLFSF2, the most highly and specifically
expressed gene in neutrophils (Figure 3f), appears to be a
tetraspanning cell membrane molecule with a MARVEL
domain (PFAM PF01284) that is implicated in lipid
recognition.”” MGC16353 also has no known function.
Immune-specific expression is only one criterion by
which to identify immune genes. Table 2 shows that
while many IRIS genes have roles in the immune
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response, many more are not included. Cutoffs used to
select IRIS genes and other technical reasons account for
this in some cases. However, genes also can be expressed
outside of immune cells and still have a function in the
immune response.

Immune-specific genes are highly variable in expres-
sion both within and between different immune cell
types. This demonstrates the specialization of immune
cells as they have evolved from the innate immunity
found in all eukaryotes to the adaptive immunity found
only in vertebrates. Similarities between different im-
mune cell subsets within the myeloid and lymphoid
lineages are revealed by patterns of shared expression
profiles, such as activated T and NK cells which share
cytolytic functions, and day 1 macrophages and LPS-
induced dendritic cells that both differentiate from
monocytes. IRIS genes are predicted to encode proteins
similarly represented in all cellular compartments, with
equal proportions on the cell surface and in the nucleus,
as well as a significant proportion of secreted signaling
molecules and a large proportion of intracellular pro-
teins.

IRIS provides a resource for further investigation into
immune cell differentiation, regulation and disease. The
data provided here demonstrate that immune specificity
of a gene may indicate immune function. Many IRIS
genes have no known function and the expression
profiles provided here suggest roles for the encoded
proteins that can be investigated experimentally. Early in
the development of IRIS, an EST was noticed because of
its specific expression in B and T cells. Identification of
neighboring ESTs and predicted exons in the human and
syntenic mouse genome sequences enabled the construc-
tion of composite orthologous sequences encoding an Ig
domain and intracellular ITIM and ITSM domains. PCR
was successfully used to isolate a cDNA for each species
that is now being pursued in functional studies. Soon
after, a manuscript reporting a mouse knockout of the
same gene with an immune response phenotype was
submitted by another group that had discovered the
gene independently.”

IRIS genes can also be used as cell markers in the
analysis of microarray experiments. For example, tumor
vs normal tissue analysis may benefit from recognition of
genes involved in the immune response as opposed to
carcinogenesis. We have also run microarray experi-
ments with various immune disease biopsies and blood
samples with the appropriate normal controls and then
viewed the expression of genes in IRIS categories to
provide a qualitative assessment of the preponderance of
immune cell types, or change in the expression of
immune-specific genes, in the diseased tissue vs the
unaffected tissue (data not shown). Immune cell infiltra-
tion into tissue can clearly be identified in this way. An
example of analysis of blood from systemic lupus
erythematosus and rheumatoid arthritis patients is
shown in Supplementary Figure 5. The genes most
highly expressed in all the samples are in the myeloid
lineage, with some of these genes much more highly
expressed in disease. A few myeloid genes are drama-
tically up regulated only in some patients with either
disease. Included are IFIT1, MX1 and cig5, which are
considered to show the interferon-inducible gene ex-
pression signature in patients with severe lupus.”>"*
While this kind of IRIS analysis provides a qualitative
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view of cellular composition, it is not possible in this way
to quantitatively predict the relative proportions of
immune cell types in diseased tissues. Therefore, further
development and validation of an algorithm to accom-
plish this challenging goal is underway.

IRIS is also being used to highlight candidate genes in
genetic studies of immune disease where genetic linkage
mapping has identified a locus that includes tens or
hundreds of genes. Orthology mapping is used to cross-
reference IRIS genes to their mouse counterpart to aid in
both microarray analysis of mouse tissues from disease
models and candidate identification in mouse genetic
screens. Not surprisingly, we have observed that IRIS
genes have a lower rate of orthologous pairing between
human and mouse than do other genes (data not shown),
apparently due to well-known and possibly unknown
differences in the immune systems of the two species.

In conclusion, IRIS provides focus on genes known to
conduct the immune response, insight into genes of
unknown function that may play an immunological role
and also provides a resource for future discovery into
both the normal and diseased immune paradigms.

Materials and methods

Microarray sample preparation

Immune cells were isolated from leukopacks from
normal human donors with RosetteSep™ kits (StemCell
Technologies) and MACS® MicroBeads (Miltenyi Biotec),
with a few exceptions, and cell subsets isolated as
described below. RNA was extracted using Qiagen
RNAeasy mini-column with DNase treatment and
prepared for the microarray using standard Affyme-
trix™ GeneChip™ protocol. Table 1 lists the cell subsets
and the number of replicates for each subset used in the
analysis of the expression data. The cell isolations and in
vitro stimulations used to achieve each subset are
described in the protocols following.

T-cell subset isolation

CDS8 cells were isolated with RosetteSep™ CD8 + T-cell
enrichment cocktail and cells were collected for the ‘CD8
T-celll subset. CD45RA +CD8+ cells were further
purified by CD45RO MicroBeads through negative
selection. Cell purity of greater than 90% was confirmed
by FACS analysis after staining with anti-CD3-FITC, anti-
CD8-PE and anti-CD45RA. CD4 + T cells were purified
similarly with RosetteSep™ CD4 T-cell enrichment cock-
tail. CD45RAMe" naive CD4 T cells were further isolated
by negative depletion through CD45RO MicroBeads,
greater than 90% purity was confirmed by FACS analysis
and cells were collected for the ‘CD4 T-cell’ subset. CD4
cells were then activated by plate-bound anti-CD3
(10pg/ml) and anti-CD28 (5pg/ml) in PBS at 4°C
overnight. The CD4 cells were stimulated at 20 x 10E®
cells per 6ml DMEM plus 10% FCS for 48 h as follows:
IL12 (1 ng/ml), IFN-8 (10ng/ml) and anti-IL4 (1 pg/ml)
were added to the media to differentiate Thl cells, and
anti-IL12 (5 pg/ml), anti-IFN-6 (5 ug/ml) and IL4 (1ng/
ml) to differentiate Th2 cells. A control condition using
anti-IL12, anti-IFN-6 and anti-IL4 of the same concentra-
tions was also included. Cells were expanded fourfold
with fresh media at day 3, further cultured until day 7
and re-stimulated with anti-CD3 (10pg/ml) and anti-



CD28 (5pg/ml) for 12 or 48h and collected for the
‘Helper Th1” and ‘Helper Th2’ subsets at each time
point. Thl and Th2 differentiation was confirmed both
by ELISA and intracellular cytokine staining of IFN-§
and IL4.

Memory T cells were isolated with ficoll® (ICN
Biomedicals) by step gradient separation. Monocytes
were depleted by adherence to the culture flask. FACS
separated CD45RA and CD45RO highly expressing cells
with additional gating on lymphocytes by forward and
side scatter. Cells of intermediate expression of either
CD45RA or CD45RO were not collected. CD45RO cells
were cultured for 16h in RPMI 1640, 10% heat
inactivated FBS, 100U/ml of Penicillin, 100 mg/ml of
streptomycin, 2 mm L-glutamine and IL-2 (100 U/ml) for
the ‘Memory T-resting’ subset, and with the addition of
plate-bound anti-CD3 (10 pg/ml) and soluble anti-CD28
(10 pg/ml) for the ‘Memory T — activated’ subset. FACS
confirmed CD69 and CD25 expression for the activated
state.

NK cell subset isolation

NK cells were isolated with RosetteSep™ NK-cell
enrichment cocktail and further purified by CD2
microBeads. Cell purity was confirmed by staining with
PE anti-CD56 for FACS analysis. Cells were cultured in
RPMI 1640, 10% heat-inactivated FBS, 100U/ml of
penicillin, 100 mg/ml of streptomycin, 2 mm L-glutamine,
and 5.5 x 10~° beta-mercaptoethanol. Cells were isolated
at time 0 for the ‘NK cell’ subset, and at 16h after
treatments with IL2 (10 nm) or IL15 (10 nm) for each of the
respective activated subsets. FACS determined expres-
sion of CD56, defining NK cells, and CD56 and CD69,
defining activated NK cells.

B-cell subset isolation

B cells were isolated with MACS® CD138 microbeads
and CD19 microbeads. FACS sorting separated CD19
APC, CD27 PE and IgM FITC, or IgG and IgA FITC (BD
Biosciences) stained cells into the subsets of ‘B cell’
(CD19+CD27—  1gG/A-), ‘memory B—IgG/A
(CD19+ CD27+ IgM-) and ‘memory B—IgM’
(CD19+ CD27+ IgG/A-). Plasma cells were isolated
from leukopacks for the ‘Plasma B—PBMC’ subset or
bone marrow for the ‘Plasma B—bone marrow’ subset
by CD138 microbeads and further purified by FACS
to collect cells positive for CD20 FITC, CD138 PE and
CD19 APC.

Monocyte and macrophage subset isolation

Monocytes were isolated with MACS®™ CD14 Microbeads
and cells collected for the ‘monocyte’ subset. Macro-
phages were differentiated from monocytes in DMEM
4.5 ng/ml glucose, Pen.-strep.-glutamine, 20% FBS, 10%
human AB serum (Gemini, Cat # 100-512). Cells were
seeded at 1.5 x 10° per well and grown at 37C in 7% CO,.
Cells were collected after 1 day for the ‘macrophage—I1
day’ subset, and the remaining cultured for 7 days for the
‘macrophage—7 day’ subset, with medium fed at about
day 5. Macrophage identity (in the absence of a known
surface marker) was confirmed by morphology and
phagocytic capacity. The differentiated macrophages
were highly adherent large cells with numerous filopo-
dia and lamellipodia. Fluorescent latex beads were
added to the cultures of monocytes and macrophages
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and uptake over 30min was monitored by fluorescent
microscopy; macrophages ingested over 50-fold more
beads than did monocytes.

Dendritic cell subset isolation

Monocytes isolated as above were cultured in RPMI with
10% heat-inactivated FBS, 1 x Pen/Strep, 2mm L-gluta-
mine, 10mmM HEPES, 1mm sodium pyruvate, then
differentiated into dendritic cells by 17ng/ml IL4, and
67ng/ml GMCSF for 5 days at 5x 10°cells/ml. Cells
were then collected for the ‘dendritic cell’ subset. The
remaining cells were induced with 1pug/ml LPS at
2.5x10° cells/ml for 1 day for the ‘dendritic—LPS’
subset.

Neutrophil isolation

Heparanized blood (100ml) was mixed with an equal
volume of dextran/saline solution (3% dextran T-500 in
0.9% saline) in 4 x 50ml conical tubes and allowed to
settle in an upright position for ~20min. The leukocyte-
rich fraction above the red blood cells was layered onto
Ficoll-Hypaque solution and centrifuged at 1400 rpm
(400g) for 30min at 20°C to remove the mononuclear
cells and pellet the neutrophils.

Immune-specific gene expression selection

The mean expression level for each probe on Affyme-
trix® HGU133A and HGU133B GeneChip® is deter-
mined from each of the immune cell subsets listed in
Table 1 (immune level) and the following normal tissues
(nonimmune level) in the BioExpress™ System (Gene
Logic Inc., Gaithersburg, MD, USA): breast, brain, spinal
chord, colorectal, heart, kidney, liver, lung, ovary,
pancreas, prostate, small intestine and stomach. The
Affymetrix® Microarray Suite version 5.0 ‘signal’ is used
as the metric of expression level. The BioExpress™
nonimmune levels are adjusted by a factor of 5 for
comparison to the immune levels that had been normal-
ized by a different method, according to the conclusions
of chip-wide comparison of the same genes, with the
same samples normalized by each method (data not
shown). Initial evaluation of gene expression in all the
normal tissues represented in BioExpress™ revealed
cases of genes expressed preferentially in immune cells
but also in organs with a role in immune function, such
as lymphoid tissues (spleen, lymph node, appendix and
tonsil), thymus and skin, or other tissues such as
endometrium, testis and thyroid (data not shown).
Therefore, these tissues were not included in the
analysis. Immune cells are also found in tissues such as
liver and lung, but the mean expression level dilutes the
specific expression of individual cell types among the
many other cell types in those tissues, as compared to the
expression of a gene in isolated immune cells. Many
probesets were found to represent antibody sequences
and these were also eliminated from this analysis. A gene
(probeset) is defined to be immune-specific if the highest
immune level is greater than 2000, the highest non-
immune level is less than 4000, and the nonimmune level
is less than 30% of the immune level.

Cell and lineage assignment

Patterns of immune cell lineage expression patterns are
shown in Figures 1 and 2 and Supplementary Figure 2.
This hiercharchical clustering identifies patterns of gene
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expression in a general way, but the methods used to
define the IRIS categories listed in Table 1 are described
here. Genes are categorized into immune cell types as
defined by the highest level of a probeset’s expression
multiplied by an arbitrary factor of 0.1625, plus the
highest nonimmune level, being greater than the highest
level in any other cell type. Probesets with specific
expression in more than one cell type are assigned to the
lymphoid (T, B and NK cells), myeloid (monocytes,
dendritic cells and neutrophils) or the multiple category,
which indicates specificity to cell types across these two
lineages. For example, if the highest level for a probeset
is 10000 in CD8 T cells but also 2000 in resting NK cells,
and the highest nonimmune level is 1000 in kidney, the
probeset has T-cell specificity. But if the level is greater
than 2625 in NK cells, the probeset has lymphoid
specificity. Probesets are assigned to genes as described
in Gene Annotation and the number of genes within each
category is shown in Table 1. A gene may be represented
by multiple probesets with varying levels of expression
and so may appear in multiple categories, usually due to
lower expression that falls below the cutoffs described
above.

Statistical assessment

The statistical significance of differential gene expression
between the subsets of immune cells is assessed with the
F-test.” The intensity value from the microarray experi-
ment of each replicate is log-transformed and the
variance of the replicates within a cell subset is compared
to the variance between the means of the intensity values
of all cell subsets. Thus, the F-test measures experimental
reproducibility and biological differential expression
simultaneously. The range of F statistics for each IRIS
category is shown in Supplementary Figure 4. Table 1
lists the IRIS categories, the cell subsets in each category
and number of replicates for each subset.

Gene annotation

Genes are annotated by use of publicly available
resources supplemented by additional analysis. In
general, IRIS probesets are mapped to genes by aligning
both GenBank cDNA and Affymetrix™ target sequences
to the NCBI Human Genome Assembly (release 34).
Probesets are assigned to the nearest gene by a region
defined as 10 kb up- and downstream of cDNAs mapped
to the genome. This analysis was carried out indepen-
dently of publicly available annotation to ensure quality
gene assignments that are difficult on a large-scale basis,
particularly for ESTs. The LocusLink identifier (http://
www.ncbi.nlm.nih.gov/LocusLink/) or Genbank acces-
sion number is provided for each gene in Supplementary
Table 1. Gene Ontology (http://www.geneontology.org/)
terms associated with a probeset (Table 2) are deter-
mined by mapping the probeset to GO terms based on
NetAffx™ (Affymetrix) probeset annotation (http://
www.affymetrix.com/analysis/index.affx). This publicly
available annotation was used in this case because of the
value added by the GO terminology. Tallies of the
incidence of terms associated with a set of probesets are
assembled by condensing duplicate probesets represent-
ing the same gene and then tallying the terms from each
probeset in the condensed list. Deviations of the expected
distribution of term mapping of a set of probesets are
determined by performing the x> test (once for each
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term) on the two variables: (1) genes related to the term
vs those not related, and (2) genes in IRIS vs those not in
IRIS. Gene family classifications shown in Table 3 are
based on review of literature and web resources such
as HUGO (http:/ /www.gene.ucl.ac.uk/nomenclature),
augmented by alignment with the PFAM (http://pfam.
wustl.edu/index.html) and SMART (http://smart.
embl-heidelberg.de/) collections of protein domains.
While PFAM is very useful and comprehensive, addi-
tional analysis and use of the other resources mentioned
is required to define a gene family. The Protcomp
algorithm (Softberry, Inc.) is used to predict the cellular
component of the proteins encoded by IRIS genes
(Protcomp accuracy measurements at http://www.soft-
berry.com). The nuclear designation here includes just
nuclear (non-membrane-bound), plasma membrane in-
cludes plasma membrane and membrane-bound extra-
cellular and secreted are just extracellular. Localization
assignments were corrected for obvious mis-predictions
of well-characterized genes.

Statistical clustering

Clustering and visualization are carried out using the
DecisionSite™ software (Spotfire™). Hierarchical cluster-
ing (Figure 1) is performed by the UPGMA (unweighted
average method), the correlation similarity measure and
the average value-ordering function. The immune cell
subset expression values are summarized into the high-
est mean expression in a subset for each cell type and all
IRIS genes are included. K-means clustering (Figure 2
and Supplementary Figure 2) is also carried out with the
correlation similarity measure and evenly spaced profiles
are used for cluster initialization. Here, all the immune
cell subset mean expression levels of the relevant cell
type or lineage are included for just the genes within that
category.

Highly specific genes

Genes shown in Figure 3 and described in Results and
discussion were selected from the IRIS categories for just
one cell type and have the highest immune level 10-fold
higher than the highest nonimmune level. A more
refined CD45RO memory T-cell experiment is found to
show somewhat different expression levels for some
genes, although this did not affect the selection of IRIS
genes significantly (data not shown). However, the
expression levels for this experiment, as well as an
additional data point for the Th2 subset at 12h, are
shown in Figure 3a and Supplementary Figure 3a to best
represent these genes, and are also provided in Supple-
mentary Table 1. One probeset per gene was selected
based on the highest level of expression in any immune
cell subset. Protein domains were predicted from PFAM
for genes of unknown function.”*””

Web Sites
IRIS gene expression profiles
http:/ /share.gene.com/share/clark.iris.2004 /iris /iris.
html
Gene Ontology Consortium
http:/ /www.geneontology.org/
NetAffx™ GO assignments
http:/ /www.affymetrix.com/analysis/index.affx
LocusLink
http:/ /www.ncbi.nlm.nih.gov/LocusLink/



HUGO

http:/ /www.gene.ucl.ac.uk/nomenclature
PFAM

http:/ /pfam.wustl.edu/index.html
SMART

http:/ /smart.embl-heidelberg.de/
Protcomp

http:/ /www.softberry.com
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