Immunology

The Journal of cells, molecules, systems and technologies

« British Society for
immunologq}

eaeINeIea @ ORIGINAL ARTICLE

Identification of co-expressed gene signatures in mouse B1,
marginal zone and B2 B-cell populations

Neil A. Mabbott' and David Gray®

"The Roslin Institute and Royal (Dick) School
of Veterinary Sciences, University of Edin-
burgh, Midlothian, and *Ashworth Laborato-
ries, Institute of Immunology and Infection
Research, University of Edinburgh, Edinburgh,
UK

doi:10.1111/imm.12171

Received 02 August 2013; revised 05
September 2013; accepted 06 September
2013.

Correspondence: N. A. Mabbott, The Roslin
Institute and Royal (Dick) School of Veteri-
nary Sciences, University of Edinburgh,
Easter Bush, Midlothian EH25 9RG, UK.
Email: neil. mabbott@roslin.ed.ac.uk

Senior author: Neil A. Mabbott

Introduction

Summary

In mice, three major B-cell subsets have been identified with distinct func-
tionalities: B1 B cells, marginal zone B cells and follicular B2 B cells.
Here, we used the growing body of publicly available transcriptomics data
to create an expression atlas of 84 gene expression microarray data sets of
distinct mouse B-cell subsets. These data were subjected to network-based
cluster analysis using BioLavour Express’”. Using this analysis tool, genes
with related functions clustered together in discrete regions of the net-
work graph and enabled the identification of transcriptional networks that
underpinned the functional activity of distinct cell populations. Some
gene clusters were expressed highly by most of the cell populations
included in this analysis (such as those with activity related to house-
keeping functions). Others contained genes with expression patterns spe-
cific to distinct B-cell subsets. While these clusters contained many genes
typically associated with the activity of the cells they were specifically
expressed in, many novel B-cell-subset-specific candidate genes were iden-
tified. A large number of uncharacterized genes were also represented in
these B-cell lineage-specific clusters. Further analysis of the activities of
these uncharacterized candidate genes will lead to the identification of
novel B-cell lineage-specific transcription factors and regulators of B-cell
function. We also analysed 36 microarray data sets from distinct human
B-cell populations. These data showed that mouse and human germinal
centre B cells shared similar transcriptional features, whereas mouse B1 B
cells were distinct from proposed human B1 B cells.
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B-cell populations, including Bl B cells and MZ B cells,
can also act as antigen-presenting cells and secrete regula-

In mice, B cells are considered to comprise three distinct
subsets: B1 B cells; marginal zone (MZ) B cells; B2 follic-
ular (FO) B cells. The B2 B cells produce antibodies with
high affinity and specificity to T-cell-dependent antigens.
Bl B cells and MZ B cells, in contrast, respond rapidly to
T-cell-independent antigen and produce natural antibody
with low-affinity and wide antigen-reactivity, typically
recognizing conserved structures on pathogens. Some

tory cytokines such as interleukin-10.

To gain further insights into the transcriptomes of dis-
tinct tissues and cell populations we have previously used
the novel network tool BioLavour Exeress’” to perform
detailed cluster analyses on large collections of publicly
available micro-array data sets."* This tool identifies co-
regulated genes based on the construction of correlation
networks, where genes (probe sets) are represented as

Abbreviations: Ab, antibody; Ag, antigen; 2-AG, 2-archionoylglycerol; ADAM28, a disintegrin and metalloprotease 28; CB2, can-
nabinoid receptor 2; DC, dendritic cell; GC, germinal centre; GO, gene ontology; FO, follicular; GPR55, G protein-coupled
receptor 55; IL, interleukin; JAK3, Janus kinase 3; MCL, Markov clustering; MEF2, myocyte enhancer factor-2; MZ, marginal
zone; S1P, sphingosine-1-phosphate; SCA1, spinocerebellar ataxia type 1; TLR, Toll-like receptor; TSPAN15, tetraspanin 15;
ZBTB32, zinc finger, broad complex, tram track, bric-a-brac domain containing 32; ZC3H12C, zinc finger CCCH-type-contain-
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nodes, and edges represent the similarity (above a given
threshold) between the expression profiles. The clusters
are then defined using the Markov Clustering algorithm
(MCL) and both the network and clusters are visualized
using a powerful three-dimensional (3D) network render-
ing engine. These meta-analyses show that clusters of
genes with correlated expression across these data collec-
tions are associated with specific tissues (e.g. intestine,
bone marrow), cell lineages (e.g. mononuclear phago-
cytes, follicular dendritic cells, M cells) or cellular func-
tions (e.g. extracellular matrix).”> These analyses enable
assessments to be made on the transcriptional relations
between distinct cell populations.”” Furthermore, predic-
tions can also be made on the functions of novel candi-
date genes based on the common activities and
expression patterns of the majority of the other genes
within particular clusters.

In the current study we analysed the transcriptional
profiles of multiple B-cell populations. A large collection
of publicly available mouse gene expression data was
assembled comprising a total of 84 individual microarray
data sets, representing 16 different B-cell subsets isolated
from distinct tissues. These data were then subjected to
network-based cluster analysis using BioLavout Express’".
Several co-expressed gene clusters were identified with
expression restricted to Bl B cells, MZ B cells and B2 B
cells. Many of these clusters contained genes related to
the characteristic activities of the B-cell subsets by which
they were expressed. However, these clusters often con-
tained many uncharacterized genes as well as many
potentially novel B-cell-subset-specific candidate genes.
We also analysed 36 microarray data sets from distinct
human B-cell populations. While these data showed that
mouse and human germinal centre (GC) B cells shared
similar transcriptional features, mouse Bl B cells were
distinct from proposed human Bl B cells. Further charac-
terization of the contents of these co-expressed gene
expression clusters will lead to the identification of novel
B-cell lineage-specific transcription factors and regulators
of B-cell function. To enable readers to explore this inter-
active expression atlas of distinct mouse B-cell subsets in
greater detail the network graph is freely available on the
author’s institutional website.

Materials and methods

Selection of gene expression data sets

The Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.
gov/geo/) database was searched for mouse B-cell subset
expression data sets. Data sets were selected based on the
following three criteria: (i) chip platform (Affymetrix
mouse gene 1.0 ST expression arrays), (ii) B-cell subsets,
and (3) availability of raw data (.cel) files. A large selec-
tion of mouse gene expression data was initially obtained
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comprising a total of 96 individual microarray data sets,
including many from a large collection of publicly avail-
able gene expression data from different immune cell pop-
ulations® (Immunological Genome Project; www.immgen.
org; GEO data sets accession number, GSE15907). Raw
data (.cel) files were downloaded and the quality of the
raw data from each data set was reanalysed using the Ar-
RAYQUALITYMETRICS package in Broconpuctor (www.bio-
conductor.org) and scored on the basis of five metrics,
namely maplot, spatial, boxplot, heatmap and rle. Any
array failing on more than one quality control (QC) metric
was removed. The remaining 84 data sets represented 16
different B-cell subsets isolated from distinct tissues (see
Supplementary material, Table S1). Data sets were normal-
ized using Robust Multichip Analysis (RMA EXPRESS;
http://rmaexpress.bmbolstad.com/), and annotated using
the latest library available from Affymetrix (http://www.af-
fymetrix.com/). Samples were given a standard annotation
(chip no.: cell class: description: replicate no.) and
arranged according to cell-type grouping to ease interpre-
tation of these data. Full details on each data set are pro-
vided in Table S1.

We also analysed 24 data sets from three independent
studies of human B-cell subsets performed on Affymetrix
Human Genome U133A plus 2.0 expression arrays (Ref.
9; GSE12366, Ref. 10; GSE15271, Ref. 11; GSE49910), and
12 data sets including samples of ‘proposed’ human B1 B
cells performed on Affymetrix Human Gene 1.0 ST
expression arrays (GSE42724, Ref. 12).

Network analysis

The analysis pipeline used in the current study is pre-
sented in Fig. 1. All the 84 combined, normalized and
annotated data sets were saved as an ‘.expression’ file and
imported into the tool BioLavour Express’". This file for-
mat contains a unique identifier for each probe set on the
array (gene symbol:probe set ID), followed by columns of
gene annotation information and finally the non-log-
transformed data values (normalized probe-set expression
levels) for each sample (each column of data being
derived from a different sample). First, a sample-to-sam-
ple correlation matrix was calculated from the normalized
and non-log-transformed gene expression data. A pairwise
Pearson correlation matrix was calculated, which com-
prised an all versus all comparison of the expression pro-
file of each probe set on the array. A graph was then
plotted using all sample-to-sample relationships > 0-95
(Fig. 2). In this graph all the nodes represent individual
data sets (cells) and the edges that link these data sets
represent Pearson correlation coefficients > 0-95.

Next, a pairwise probe set-to-probe set Pearson correla-
tion matrix was calculated based on each probe set’s pro-
file across each of the samples. A Pearson correlation
coefficient cut-off threshold of r > 0-85 was selected and

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95
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Figure 1. Data analysis pipeline used in the current study.

an undirected network graph of these data was generated.
In this graph the nodes represent individual probe sets
(genes/transcripts) and the edges between them represent
Pearson correlation coefficients > 0-85. The network was
then clustered into groups of probe sets (genes) sharing
similar profiles using the built-in MCL algorithm using
an inflation value (which controls the granularity of clus-
tering) set to 2-2.

Cluster analysis

The probe set-to-probe set network graph (Fig. 3) was
then explored extensively to understand the significance
of the gene clusterings and the functional activities of the
cell populations were investigated. Genes in the clusters
of interest were assessed for cellular functions and activi-
ties using a combination of literature review and bioin-
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formatics. Significantly over-represented gene ontologies
(GO) within clusters of interest were identified using
GOstat (http://gostat.wehi.edu.au). For each GO term,
the probability was calculated that the observed counts
occurred by the random distribution of this GO term
between the cluster of interest and the reference group
(all genes on the microarray). The Benjamini and Hoch-
berg correction was used to control the false discovery
rate of errors expected from multiple testing. Over-repre-
sented gene ontologies with P values < 0-05 were accepted
as significant (see Supplementary material, Table S2).
Groups of genes often shared several GO terms that were
indicative of the same biological process, molecular func-
tion or cellular compartment. In these instances the most
informative GO terms within the top 10 identified are
presented.

Availability of supporting data

The entire data set used here is available on a dedicated
page on the authors’ institutional website (http://www.
roslin.ed.ac.uk/neil-mabbott/b-cells). Included are the
‘.expression’ file containing all the combined, normalized
and annotated expression data, and a webstart version of
BioLavour Express’”. This interactive expression atlas of
mouse B-cell subsets enables the reader to explore the
network graph in 3D, visualize the mean expression pro-
file of each cluster and the specific expression patterns of
individual genes across the entire data collection.

Results and discussion

Comparison of the global gene expression profiles of
distinct mouse B-cell subsets

First a graph was created of the sample-to-sample correla-
tions across all the 84 data sets using Pearson correlation
relationships r > 0-85 to define edges. The graph was then
clustered into groups of data sets (samples) sharing simi-
lar expression profiles using the MCL algorithm and indi-
vidual clusters were assigned a different colour (Fig. 2).
Different progenitor and differentiated B-cell subsets clus-
tered together like-with-like and were situated in specific
regions of the graph. For example, all the progenitor
stages used in this analysis up to the pre-B Fr.D stage
clustered in a distinct region of the graph (clusters 2, 3, 4
and 6; Fig. 2). Data sets within these clusters were mostly
distributed in order of developmental stage. Those in
cluster 3 were connected by a number of edges to the
newly formed Fr.E data sets within the largest cluster
(cluster 1; Fig. 2), which contained most of the differenti-
ated B-cell subsets from the newly formed Fr.E stage.
Exceptions to this were three FO B-cell samples that
were located in a separate cluster (cluster 7), but directly
connect by an edge to the other FO B-cell data sets in
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Creation of the probe set-to-probe set correlation
network graph

Next, a full probe set-to-probe set Pearson correlation
matrix was calculated whereby the similarity in the
expression profile of each probe set represented on the
array was compared across each of the 84 data sets. A
network graph was constructed using a correlation
threshold of r > 0-85. Here, each node represents an indi-
vidual Affymetrix probe set (representing a specific gene)
and correlations between probe sets greater than the
threshold value were represented by graph edges. The net-
work graph contained 12 149 nodes representing individ-
ual probe sets connected by 385 142 edges, indicating
Pearson correlations between probe sets of r > 0-85. After
clustering using the MCL algorithm, 315 clusters of six or
more nodes were obtained. An image of the 3D network
graph is shown in Fig. 3(a) with the locations of some
example clusters highlighted. Table S2 lists the contents
of each of the 315 clusters. To enable readers to explore
the network graph in greater detail the entire data set and
a webstart version of the network graph are available on
the authors’ institutional website (http://www.roslin.ed.ac.
uk/neil-mabbott/b-cells).

The network graph comprises cliques of genes that are
co-expressed in a specific manner (correlated in their
expression profiles > 0-85) and connected by a large
number of edges (Fig. 3a). Clusters containing genes with
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PC. LN MLN) Figure 2. Clustering of samples based on their

global gene expression profile. A Pearson cor-
relation matrix was prepared by comparing
data derived from all 84 samples. A network
graph was then constructed using sample-to-
sample relationships greater than r > 0-85, and
clustered using a Markov Clustering inflation
value of 2-2. Here, the nodes represent samples
(individual micro-array data sets) and each
cluster of nodes is assigned a different colour.
The edges represent the connections between
data sets and are coloured according to the
strength of the correlation (red, r = 1-0; blue,
r > 0-85). Full descriptions of the sources of
each data set are given in Table SI1. BM, bone
marrow; FL, fetal liver; LN, lymph node; MLN,
mesenteric lymph node; PC, peritoneal cavity;
SPL, spleen.

similar functions or cellular activities typically occupied
similar regions of the network graph. For example, clus-
ters 3 and 25 were significantly enriched with genes
encoding components of the cytoskeleton/extracellular
matrix (e.g. cluster 25, GO:0005201 extracellular matrix
structural constituent, P < 0-000646; Table S2) and were
situated adjacent to each other in the same region of the
graph. Similarly, clusters 16, 30, 32, 50, 69, 90 and 92
were significantly enriched in genes encoding ribosomal
components (e.g. cluster 16, GO:0003735, structural com-
ponent of ribosome, P < 2:09 X 1078 Table S2). All of
these clusters were located within specific regions of the
3D network graph (Fig. 3a). Other examples showed that
clusters of genes that were expressed highly by specific
cell populations such as plasma cells (clusters 5, 14 and
59), B1 lineage B cells (clusters 13, 29, 45 and 172) and
MZ B cells (cluster 39 and 165) were similarly located in
specific regions of the graph, like-with-like (Fig. 3a).

Identification of B-cell subset-specific gene expression
signatures

The average expression profile of the probe sets, and the
genes they represent, within each cluster can help to pro-
vide insights into their biological activities. While some
clusters contained genes that were expressed highly by
almost all the cell subsets included in this analysis (such
as those related to house-keeping functions) (Fig. 3b),
others were restricted to individual B-cell subsets, or
groupings of B-cell lineages. Below we discuss examples
of the tightly associated clusters with expression restricted
to the major B-cell subsets identified in mice: B1 B cells,
MZ B cells and B2 B cells.

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95



Figure 3. Network analysis of mouse B-cell
subset transcriptomics data. (a) Main compo-
nent of the network graph derived from 84
micro-array data sets of distinct mouse B-cell
subsets. Here, the nodes represent probe sets
(genes) and the edges represent correlations
between individual expression profiles above
r > 0-85. (b) The mean expression profiles of
the genes in selected clusters across the 84
samples. x-axis shows the samples, grouped
according to cell type (in order of presentation
in Table S1). For each cell population mean
expression levels are presented and the number
of replicates indicated in parenthesis on the x-
axis. y-axis shows the mean signal expression
intensity for the cluster (probe set intensity).

B1 B cells

Two clusters were identified (cluster 13 and 172) with
expression restricted to Bla and Blb B cells, especially
those from the peritoneal cavity (Fig. 4). Bl B cells are
long-lived, self-renewing cells that produce high levels
of low-affinity, serum poly-reactive and weakly autore-
active natural IgM. Due to their broad antigen reactiv-

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95
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ity, Bl B cells play important roles in the early

response to a wide range of pathogens and auto-anti-
gens such as apoptotic cells. Across this data collection,
the CD28 family receptor CTLA4 (CD152), CD30
(encoded by Tnfrsf8) and two probe sets encoding
CD80 were highly and specifically expressed only by Bl
B cells (Fig. 4c). While generally considered to display
inhibitory effects on T cells, a role for CTLA4-signalling
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Figure 4. Analysis of the genes within clusters 13 and 172 which were expressed specifically by Bl B cells. (a) The mean expression profile of all
the probe set intensities within clusters 13 (blue) and 172 (red) over the 84 samples. (b) Heat map showing the mean expression levels of probe
sets of interest in clusters 13 and 172. Each column represents the mean (log,) probe set intensity for all samples from each source. Significant
differences between groups were sought by analysis of variance. P-values for those genes that were expressed significantly (P < 0-05) by B1 B cells
at levels > 2.0 fold when compared with the other cell populations. (c¢) The mean expression profile of probe sets representing Ctla4 (green),
Cd80 (red and blue) and Tnfrsf8 (purple) across the 84 samples. (d) Comparison of the mean expression profile of probe sets representing Ciita
(blue) and Zbtb32 (red) across the 84 samples. (a—d) Samples are grouped according to cell type and are arranged in order of presentation as
listed in Table S1. For each cell population mean expression levels are presented and the number of replicates is indicated in parenthesis on the
x-axis. Red-boxed area indicates the Bl B-cell data sets. (e) Cartoon illustrating the putative functions of all the genes represented in cluster 13
(black font) and 172 (blue font) in B1 B cells. These genes were then classified into groupings of related cellular function based on published data
from literature searches and bioinformatics data bases.

in the inhibition of B-cell effector functions in response by Bl B cells, coupled with the demonstration that spe-
to T-cell-dependent antigen has been described."”” B1 B cific antibody responses to T-cell-dependent antigen
cells characteristically play an important role in the were down-regulated on CTLA4-expressing B cells,"
rapid induction of antibody responses against T-cell- suggests a potential mechanism through which this
independent antigen. The specific expression of Ctla4 specificity is mediated.

84 © 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95



Although the direct role of many of the genes in these
clusters in relation to the activity of B1 B cells was uncer-
tain, based on their descriptions or published evidence it
was evident that several were involved in cell signalling,
transcription and cytoskeletal regulation (Fig. 4e). For
example, lymphocyte-expressed A2A adenosine receptor
(Adora2ar) regulates the inflammatory response in experi-
mental allergic encephalomyelitis,"* and guanylate-binding
protein-2 (Gbp2) can inhibit nuclear factor-xB activity.'’
The presence of probe sets encoding Gbp2 and two
related genes, Gbp6 and Gnb3, suggests similar activity in
Bl B cells.

Among the genes in cluster 13 associated with cytoskel-
etal regulation, cell adhesion and spreading was Itgbl,
which encodes integrin f5;, and has an important role in
promoting B-cell transit from the MZ into the splenic
white pulp cords.'®'” The co-expression of Nrp2 (which
encodes neuropilin 2) was also interesting as this has
been shown to activate the ogf5; integrin, enabling it to
form focal adhesions.'"® Three genes related to tubulin
polymerization were also present (Tppp, Tppp3 and
Tubb6). Across this data collection these genes were
expressed highly and specifically by B1 B cells (Fig. 4b),
implying a role in the reorganization of the cytoskeleton
during cell spreading and/or migration.'’

Several transcriptional regulators were also represented
in cluster 13. The Zbtb32 gene encodes the zinc finger,
broad complex, tram track, bric-a-brac (BTB) domain
containing 32 transcriptional repressor. Across this data
collection Zbthb32 was expressed highly and specifically
only by Bl B cells, implying an important role in regulat-
ing gene expression in these cell populations (Fig. 4d).
Using an ex vivo model, data suggest that Zbtb32 together
with Blimp-1 (encoded by PrdmI) regulate plasma cell
differentiation by repressing CIITA and MHC class II
expression.”’ However, the significant expression of high
levels of Zbtb32 across this data collection only by differ-
entiated Bl B cells coincident with high expression of Ci-
ita (Fig. 4d) suggests an alternative regulatory activity in
these populations. Interestingly, two other transcription
factors, Sox5 and Fbxwl3, were expressed highly by B1 B
cells derived from the peritoneal cavity when compared
with those from the spleen (Fig. 4b).

Many un-annotated probe sets were also present in
cluster 13. Among these, some were expressed highly and
significantly only by Bl B cells (cDNA sequence
BC005685; hypothetical protein LOC641050; Affymetrix
probe set IDs 10344590, 10401933, 10504755, 10504759
and 10549219; Fig. 4e). Our experience shows that the
principle of guilt-by-association works well in the meta-
analysis of large and diverse collections of microarray
data sets.”® For example, our analysis of a large collec-
tion of mouse lymphocytes and leucocytes (304 data sets)
identified a small cluster of genes expressed highly by tis-
sue-derived classical dendritic cells (Cluster 79 in Ref. 4).

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95
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Among the 12 annotated genes within this cluster was the
known classical dendritic cell transcriptional regulator
BATEF3.2! Also present was the transcription factor Zbtb4s,
which was later shown in independent studies to be a Toll-
like receptor-responsive transcriptional repressor in classi-
cal dendritic cells.”* In the current study many of the clus-
ters were significantly enriched with genes associated with
common cellular activities such as those encoding cyto-
skeleton/extracellular matrix components (clusters 3 and
25), ribosome components (clusters 16, 30, 32, 50, 69, 90
and 92), cell-cycle (cluster 2), immunoglobulin (cluster 23,
GO0:0006959, humoral immune response, P < 0-000551;
Table S2) and MHC class I (cluster 109, GO:0042612,
MHC class 1 protein complex, P < 1-03 x 10~ Table
S2). For example, cluster 2 was a large cluster of 610 probe
sets and was highly enriched in genes related to the cell-
cycle and mitosis (GO:0007049, cell cycle; P = 0; Table
S2). Indeed, almost all of the 497 annotated genes repre-
sented in this cluster have known cell-cycle functions
including many cyclins, histones, kinesins, centromere and
kinetochore complex components and genes involved in
DNA replication and repair. This cluster also contained
many cell-cycle-related transcription factors, including
Foxm]l, which is critical for DNA replication and mitosis,>
and several E2F family members ** such as E2fI. The mean
expression profile of all the probe sets in cluster 2 showed
that these genes were expressed highly by all the proliferat-
ing cell populations included in this analysis, but not by
recirculating, transitional, Bl, MZ and FO B cells
(Fig. 3b). Hence, by using the concept of guilt-by-associa-
tion it is reasonable to speculate that due to their restricted
cellular expression across this large data collection the un-
characterized genes in cluster 13 may have important func-
tions in the B1 B cells.

Bla B cells

Cluster 29 contained 45 probe sets encoding 34 annotated
genes. The mean expression profile of this cluster indi-
cated that the genes in it were co-expressed highly by Bla
B cells (Fig. 5a). Bla cells are distinguished from other B-
cell subsets by their expression of the pan-T-cell surface
glycoprotein, CD5.%> The co-expression of Cd5 in cluster
29 is consistent with the suggestion that the genes within
this cluster are related to the activity of Bla B cells. These
cells reside in the peritoneal and pleural cavities, to a les-
ser extent in the spleen, and produce high levels of natu-
ral antibody. Bla B cells also play an important role in
the induction of antibody responses against T-cell-inde-
pendent type II antigen, and aid the clearance of apopto-
tic cells and auto-antigen. Although the immediate roles
of many of the co-expressed genes in cluster 29 in rela-
tion to the function of Bla B cells were uncertain, some
had been reported to possess immunoregulatory activity.
For example, aryl-hydrocarbon receptor (encoded by Ahr)
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Figure 5. Analysis of the genes within cluster
29 which were expressed specifically by Bla B
cells. (a) The mean expression profile of all the
probe set intensities within cluster 29 across
the 84 samples. (b) Heat map showing the
mean expression intensity of each probe set in
cluster 29. Each column represents the mean
(log,) probe set intensity for all samples from
each source. Significant differences between
groups were sought by analysis of variance. P-
values for those genes that were expressed sig-
nificantly (P < 0-05) by Bla B cells at levels
> 2-0-fold when compared with the other cell
populations. (a, b) Samples are grouped
according to cell type and are arranged in
order of presentation as listed in Table S1. For
each cell population mean expression levels are
presented and the number of replicates is indi-
cated in parenthesis on the x-axis. Red-boxed
area indicates the Bla B-cell data sets. (c) Car-
toon illustrating the putative functions of all
the genes represented in cluster 29 in Bla B
cells.
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agonists can suppress IgM, IgGl and IgE expression and
plasma cell differentiation.”® Folate receptor 4 (Folr4)
may play a role in the maintenance of regulatory T
cells,”” implying a similar requirement for Bla B cells to
incorporate folic acid. Stimulation via hypocretin receptor
2 (Hcrtr2) has also been proposed to regulate the func-
tion of myeloid cells.”®

The expression of at least two of the genes within this
cluster may influence the activity of T cells. Glucocorti-
coid-induced tumour necrosis factor receptor ligand
(GITRL, encoded by TnfsfI8) expression by interleukin-
10-expressing regulatory B cells is important for the
maintenance of regulatory T cells and suppression of au-
toimmunity.”” Whereas the engagement of OX40L
(encoded by Tnfsf4) on B cells was important for the
induction of T helper type 2 responses.”®

Cluster 29 also contained many uncharacterized genes
or un-annotated probe sets that were expressed highly
and specifically only by Bla B cells (Fig. 5¢) and that
may have important roles in Bla B-cell function.

B1 B cells and MZ B cells

Cluster 45 contained 34 probe sets encoding 25 annotated
genes. In addition to producing antibody, Bl and MZ B
cells share many properties with cells of the innate
immune system by acting as antigen-presenting cells and
providing cytokines. As a consequence, these B-cell popu-
lations are also referred to as innate-like B cells.”’ Data in
this study indicate that these cell populations also share
transcriptional similarities because the mean probe set
expression profile of cluster 45 indicated that the genes in
this cluster were co-expressed by Bl cells and MZ B cells
(Fig. 6a). Two probe sets were present specific for ataxin
1 (encoded by Atxnl), otherwise known as the product of
the spinocerebellar ataxia type 1 (SCA1) gene. Whereas
SCA1 expression is low in bone marrow common lym-
phoid progenitors, expression by MZ B cells differentiated
from these progenitors is much higher ** (Fig. 6¢). Follic-
ular B cells, in contrast, express much lower levels of
SCAL. Data here indicate that Atxnl was additionally
expressed highly by Bl B-cells (Fig. 6¢). Whether the
expression of high levels of SCAL1 is indicative of the acti-
vation status of these cells,”” or is a reflection of the pre-
cursor cells from which they differentiate is uncertain.’”

Cluster 45 contained the basic helix-loop-helix family
transcription factor BHLHE41 and was specifically
expressed at high levels by Bl B cells, implying an impor-
tant role in the regulation of gene expression by these
cells (Fig. 6¢).

The co-expression of Gpr55, which encodes for the G
protein-coupled receptor 55, was also intriguing. Expres-
sion of cannabinoid receptor 2 (CB2) by B cells promotes
their chemoattraction towards the endocannabinoid 2-ar-
chionoylglycerol (2-AG), and is important for the homing

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95
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of MZ B cells and their precursors to the MZ.***® Data sug-
gest that GPR55 can also act as a cannabinoid receptor,36
and regulate the CB2-mediated responses of neutrophils to
endocannabinoids such as 2-AG.*” Whereas Cnr2 (which
encodes CB2) was expressed by all B-cell subsets from the
newly formed Fr.E stage, Cnr2 and Gpr55 were co-
expressed only by B1 B cells and MZ B cells (Fig. 6d). This
suggests that cross-talk between CB2 and GPR55 may play
an important role in regulating the chemotactic responses
of these populations to endocannabinoids. The inclusion of
TBC1 domain family member 9 (Tbc1d9) was also interest-
ing (Fig. 6d). Although the putative function of Tbcld9 in
B cells is unknown, this gene was reported to be up-regu-
lated along with that encoding cannabinoid receptor 1 in
mantle cell lymphoma (considered to derive from B cells
from the follicular mantle zone).>®

Marginal zone B cells

Cluster 39 (GO:0045727, positive regulation of transcrip-
tion, P < 0-0376; GO:0042221, response to chemical stim-
ulus, P < 0-0376) comprised a cluster of 39 probe sets
encoding 29 annotated genes with expression significantly
enriched in MZ B cells (Fig. 7a). Within this cluster were
several genes known to be expressed highly by MZ B cells
including Cd1d, Sipr3 and TIr3 (Fig. 7b),>** but it was
interesting in that it appeared to lack an obvious tran-
scriptional regulator. The MZ B cells are situated on the
exterior of the marginal sinus. These specialized, non-re-
circulatory B cells express B-cell receptors specific for
microbial polysaccharides, Toll-like receptors, comple-
ment receptors (CD21/CD35; CR2/CR1) and can self-
renew. These features, and their MZ positioning, enable
them to trap and concentrate blood-borne antigen on
their surfaces and rapidly mount T-cell-independent type-
2 antibody responses to polysaccharide antigen such as
those on encapsulated bacteria.** The MZ B cells also
capture blood-borne immune complexes and rapidly
shuttle into B-cell follicles,"> and can act as regulatory
cells that control the function of other cells involved in
the innate immune response.”’

Stimulation through various G protein-coupled recep-
tors is important for the positioning of MZ B cells in the
MZ. Cells in the MZ are continually exposed to sphingo-
sine-1-phosphate (S1P) in the bloodstream. MZ B cells
strongly express the SIP receptors SIP; and SIP;
(encoded by Siprl and Sirp3, respectively; Fig. 7c), which
aid the S1P-mediated positioning of MZ B cells in the
MZ.*>*>* When S1P-stimulation is blocked, for example
by treatment with the pharmacological SIP receptor mod-
ulator FTY720, MZ B cells are rapidly displaced from the
MZ and migrate into the follicles in response to CXCL13—
CXCR5 stimulation®>#>4>4¢ (Fig. 7d). Across this data col-
lection, SIpr3 was expressed highly only by MZ B cells,
whereas SIpr2 was restricted to GC B cells (see cluster 29
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Figure 6. Analysis of the genes within cluster 45 with expression enriched in Bl B cells and marginal zone (MZ) B cells. (a) The mean expression
profile of all the probe set intensities within cluster 45 over the 84 samples. (b) Heat map showing the mean expression intensity of each probe
set in cluster 45. Each column represents the mean (log,) probe set intensity for all samples from each source. Significant differences between
groups were sought by analysis of variance. P-values for those genes that were expressed significantly (P < 0-05) by Bl B cells and MZ B cells at
levels > 2-0-fold when compared with the other cell populations. (c) The mean expression profile of probe sets representing Atxnl (blue and red)
and Bhlhe41 (green) across the 84 samples. (d) Comparison of the mean expression profile of probe sets representing Cnr2 (blue), Gpr55 (red)
and Tbcld9 (green) across the 84 samples. (a—d) Samples are grouped according to cell type and are arranged in order of presentation as listed
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Red-boxed area indicates the Bl B-cell and MZ B-cell data sets. (e) Cartoon illustrating the putative functions of all the genes represented in clus-
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below). In contrast SIprl was expressed by all B-cell popu- chemokine receptor CXCR7 (encoded by Cxcr7) can act as
lations from the pre-B Fr.D stage, except GC B cells and a scavenger receptor for CXCL12 on MZ B cells and pro-
plasma cells (Fig. 7c), consistent with its role in controlling mote their retention in the splenic MZ.*

the egress of mature B cells from secondary lymphoid Among the other genes present was Adam28, which
organs.*” In addition to S1P-mediated stimulation, the encodes a disintegrin and metalloprotease 28 (ADAM?28)
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Figure 7. Analysis of the genes within cluster 39 with expression enriched in marginal zone (MZ) B cells. (a) The mean expression profile of all
probe set intensities within cluster 39 over the 84 samples. (b) Heat map showing the mean expression intensity of each probe set in cluster 39.
Each column represents the mean (log,) probe set intensity for all samples from each source. Significant differences between groups were sought
by analysis of variance. P-values for those genes that were expressed significantly (P < 0-05) by MZ B cells at levels > 2-0 fold when compared
with the other cell populations. (c¢) The mean expression profile of probe sets representing Siprl (blue), SIpr2 (red) and SIpr3 (green) across the
85 samples. (d) Treatment of mice with the S1P receptor modulator FTY720 rapidly displaces MZ B cells (CD1d" cells, red) from the splenic
MZ. In control mice many MZ B cells (left-hand panel, arrow) are situated within the MZ adjacent to the ring of MADCAMI-expressing sinus-
lining cells (green). Following treatment with FTY720 MZ B cells are displaced from the MZ and retained in the follicles (right-hand panel,
arrow-heads). FO, B-cell follicle. (e) Comparison of the mean expression profile of probe sets representing Adam28 (light blue), Asb2 (red),
Tspanl5 (green) and Zc3h12c (dark blue) across the 85 samples. (a, b, ¢ and e) Samples are grouped according to cell type and are arranged in
order of presentation as listed in Table S1. For each cell population mean expression levels are presented and the number of replicates is indi-
cated in parenthesis on the x-axis. Red-boxed area indicates the MZ B-cell data sets. Blue-boxed area in (e) indicates the germinal centre (GC)
B-cell data sets. (f) Cartoon illustrating the putative functions of all the genes represented in cluster 39 in MZ B cells.
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and was specifically and significantly expressed only by
MZ B cells (Fig. 7e). This distribution was consistent with
immunohistochemistry data elsewhere suggesting that
ADAM28 was predominantly expressed in the splenic
MZ.** Marginal zone B cells express high levels of inte-
grins o4ff; and opf,, which by binding to stromal cell
adhesion molecules intercellular adhesion molecule 1 and
vascular cell adhesion molecule 1 aids their retention in
the MZ."” Data show that ADAM28 modulates the bind-
ing of integrin oyf; to vascular cell adhesion molecule
1,* implying an important role in the integrin-mediated
retention of MZ B cells to stromal cells within the MZ.

The specific co-expression of Tspanl5 is also intriguing
(Fig. 7e). This gene encodes tetraspanin 15, which can
regulate the activity of ADAMI10.® Whether TSPANI15
shares a similar activity towards ADAM28 is uncertain,
but ADAMI10 has been shown to be essential for the devel-
opment of MZ B cells.”’ NOTCH2-activation induced by
stromal-derived Delta-like-1 is an essential regulator of
MZ B-cell development.”* > NOTCH2 signalling is
impaired in the absence of ADAM10 and as a consequence
MZ B-cell development is blocked. As ADAMI10 critically
regulates MZ B-cell development by initiating NOTCH2
signalling,”’ these data suggest that TSPAN15 may also
play an important role by modulating ADAMI10 activity
in B cells. In cells of the B lineage NOTCH signalling leads
to the degradation of Janus kinase (JAK3), implying that
NOTCH signalling influences lymphopoiesis through the
modulation of JAK3. NOTCH signalling transcriptionally
activates ankyrin-repeat SOCS box containing protein 2
(ASB2) and S-phase kinase-associated protein 2 (SKP2),
and each has been shown to interact with and degrade
JAK3.>> The specific and significant expression of Asb2
only by MZ B cells (Fig. 7e) suggests an important role in
NOTCH-mediated JAK3 turnover.

The gene encoding zinc finger CCCH-type-containing
12¢ (Zc3h12c) was expressed highly by MZ B cells and to
a lesser extent by cells of the Bla lineage (Fig. 7e).
Expression of ZC3H12C has been shown to repress
nuclear factor-xB activation and pro-inflammatory gene
expression.”®”” Although a range of TLR agonists stimulate
the rapid proliferation of MZ B cells and the production of
immunoglobulins, their expression of pro-inflammatory
cytokines such as tumour necrosis factor-o and interleukin-
12p40 is negligible.*”*' Hence, it is plausible that ZC3H12C
may play a similar anti-inflammatory function in MZ B
cells to that observed in macrophages and endothelial
cells.”>”

Recirculating, transitional and B2 B cells

Cluster 37 contained 39 probe sets encoding 33 annotated
genes. The mean expression profile of this cluster indicated
that the genes within it were co-expressed highly by recir-
culating, transitional and B2 B cells (Fig. 8a,b). The FO B2

920

cells are characterized as CD5~ CD21'° CD23* CD45R*
Ing0 IgDhi cells, reside within the B-cell follicle, circulate
throughout the bloodstream and produce high-affinity
antibodies to T-cell-dependent antigen. The low-affinity
IgE receptor (CD23) is encoded by Fcer2a, and across this
data set expression was restricted to recirculating, transi-
tional and B2 B cells (Fig. 8c).

Many of the other genes in this cluster had activities
associated with signalling (Fig. 8e; GO:0035591, signalling
adaptor activity, P < 0-039). Among them was Lrrk2,
which encodes leucine-rich repeat kinase 2 and has been
shown to be differentially expressed by resting B2 B
cells®® (Fig 8d). The expression profiles of Gdfl1 (which
encodes growth factor differentiation factor 11) and Icosl
(which encodes icos ligand) also indicated they were
restricted to B2 B cells (Fig. 8d).

An interesting feature of this cluster was the inclusion
of the myocyte enhancer factor-2 family transcription fac-
tor, MEF2C (Fig. 8d). In B cells the Fcer2a gene has been
reported to be a direct target of MEF2C.>® Our retrospec-
tive analysis of published microarray data from the
spleens of Mef2c ™/~ and wild-type mice®® revealed that in
addition to Fcer2a, the expression of many of the other
genes within cluster 37 were also affected by Mef2c-defi-
ciency (see Supplementary material, Table S3). These data
suggest that the expression of many of the genes in clus-
ter 37 is influenced by MEF2C.

Germinal centre B cells

Cluster 20 comprised a cluster of 67 probe sets encoding
56 annotated genes with expression enriched in GC B
cells (Fig. 9a,b). Several genes within this cluster have
previously been reported to be expressed highly by GC B
cells including Aicda, Baspl, Fas, Neill, Plxnb2, Rgsl3,
Sipr2 and Tnfsf9 (which encodes CD137L/4-1BBL).

B2 B cells within secondary lymphoid tissue undergo
GC reactions to generate high-affinity antibody with
strong antigen-specificity. Expression of the activation-
induced cytidine deaminase AID (encoded by Aicda)
plays an essential role in initiating somatic hypermuta-
tion, gene conversion and class-switch recombination in
the immunoglobulin genes of GC B cells. Other genes in
this cluster were also related to immunoglobulin produc-
tion such as Erp44.°® Consistent with the active transcrip-
tional status of GC B cells, many genes with functions
associated with transcriptional regulation were also repre-
sented in this cluster (Fig. 9c). Of particular interest was
the MEF2 family transcription factor Mef2b. Although
expression of MEF2C by B cells has been described,’’ the
expression of MEF2B by GC B cells implies a specific role
in their development or function.

Germinal centre B cells also undergo competitive selec-
tion to enrich the cells with high antigen affinity, whereas
those with low affinity are eliminated by apoptosis. These

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95
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Figure 8. Analysis of the genes within cluster 37 with expression enriched in recirculating, transitional and B2 B cells. (a) The mean expression
profile of all the probe set intensities within cluster 37 over the 84 samples. (b) Heat map showing the mean expression intensity of each probe
set in cluster 37. Each column represents the mean (log,) probe set intensity for all samples from each source. Significant differences between
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activities were reflected by the inclusion of genes involved The expression of S1P receptor type 2 (S1P,, encoded by

in apoptosis regulation and B-cell selection including
Ada, Fas, Fgfll, Neill, Optn, Ppp4r2, Rassf6, Rgsl3,
Slc41a2, Stau2 and Zdhhc2. The selected GC B cells then
undergo rapid clonal expansion indicated by the presence
of genes related to the cell-cycle and cytoskeletal regula-
tion (Fig. 9¢).

© 2013 John Wiley & Sons Ltd, Immunology, 141, 79-95

S1pr2) was restricted to GC B cells (Figs 7c and 9b) and is
considered to exert a dual role in these cells by regulating
their survival and the positioning at the centre of the B-cell
follicle. In addition to SIpr2, other genes within this
cluster, Arhgap8, Gnaz, Ppap2a and Rgs9 have related
activities. The relative concentration of S1P in the B-cell
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Figure 9. Analysis of the genes within cluster 20 with expression enriched in germinal centre (GC) B cells. (a) The mean expression profile of all
probe set intensities within cluster 29 over the 84 samples. (b) Heat map showing the mean expression intensity of each probe set in cluster 29.
Each column represents the mean (log,) probe set intensity for all samples from each source. Significant differences between groups were sought
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follicle is much lower than that encountered at the perime- A (PPAP2A, also known as LPP1).°* After GC B cells
ter. The low S1P concentration in the centre of the follicle encounter SIP, S1P, signals via Goy,-Goy; and the small
appears to be maintained in part by local degradation by B GTPase Rho to regulate their survival.”* The co-expression
cells through expression of S1P-degrading lipid phosphate of genes encoding the regulator of G-protein signalling 9
phosphatases such as phosphatidic acid phosphatase type 2 (Rgs9), Rho GTPase activating protein 8 (Arhgap8), and
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the G protein Go(z) (encoded by Gnaz), which can modu-
late Rho signalling, implies similar activities in maintain-
ing GC B-cell homeostasis.

Regulator of G-protein signalling 13 (Rgsl13) was also
highly expressed across this data collection only by GC B
cells (Fig. 9b). RGS13 exerts several roles in GC B cells,
including limiting extra-follicular plasma cell generation
and the size and number of cells in the GC.*

The function of a number of genes in GC B cells was
uncertain, but across this data set 1810010H24Rik, Adhefl,
Hbb-bhl and Vwa3b were highly and specifically
expressed only by GC B cells (Fig. 9b). As many of the
annotated genes in cluster 20 encode proteins with pub-
lished or credible functions in GC B cells (Fig. 9¢), by
using the principle of guilt-by-association it is reasonable
to speculate that 1810010H24Rik, Adhefl, Hbb-bhl and
Vwa3b may likewise have similar activities. Also intrigu-
ing was the un-annotated gene recognized by Affymetrix
probe set ID 10416006. The high and specific expression
of this transcript across this data set implies a specific
role for this uncharacterized gene in GC B cells.

Comparison with human B cells

We next determined whether GC B cells from human ton-
sils expressed high levels of the genes in cluster 20 which
were enriched in mouse GC B cells. To do so, we analysed
24 microarray data sets from human peripheral blood B
cells and tonsil-derived naive B cells, memory B cells, GC B
cells, CXCR4" centrocytes and CXCR4~ centroblasts
(Table S1). As these data were performed on Affymetrix
Human Genome U133A Plus 2.0 expression arrays it was
not possible to combine them with the mouse data sets
above. These data were normalized and the expression lev-
els of 51 orthologues of the 56 murine annotated genes in
cluster 20 were compared. Our analysis showed that the
expression of 41% of the mouse GC B-cell-related genes in
cluster 20 were significantly higher (> 2-0-fold) in human
GC B cells when compared with the other human B-cell
populations (see Supplementary material, Table S4). These
included SIPR2 and PPAP2A, which in mice help to regu-
late the survival and the positioning of GC B cells in the
centre of the follicle®” (and the related gene GNAZ), and
RG13 which limits extra-follicular plasma cell generation
and GC size.”> These data clearly show that mouse and
human GC B cells share similar transcriptional features.
Whether B cells of the B1 lineage exist in humans is con-
troversial.'>®*®> We therefore analysed 12 microarray data
sets from a published study of proposed human B1 B cells,
naive B cells, memory B cells and plasmablasts 12
(GSE42724; Table S1). As these data were performed on Af-
fymetrix Human Gene 1.0 ST expression arrays it was not
possible to combine them with the human GC B-cell or
mouse data sets above. Data were normalized and 23 anno-
tated genes were identified that were expressed significantly
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more (> 2-0-fold) by proposed human Bl B cells when
compared with the other cell populations. We then com-
pared the expression levels of equivalent probe sets across
the different mouse B-cell populations. Our analysis
showed that orthologues for only three of these genes,
CCRI, CD5 and SYT11, were expressed at significant levels
(> 2-0-fold) in mouse Bl B cells when compared with the
other mouse B-cell populations (see Supplementary mate-
rial, Table S5). Furthermore, CD5 was the only gene that
was represented in any of the mouse Bl and MZ B cell-
related clusters identified above (clusters 13, 29, 39, 45 and
172).  Studies have proposed that circulating
CD20" CD27" CD43" CD70~ CD69" B cells might repre-
sent the human equivalents of mouse B1 B cells.** Others
consider that these cells might be activated B cells undergo-
ing differentiation into plasma cells.'>®> Data here support
this conclusion. Among the 23 annotated genes in Table
S5, orthologues for four (CD96, ITGAM, TNFRSFIB and
TNFRSF21) were co-expressed in the mouse plasma cell-
related clusters (clusters 19, 5, 14 and 10, respectively;
Table S2), and the expression levels of 11 genes (48%) were
significantly higher (> 2-0-fold) in mouse plasma cells
when compared with the other cell populations (Table S5).

Conclusions

This study provides novel insight into the transcriptomes
of distinct mouse B-cell populations. A meta-analysis
approach was used to compare 84 publicly available gene
expression data sets representing 16 different mouse B-
cell subsets enriched from various tissues. Several co-
expressed gene clusters were identified with expression
restricted to the major mouse B-cell subsets: Bl B cells,
MZ B cells and B2 B cells. Although these clusters con-
tained many genes typically associated with the activity of
the cells they were specifically expressed in, many novel
B-cell-subset-specific candidate genes were also identified.
Indeed, many clusters contained a large number of un-
annotated probe sets or uncharacterized genes. As these
genes were expressed highly and specifically by distinct B-
cell populations, by using the principal of guilt-by-associ-
ation it is plausible to speculate that these currently un-
characterized genes may have important activities in the
B-cell populations within which they were expressed. We
also analysed 36 microarray data sets from distinct
human B-cell populations and compared them to our
large collection mouse B-cell lineages. Although these
data showed that mouse and human GC B cells shared
similar transcriptional features, mouse Bl B cells were
distinct from proposed human B1 B cells. To enable read-
ers to explore this interactive expression atlas of distinct
mouse B-cell subsets in greater detail an interactive web-
start version of the network graph is available on the
authors’ institutional website (http://www.roslin.ed.ac.uk/
neil-mabbott/b-cells). Further characterization of activities
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of the candidate genes identified above will lead to the
identification of novel B-cell lineage-specific transcription
factors and regulators of B-cell function.
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