
Expression of mesenchyme-specific gene signatures by follicular
dendritic cells: insights from the meta-analysis of microarray data

from multiple mouse cell populations

Introduction

The highly organized microarchitecture of secondary lym-

phoid organs (SLO) enables antigen-presenting cells and

rare antigen-specific lymphocytes to interact in the pres-

ence of antigen and mount an effective immune response.

The SLO include spleen, lymph nodes and Peyer’s patches

as well as isolated lymphoid follicles in the intestine and

share characteristic structural features that compartmen-

talize the areas containing T cells and B cells into distinct

regions. The structure of SLO is maintained by constitu-

tive interactions between haematopoietic and stromal cell

constituents.1–3 The stromal cells of SLO comprise a het-

erogeneous grouping of non-migratory cells with diverse

functions, which include the organization and compart-

mentalization of SLO, the formation of the extracellular

matrix, the guidance and survival of immune cells, and

the formation of conduits through which small lymph-

borne antigens may be delivered to the lymph node

parenchyma.1–4

At least seven stromal cell populations within SLO have

been identified, including fibroblastic reticular cells,5

marginal reticular cells,6 red pulp fibroblasts,7 lymph

node medullary fibroblasts,8 lymphatic endothelial cells,9
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Summary

Follicular dendritic cells (FDC) are an important subset of stromal cells

within the germinal centres of lymphoid tissues. They are specialized to

trap and retain antigen-containing immune complexes on their surfaces

to promote B-cell maturation and immunoglobulin isotype class-switch-

ing. However, little is known of the cell types from which FDC originate.

To address fundamental questions associated with the relationships

between FDC and other cell populations, we took advantage of the grow-

ing body of publicly available data for transcriptome analysis. We

obtained a large number of gene expression data files from a range of dif-

ferent primary mouse cells and cell lines and subjected these data to net-

work-based cluster analysis using BIOLAYOUT EXPRESS
3D. Genes with related

function clustered together in distinct regions of the graph and enabled the

identification of transcriptional networks that underpin the functional activity

of distinct cell populations. Several gene clusters were identified that were

selectively expressed by cells of mesenchymal lineage and contained classic

mesenchymal cell markers and extracellular matrix genes including various

collagens, Acta2, Bgn, Fbn1 and Twist1. Our analysis showed that FDC also

express highly many of these mesenchyme-associated genes. Promoter analysis

of the genes comprising the mesenchymal clusters identified several regulatory

motifs that are binding sites for candidate transcription factors previously

known to be candidate regulators of mesenchyme-specific genes. Together,

these data suggest FDC are a specialized mesenchymal cell population within

the germinal centres of lymphoid tissues.

Keywords: clustering; follicular dendritic cell; mesenchyme; meta-analysis,

microarray; transcriptomics

Abbreviations: CAGE, capped analysis of gene expression; FDC, follicular dendritic cell; LT, lymphotoxin; LTbR, lymphotoxin b
receptor; MCL, Markov clustering; SLO, secondary lymphoid organ; TSS, transcriptional start site.
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vascular endothelial cells10 and follicular dendritic cells

(FDC).11 The FDC reside in the primary B-cell follicles

and germinal centres of lymphoid tissues and are a

distinct cell lineage from bone-marrow-derived classical

dendritic cells,12 because they are non-phagocytic, and

non-migratory stromal cells.13 Characteristically, FDC

possess many slender and convoluted dendritic processes

that extend over large distances to surround numerous

neighbouring lymphocytes. As a consequence the FDC

has a large surface area, which is used to efficiently trap

and retain native antigen in the form of immune com-

plexes, consisting of antigen–antibody and complement

components. The longevity of FDC ensures that antigen is

retained upon their surfaces for long periods.11,14 Anti-

gens trapped on the surface of FDC are considered to

promote immunoglobulin-isotype class switching, affinity

maturation of naive IgM+ B cells and the maintenance of

immunological memory.15–19 The FDC are also consid-

ered to play an important role in controlling the clearance

of apoptotic B lymphocytes20 and the pathogenesis of

prion diseases,21 infection with HIV,22 sarcomas,23 B-cell

lymphomas24 and certain chronic inflammatory and auto-

immune diseases.25

B cells provide important cytokine stimuli such as

membrane lymphotoxin (LT) a1b2 and tumour necrosis

factor-a, which maintain FDC in their differentiated

state.26 Lymphocyte-derived LTa1b2 signals through the

LTb receptor (LTbR) expressed on FDC or their precur-

sor cells.17 Constitutive LTa1b2-stimulation is required

because FDC rapidly collapse when LTbR-signalling is

inhibited.26 However, little is known of the precursor cell

types from which FDC differentiate. Conflicting data sug-

gest that FDC derive from mesenchymal,17,27 bone mar-

row28 or monocytic29 precursors or a fusion between cells

of stromal and haematopoietic cell lineages.30

We have recently carried out gene expression cluster

analysis on a diverse range of primary cells and cell

lines31–33 using the novel network graph tool BIOLAYOUT

EXPRESS
3D.34,35 These meta-analyses show that certain clus-

ters of genes that are correlated in their expression across

these large data sets clearly associate with specific tissue

or cell types (e.g. the haematopoietic and mesenchymal

lineages) and with specific cellular functions/pathways

(e.g. phagocytosis, inflammatory cytokine production,

oxidative phosphorylation, cell cycle, extracellular matrix).

This approach enables predictions to be made on gene

function based on the company they keep, as well as on

the functional status of different cell populations. In the

current study we reasoned that if we examined a diverse

set of microarray data from distinct mouse cell popula-

tions, we would be able to identify clusters of co-

expressed genes that were shared by FDC and other cell

lineages, and thereby gain insights into the ontogeny of

this important subset of SLO stromal cells. We obtained a

large number of gene expression data files representing

distinct mouse cell types including FDC and subjected

them to network-based cluster analysis. Our analysis of

these data suggests that FDC are a unique population of

mesenchymal cells within the B-cell follicles of SLO.

Materials and methods

Selection of gene expression data sets

The GEO database was searched for mouse mesenchymal

cell and FDC expression data sets. Data sets were selected

based on the following three criteria: (i) cell type studied,

(ii) chip platform (Affymetrix mouse genome MOE430

2.0 expression arrays), and (iii) availability of raw data

(.cel) files. In addition, a diverse range of cell and tissue

populations (haematopoietic, myeloid, lymphoid etc.) was

selected from a large publicly available gene expression

data set performed on the same platform (GSE10246).36

Accordingly, a set of mouse gene expression data was col-

lected comprising results from a total of 85 chips repre-

senting 44 different cell populations or treatments

(Table 1). All raw data (.cel) files were downloaded and

normalized using RMA (Affymetrix, Santa Clara, CA).

Probe sets were then annotated using the latest libraries

available from Affymetrix (http://www.affymetrix.com)

and samples were arranged according to cell-type group-

ing to ease interpretation of these data (mesenchymal

cells, bone marrow progenitors, myeloid cells, classical

dendritic cells, lymphocytes, FDC).

In addition, we considered data sets from a published

study of FDC-enriched and FDC-depleted mouse spleno-

cytes performed on Affymetrix mouse genome U74v2

expression arrays (GEO DataSets accession number

GSE2123),37 and data sets derived from the human FDC

cell line,38 HK, performed on Affymetrix human genome

U133A 2.0 expression arrays.

Network analysis

Normalized, non-log transformed gene expression data

were imported into BIOLAYOUT EXPRESS
3D, a tool specifi-

cally designed for the visualization of large network

graphs.34,35 First, a sample-to-sample correlation matrix

was calculated and a graph was plotted using all sample-

to-sample relationships > 0�9. In this context, nodes rep-

resent individual data sets (cells) and the edges between

them Pearson correlation coefficients above the selected

threshold. Next, a pairwise transcript-to-transcript Pear-

son correlation matrix was calculated based on each tran-

script’s profile across all samples. A Pearson correlation

coefficient cut-off threshold of r = 0�85 was selected and

an undirected network graph of these data was generated.

In this context nodes represent individual probe sets

(genes/transcripts) and the edges between them Pearson

correlation coefficients above the selected threshold. The
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resulting graph was large and highly structured. The net-

work was then clustered into groups of genes sharing

similar profiles using the built-in Markov Clustering

(MCL) algorithm at an MCL inflation value (which con-

trols the granularity of clustering)35 set to 2�2. The graph

of these combined data sets was then explored extensively

to understand the significance of the gene clusters and

the functional relationships between the cell populations

investigated.

Cluster annotation

Genes in the clusters of interest were assessed for recog-

nized homologies, cellular location and function using

publicly available web-based analysis tools and databases

including: ENSEMBL (http://www.ensembl.org/index.html);

GSEA MSIGDB (http://www.broadinstitute.org/gsea/

msigdb/index.jsp); GOSTAT (http://gostat.wehi.edu.au);39

UNIPROT (http://www.uniprot.org). GSEA and GOSTAT

analysis generated multiple hits for most clusters and

clusters were annotated if hits of high significance showed

a common trend as to function. These analyses were sup-

plemented by comparison of the clusters generated here

with tissue-specific and cell-specific clusters derived from

network-based analyses of an atlas of mouse tissues and

purified mouse cell populations (http://www.BioGPS.

gnf.org; data not shown), in addition to literature review.

Transcription factor binding site analysis

RefSeq IDs for each transcript on the Affymetrix

MOE430_2 array that was present in the network (i.e. had

at least one correlation with another transcript with Pear-

son r > 0�85) were obtained from the NetAffx database

(https://www.affymetrix.com/analysis/netaffx/index.affx).

To further improve the accuracy of transcriptional start

site (TSS) identification, we used the FANTOM database

of mouse Cap Analysis of Gene Expression (CAGE)-tags

and expression (http://fantom.gsc.riken.jp/4/download/

Tables/mouse/CAGE/promoters/tag_clusters/)40 to identify

true TSS. By sequencing transcripts from the 50 end and

then mapping these sequences to the genome, CAGE pro-

vides state-of-the-art accuracy for the identification of TSS.

The most abundantly transcribed CAGE-tag in the FAN-

TOM 3 data set within 1000 bp upstream or downstream

of the annotated RefSeq TSS was taken as the TSS for

that gene. Where no CAGE-defined TSS could be found

within this range, the annotated TSS from the RefSeq was

used.

Promoter sequences 300 bp upstream and 100 bp down-

stream of the CAGE-defined TSS were extracted from the

mouse genome sequence (version mm9). Transcription

factor binding site motifs were identified using the JASPAR

CORE 2008 motif set (http://jaspar.cgb.ki.se) and CLOVER

(P < 0�01, score threshold = 6) was used to detect over-

represented motifs in promoters for each expression cluster

compared with a ‘background set’ comprising the 2000-bp

upstream sequence from all mouse genes.41

Immunohistochemistry

Mouse spleens were fixed in paraformaldehyde fixative

and embedded in paraffin wax. Sections (thickness, 6 lm)

were deparaffinized, and immunostained with the follow-

ing antibodies: ACTA2 was detected using monoclonal

antibody E184 (Novus Europe, Cambridge, UK); B cells

were detected using monoclonal antibody B220 to detect

CD45R (Caltag, Towcester, UK). Following the addition of

primary antibody, species-specific secondary antibodies

coupled to Alexa Fluor� 488 (green) and Alexa Fluor� 555

(red) dyes were used (Invitrogen, Paisley, UK). Sections

were mounted in fluorescent mounting medium (DakoCy-

tomation, Ely, UK) and examined using a Zeiss LSM5

confocal microscope (Zeiss, Welwyn Garden City, UK).

Results

FDC share mesenchyme-related global gene
expression profiles

A large number of gene expression data files generated on

a single microarray platform (Affymetrix MOE430-2;

Table 1) were collected representing 44 different primary

mouse cells and cell lines. To examine the relationships

between samples a Pearson correlation matrix was calcu-

lated based on the global similarities between these nor-

malized data. The matrix was then imported into

BIOLAYOUT EXPRESS
3D 34,35 and a graph was created of the

sample-to-sample correlations using relationships r > 0�9
to define edges (Fig. 1). This analysis showed that the dif-

ferent populations of lymphoid, myeloid and mesenchy-

mal cells clustered together and occupied specific regions

of the graph. For example, the mononuclear phagocytes

(macrophages, microglia and osteoclasts) were all located

within a distinct region of the graph (cluster 3). Similarly,

all the cells of mesenchymal origin also clustered together

in a separate region of the graph (cluster 1). Located

within this cluster were the three FDC-derived data sets

(in vitro cultivated FDC from mouse lymph nodes and

FL-Y cells) indicating that FDC posses a global gene

expression profile most similar to mesenchymal cells.

Clustering of co-expressed genes in distinct cell
lineages

Next, a full probe set-to-probe set Pearson correlation

matrix was calculated whereby the similarity in the

expression profile of each transcript (probe set) repre-

sented on the array was compared across each of the 85

samples. The network graph contained 19 043 nodes rep-
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resenting individual transcripts connected by 508 681

edges indicating Pearson correlation values above the

selected threshold of r = 0�85. After clustering, 453 clus-

ters of more than five nodes were obtained and their con-

tents are provided in the Supplementary material,

Table S1. To enable others to explore this graph in

greater detail these data will be made available as a net-

work graph on the macrophages.com website (http://

www.macrophages.com/) that is maintained by The Ros-

lin Institute.

The network graph’s topology is complex and is

derived from cliques of genes which are co-expressed

(Fig. 2). This analysis clearly shows that clusters contain-

ing genes with related expression patterns were localized

within similar neighbourhoods within the graph. For

example, clusters 24, 25 and 93 contain genes that are

highly expressed in mesenchymal cells. They are found

close to each other in the network layout, adjacent to

other mesenchymal cell-type specific clusters (Fig. 2).

Other clusters, such as those for haematopoietic cell lin-

eages, are geographically distant from the mesenchymal

clusters, but close to each other.

Comparison of gene expression signatures between
distinct cell populations

The average expression profile of the genes in a selection

of example clusters derived from the network graph is

shown in Fig. 3 and those of the largest 50 clusters is

shown in the Supplementary material, Fig. S1. The

expression profile of these clusters helps to provide an

indication of the biology they encode. A number of clus-

ters contained genes that were expressed across all sam-

ples. These predominantly contained genes involved in

housekeeping functions and reflected the metabolic and

mitotic activity of the cells expressing them. For example,

several clusters were enriched with genes involved with

cell division (cluster 8, 62, 103 and 109) and RNA/protein

processing (cluster 15, 27, 41, 85, 102, 105 and 114)

(Fig. 3a, clusters 15 and 41). Cluster 58 comprised exclu-

sively the probes for the Affymetrix hybridization con-

trols.

A remarkable number of cell-specific gene clusters were

also identified (Table 2 and see Supplementary material,

Table S1). For example, cluster 3 is enriched in genes

related to the function of mast cells including Kit, Lif,

Mcpt6 and P2rx7. Cluster 10 contain genes known to be

involved in B-cell signalling and antigen presentation and

includes Blr1, C2ta, Cd19, Cd22, Cd37, Cd74, Cd79a,

Cd79b, Lta, Ltb, and several genes encoding the MHC

class II complex and immunoglobulin production. Cluster

14 contains T-cell-specific genes including Cd3e, Cd3g,

Cd28, Cd24, Tcra, Tcrb-j and Zap70 and the recently

reported T-cell-lineage-dependent transcription factor

Bcl11b (Bcl11b).42–44 Cluster 23 is enriched with natural

killer cell-specific genes including Gzma, Klra3, Klra5,

Cluster 1
Baf3
Embryonic stem cells

Cluster 5
Mast cells

Cluster 6
Granulocytes

Cluster 2
T cells
Marginal zone B cells
NK cells
Plasmacytoid DC
CD8α+ classical DC
CD8α– classical DC
Myeloid progenitor cells
Granulocyte-monocyte precursors
Haematopoietic stem cells
Mega-erythroid precursors

Neuro2a
MIMCD3
Min6
Endothelial cells
Osteoblasts

Cluster 3
Macrophages
Stimulated macrophages
Microglia
Osteoclasts

Cluster 4
Bone marrow
Spleen
Lymph node
Follicular B cells

10T1/2
MC3T3
NIH3T3
3T3-L1
FDC

Chondrocytes

Figure 1. Clustering of samples based on their global gene expression profile. A Pearson correlation matrix was prepared by comparing data

derived from all 85 samples used in this study performed on the Affymetrix mouse genome MOE430 2.0 expression array. A graph was con-

structed using sample-to-sample relationships greater than r = 0�9. Nodes represent samples (individual chips) and edges are coloured according

to the strength of the correlation (red, r = 1�0; blue, r = 0�9). The graph was then clustered using a Markov clustering (MCL) inflation value of

2�2 and each cluster of samples assigned a different colour. Full descriptions of the sources of each data set are given in Table 1.
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Klra7 and Prf-1 (Fig. 3b, clusters 3, 10, 14 and 23). A

number of phagocyte-related clusters were also identified

which contain typical phagocyte-related genes including

Atp1a3, Atp6v0d2, Ctsb, Fcgr1, Fcgr3, Lgmn and Lip1

(clusters 28, 32, 49 and 66, Fig. 3c).

FDC do not co-express haematopoietic cell-specific
gene signatures

Our main aim was to use a clustering approach to compare

the gene expression signatures of FDC with those of mesen-

chymal and haematopoietic cell lineages to gain insights

into the ontogeny of this important subset of SLO stromal

cells. A number of clusters were identified in which genes

were co-expressed at high levels by bone marrow progeni-

tor cells (for example: clusters 5, 21, 33, 54, 55 and 63)

(Fig. 3d, clusters 54 and 55). Although genes in some of

these clusters were also co-expressed at high levels by classi-

cal dendritic cells, granulocytes, natural kiler cells and lym-

phocytes, none were co-expressed by FDC supporting the

idea of their non-haematopoietic origin.

Expression of mesenchyme-specific gene signatures
by FDC

A number of mesenchyme-specific gene expression cluster

profiles were identified (Fig. 3e, Tables 2 and S1) which

occupied a specific niche in the network graph (Fig. 2)

indicating that they contained genes with similar tran-

scriptional features. Several of these clusters consisted of

genes expressed at high levels by all cells of mesenchymal

origin (clusters 24, 25, 92, 93 and 112). Cluster 24 for

example contained many classical mesenchyme-related

genes including Acta2, Bgn, Fbn1, Il6st, Lox, Mmp2, Pcolce,

Prrx1, Sgce, Twist1 and various collagens. Across this large

data set it was noticeable that the FDC consistently repli-

cated the expression patterns of cells of mesenchymal ori-

gin and co-expressed the general mesenchyme gene

clusters at high levels (Fig. 3e, clusters 24, 25, 92 and 93).

Data from this analysis therefore suggest that FDC share a

common gene expression profile with mesenchymal cells.

A number of clusters were expressed at high levels by

specific mesenchymal cell lineages (Tables 2 and S1). For

example, cluster 6 was specifically expressed at high levels

by differentiating calvarial osteoblasts and contained Cilp,

Ecm2, Eln, Kera, Matn2, Matn4, Meox2, Mmp2 and

Vcam1. Cluster 18 was expressed by chondrocytes and os-

teoblasts and was enriched in extracellular matrix and

typical osteoblast-specific genes including Agc1, Bmp5,

Cart1, Chad, Krt14, Loxl4 and Omd. Cluster 30 was

expressed by myoblasts and contained many muscle-

related genes including Chrna1, Kcnf1, Murc, Musk, Myf5

and Myod1. Each of these clusters was generally specific

to an individual mesenchymal cell lineage and not

expressed by FDC. However, cluster 31 was expressed at

high levels by in vitro cultivated FDC from mouse lymph

nodes. In addition to a number of cytokines/chemokines

and extracellular matrix components, this cluster con-

tained several antioxidant and apoptosis regulator genes

including Adc, Bcl2l15 (Gm566), Bdkrb2, Becn1, Gbp1,

Mdm4, Stc1 and Vegfa. The expression of these genes by

FDC may aid their longevity and ensure antigen is

retained upon their surfaces for extended periods to

maintain long-term immune memory.11,14

Figure 4 shows a selection of expression profiles across

this large data set for genes widely used as markers for

C_084 3T3-L1

C_006 Osteoblasts

C_050 Osteoblasts

C_092 Osteoblasts and chondrocytes

C_088 Osteoblasts and chondrocytes

C_052 Chondrocytes

C_018 Chondrocytes

C_071 10T1/2
C_093 All mesenchyme

C_024 All mesenchyme

C_025 All mesenchyme

C_029 MC3T3

C_057 NIH3T3

C_030 C2C12

C_031 FDC

Figure 2. Network analysis of mouse cell and tissue transcriptomics data. Right panel: main component of the network graph derived from 85

samples of mouse cell and tissue populations run on Affymetrix MOE430_2 arrays. Nodes represent transcripts (probe sets) and the edges repre-

sent correlations between individual expression profiles above r = 0�85. The colour of the nodes represents the cluster to which they have been

assigned. The red oval highlights the area of the graph occupied by the main mesenchymal related expression clusters. Left panel: enlargement of

the mesenchyme-related gene expression clusters isolated from the main graph (red highlighted area on main network graph). Annotations show

cluster number (C_XXX) and cluster description.
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specific cell types. For example, Cd3e is expressed at high

levels by T cells, Cd19 is restricted to B cells, and Prf1 is

expressed by natural killer cells and CD8+ T cells

(Fig. 4a). When compared across this large data set it is

evident that the classical mesenchyme-related genes Acta2,

Bgn, Fbn1 and Twist1 are highly expressed by all cells of

mesenchyme lineages including FDC (Fig. 4b). Further-

more, immunohistochemical analysis of mouse spleens

confirmed the expression of ACTA2 in association with

FDC within the B-cell follicles (Fig. 4c). High levels of

ACTA2 expression were also observed upon endothelial

cells within the central arteriole.

Comparison of gene expression signatures between
distinct endothelial cell samples

Included in these data were three independent endothelial

cell samples: SVEC4-10 cells (transiently simian virus 40-

infected lymph node stromal cells);45 MS-1 cells (derived

from pancreatic islets)46 and primary dermal lymphatic

endothelial cells47 (Table 1). However, the expression pro-

files of these endothelial cell populations were not uni-

form. Two clusters were specifically co-expressed by both

MS-1 cells and primary dermal lymphatic endothelial cells

(clusters 16 and 17). Cluster 17, for example, contained

Cluster 41

(a)

(b)

(c)

(d)

(e)

Cluster 15

Cluster 5

Cluster 49

Cluster 10

Cluster 14

B cells

T cellsCluster 23

Cluster 66

Cluster 55

Cluster 54

Cluster 25

Cluster 92
Cluster 93

Cluster 24

Cell type

M
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 in
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lu
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er

1 2 3 4 5 6 7 8
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mast cells

Figure 3. The average expression profiles of the genes in selected clusters over the 85 samples. The x-axis shows samples, grouped according to

cell type: 1, mesenchyme-lineage cells, endothelial cells, embryonic stem cells, neurosecretory cells; 2, bone marrow progenitor cells; 3, splenic

classical dendritic cells (DC) and plasmacytoid DC; 4, phagocytes (bone marrow-derived, peritoneal, RAW-264 cells, osteoclasts, microglia); 5,

granulocytes, natural killer (NK) cells and mast cells; 6, B and T lymphocytes; 7, tissues (bone marrow, spleen and lymph nodes); 8, follicular

dendritic cells (FDC). The y-axis shows average expression for the cluster (intensity). (a) Expression profiles of main ‘housekeeping’ clusters: clus-

ter 15, grey; cluster 41, brown. (b) Profiles of clusters derived from mast cells (brown, cluster 3), B cells (pink, cluster 10), T cells (light brown,

cluster 14) and NK cells (blue, cluster 23). (c) Profile of phagocyte-related gene clusters: cluster 49, turquoise; cluster 66, orange. (d) Profile of

haematopoietic cell-related gene clusters: cluster 54, dark green; cluster 55, light green. (e) Profile of main mesenchyme-specific gene clusters:

cluster 24, dark green; cluster 25, pink; cluster 92, blue; cluster 93, light green.
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typical endothelial cell-specific genes such as Esam1, Nos3,

Pecam1, Sele and Selep. None of these gene expression

clusters were shared by SVEC4-10 cells, which had a dis-

tinct gene expression profile (cluster 44) implying that

they lack many characteristics of primary endothelial cells

(Fig. 5).

Expression of mesenchyme-specific cluster genes by
FDC in other data sets

The analysis described above did not include all publicly

available gene expression data for mouse FDC, because

individual studies were performed on different expression

array platforms. To determine whether FDC from other

mouse SLO robustly expressed high levels of mesen-

chyme-related genes we examined a published study of

gene expression by FDC enriched from mouse spleens

performed on Affymetrix mouse genome U74v2 expres-

sion arrays.37 Expression data for the top 5% of tran-

scripts expressed by FDC-enriched splenocytes, when

compared with FDC-depleted splenocytes, were identified

and compared with those genes within the mesenchyme-

specific clusters identified above (clusters 24, 25, 92, 93

and 112). Results were available for 97 of the 114 anno-

tated mesenchyme-specific genes. Our analysis showed

that 55% of these genes including Acta2, Bgn, Fbn1, Il6st,

Prrx1, Twist1 and various collagens were among the top

5% of those expressed by splenic FDC (see Supplementary

material, Table S2). In contrast, none of these mesen-

chyme-specific genes were among the top 5% expressed

by FDC-depleted splenocytes when compared with FDC-

enriched splenocytes (see Supplementary material,

Table S3). These data from mouse splenic FDC support

our conclusion that FDC are a distinct population of

mesenchyme-derived cells.

Expression of mesenchyme-specific gene signatures
by human FDC

To determine whether FDC derived from human tonsils

also expressed high levels of mesenchyme-related genes

we examined gene expression data from the human

FDC-like cell line,38 HK, performed on Affymetrix

human genome U133A 2.0 expression arrays. Expression

data for the top 5% of transcripts were identified and

compared with those genes within the mesenchyme-

specific clusters identified above (clusters 24, 25, 92, 93

and 112). Results for 91 orthologues of the 114 murine

annotated mesenchyme-specific genes were available.

Our analysis showed that 47% of these genes were

among the top 5% of genes expressed by human FDC

(see Supplementary material, Table S4). Together, these

data demonstrate that both human and mouse FDC

express high levels of classic mesenchymal and extracel-

lular matrix-related genes.

Identification of multiple cell gene expression profiles
within the same sample

During the preparation of this manuscript an additional

study was published48 that described gene expression data

derived from mouse Peyer’s patch and peripheral lymph

node FDC performed on the Affymetrix mouse genome

MOE430 2.0 expression array as used in our cluster anal-

ysis. Eleven gene expression data sets were selected repre-

senting peripheral lymph node FDC, Peyer’s patch FDC

and FDC from the lymph nodes of immunized mice

(Table 1). These data sets were added to our collection,

the 98 gene expression data sets were re-normalized and

the cluster analysis was repeated as described above

(r = 0�85; MCL 2�2). When we analysed the top 5% of

transcripts expressed in these additional data sets many

FDC-associated genes were represented including C1qa,

Cd44, Clu, Cxcl1, Cxcl13, Fcgr2b, Fcgr3, Gpm6b, Icam1,

Mfge8, Mmp2, Prnp, Serpina1a1, Tgfbi and Vcam1.2,3,37,49

However, additional analyses showed that the gene

expression profiles of the FDC-derived data sets from the

study by Suzuki et al.48 (termed Suzuki FDC herein after)

were quite distinct. In contrast to data from our analysis

of FDC from a variety of mouse and human sources, the

Suzuki FDC data sets expressed very low levels of mesen-

chyme- and extracellular matrix-related transcripts and

did not express high levels of mesenchyme-related gene

expression clusters (see Supplementary material,

Table S5). Furthermore, among the top 5% of transcripts

within the Suzuki FDC data sets were many classical mac-

rophage-specific genes including Cd68, Cd86, Cd274,

Csf1r, Emr1, Igav, Itgax, Mpeg, Msr1 and constituents of

the proton pump (see Supplementary material, Table S6).

This analysis shows that although the Suzuki FDC sam-

ples contain many FDC-specific transcripts, these samples

also clearly contain a predominant phagocyte-related gene

expression signature. Our analysis of gene expression data

from a range of mouse and human FDC (as described

Figure 4. Mean gene expression profiles of selected marker genes over the 85 mouse cell samples. Samples are grouped according to cell type: 1,

mesenchyme-lineage cells, embryonic stem cells, neurones; 2, bone marrow progenitor cells; 3, splenic classical dendritic cells (DC) and plasmacy-

toid DC; 4, phagocytes (bone marrow-derived, peritoneal, RAW-264 cells, osteoclasts, microglia); 5, granulocytes, natural killer (NK) cells and

mast cells; 6, B and T lymphocytes; 7, tissues (bone marrow, spleen and lymph nodes); 8, follicular dendritic cells (FDC). (a) Cd3e (C_014),

Cd19 (C_010), Prf1 (C_023). (b) Acta2, Bgn, Fbn1, Twist1 (all C_024). (c) Immunohistochemical analysis of mouse spleens shows ACTA2 expres-

sion (red) in association with FDC (arrowhead) in the B-cell follicles (CD45R, green). High levels of ACTA2 expression were also observed upon

endothelial cells within the central arteriole (CA). Scale bar, 50 lm.

492 � 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 133, 482–498
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above) did not reveal significant expression of phagocyte-

related transcripts. This suggests that the Suzuki FDC

samples most likely also contain tingible body macro-

phages, which are specifically located in the B-cell follicles

within which the FDC reside. Tingible body macrophages

are recognized by the Mfge8-specific antibody (monoclo-

nal antibody FDC-M1), which was used to enrich the

FDC from lymph nodes and Peyer’s patches.20,48,50

Transcription factor and promoter analysis

The clusters identified here represent transcriptional net-

works of co-expressed genes and one might expect them

to share transcription factor-responsive elements in their

promoters. We therefore carried out a transcription factor

binding site analysis using the tool CLOVER

41 as described

previously31 to detect significantly over-represented motifs

in the promoter region of genes identified by transcripts

in each cluster. Of the 11 512 probes within the top 121

clusters described, 9752 had RefSeq transcript IDs in the

netaffx database, and 8250 RefSeq transcript IDs had an

annotated TSS. In all, 211 genes had no CAGE-defined

TSS within a 1000-bp range of the annotated TSS. In

these instances the RefSeq TSS was used. For those genes

with a CAGE-defined TSS, the median shift from the

annotated TSS was 0 bp (interquartile range: )35 to

+39 bp; range )996 to +999 bp).

CLOVER (P-value threshold = 0�01, raw score thresh-

old = 6) identified significant enrichment for binding

sites for 136 of the 138 transcription factors in the JAS-

PAR CORE database. The CLOVER score estimates the

degree of over-representation of a given sequence by esti-

mating the thermodynamic binding energy of a transcrip-

tion factor to the promoter sequences of genes in a given

cluster, and comparing this with the binding energy of

the transcription factor to a control sequence (in this

case, the 2000 bp upstream of all mouse promoters).51

Table 2 and Supplementary material, Table S1 list the

transcription factors that had the highest positive correla-

tions with expression pattern of each cluster. Results are

presented in order of CLOVER score, with the highest score

(i.e. most thermodynamically stable pairing) first. The

lists of over-represented transcription factor binding sites

support the view that each cluster is distinct and derived

from an underlying transcriptional programme. Our pre-

vious promoter analysis identified several candidate tran-

scriptional regulators that correlated with expression of

Fbn1 and other mesenchyme-related cluster genes.33 In

the current study, five of these transcription factors

(KLF4, Broadcomplex 4, Agamous, TEAD1 and E2F1)

were likewise correlated with the mesenchyme/FDC-spe-

cific cluster genes.

Discussion

As a result of the practical problems encountered when

attempting to isolate highly purified FDC populations

from mouse SLO, it has been difficult to study with con-

fidence the origin, phenotype and function of this impor-

tant cell subset. The issues associated with the failure to

enrich FDC to significant homogeneity are numerous and

include: contamination with other cell types such as B

cells with which they form tight groupings; contamination

with macrophages which can co-express Mfge8, a typical

marker used to identify FDC;20,50 low yield because FDC

represent < 1% of the cells within mouse SLO; fastidious

in vitro cultivation conditions because they require con-

stant LTbR-stimulation to maintain them in their differ-

entiated state.26 In the current study we analysed

expression data from FL-Y cells, an LTbR-signalling-

dependent FDC cell line established from mouse lymph

nodes52 and an FDC cell line from human tonsil38 as well

as data from in vitro cultivated FDC enriched from

mouse lymph nodes,53 FDC-enriched mouse splenocytes37

and FDC-enriched from mouse Peyer’s patches and

peripheral lymph nodes.48 These data were then com-

pared with a collection of gene expression data from a

diverse range of mouse cell lineages. The use of such a

large data set enabled gene expression signatures that dis-

tinguished different haematopoietic and mesenchymal cell

lineages to be readily discriminated and compared. In

addition, we were able to identify over-represented tran-
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scription factor motifs specific to the clusters, which pro-

vides a mechanism through which co-expression is regu-

lated.

Our analysis showed that FDC co-expressed high levels

of mesenchyme-related gene clusters, suggesting that FDC

are a specialized mesenchymal cell population within the

germinal centres of SLO. Predictably, the mesenchyme-

specific clusters were enriched in genes encoding

components of the extracellular matrix, including various

collagens, Bgn, Fbn1, Gpc6, Lox, Mmp2, Pcolce and Postn.

The expression of these components by FDC illustrates

the crucial role these cells play in the maintenance of the

microarchitecture within B-cell follicles and high titre

immunoglobulin responses.54 Stromal cell-derived bigly-

can (Bgn gene) may have multiple roles in the extracellu-

lar matrix surrounding FDC networks. Biglycan has been

shown to enhance the clustering of B cells and stimulate

their proliferation55 implying a similar role on the surface

of FDC within germinal centres. The FDC are considered

an important source of C1q within the germinal centre.49

A role for biglycan as a down-regulator of the pro-inflam-

matory effects mediated through C1q has been

proposed.56 Extracellular matrix-associated biglycan is

linked with sequestration of cytokines such as transform-

ing growth factor-b, thereby inactivating and controlling

local concentrations of this anti-inflammatory cyto-

kine.57,58 The modulation of fibrillin-1 (Fbn1 gene)

expression by biglycan has also been proposed as a mech-

anism through which transforming growth factor-b activ-

ity in the extracellular matrix may be regulated.59

Interleukin-6 is considered to play an important role in

germinal centre development and the maintenance of

high titre immunoglobulin responses.60,61 Il6st (encoding

the Il6 signal transducer, CD130) was a member of mes-

enchyme-related cluster 24, which was highly expressed in

FDC. The mesenchyme-specific clusters were also

enriched in numerous genes involved in the synthesis,

formation and deposition of collagen fibres. The expres-

sion of these genes by FDC would help to maintain the

structure of the B-cell follicle during the different stages

of the germinal centre reaction, facilitate the guidance of

lymphocytes within it and assist in the formation of con-

duits through which small lymph-borne antigens and

chemokines may drain through the stroma to B-cell folli-

cles.3,62,63

Chronic inflammation often leads to the formation of

organized ectopic tertiary lymphoid tissues in target tis-

sues.64 These tertiary lymphoid structures typically com-

prise germinal centres with networks of FDC, T-cell areas

and high endothelial venules.25,65 Several key events pro-

mote the formation of tertiary lymphoid tissues including:

chronic inflammation; LT-expression; homeostatic

chemokine expression by stromal cells (e.g. CXCL13,

CCL19 and CCL21); and development of high endothelial

venules. In mice, transgenic over-expression of CXCL13

in the pancreas is sufficient to induce tertiary lymphoid

tissue formation.66 The expression of CXCL13 is consid-

ered to induce the migration of LT-expressing lympho-

cytes into the chronically inflamed tissue.25 Data in the

current study clearly show that FDC share a common

mesenchymal-specific gene expression profile. Hence, the

ability of FDC networks to arise spontaneously in a range

of chronically inflamed non-lymphoid tissue environ-

ments implies that tissue-resident mesenchymal cells such

as fibroblasts may be triggered to differentiate into FDC

upon appropriate stimulation (for example, via LTbR and

homeostatic chemokine stimulation).

Across this data set several clusters were identified that

clearly defined the individual mesenchymal lineages (chon-

drocytes, cluster 18; endothelial cells, cluster 17; myoblasts,

cluster 30 etc.). Likewise, cluster 31 was co-expressed at

high levels by FDC. The characteristic longevity of FDC

ensures that antigen is retained upon their surfaces for long

periods to promote immunoglobulin-isotype class switch-

ing, affinity maturation and the maintenance of immuno-

logical memory.15–19 The co-expression of a number of

antioxidant and apoptosis regulator genes within this clus-

ter may act to aid the longevity of FDC to ensure antigen is

retained upon their surfaces for extended periods. No other

FDC-specific gene expression clusters were identified

raising the suggestion that FDC in SLO differentiate from

mesenchymal fibroblastic reticular cells.

Among the genes most highly expressed by FDC in this

analysis was Acta2, which encodes alpha-smooth muscle

actin (Fig. 4b). Expression of Acta2 is considered a

characteristic feature of myofibroblasts.67,68 These mesen-

chyme-derived reparative connective tissue cells contribute

to the reconstruction of injured tissue by secreting new

extracellular matrix and by exerting high contractile

force.67–69 The expression of high levels of Acta2 by FDC

has led to the suggestion that these cells are a specialized

form of myofibroblasts.70 However, across this large data

set it was evident that Acta2 expression was coordinated

with the genes in the mesenchyme-specific cluster 24 and

expressed at high levels by all cells of mesenchyme lineage.

This indicates that Acta2 is a general mesenchyme lineage

marker that does not provide insight into the type of mes-

enchymal cells represented by FDC.

Although complement receptors 2 and 1 (CD21/35)

encoded by the Cr2 gene are expressed at high levels by

FDC and mature B cells in vivo,71 the probe set for this

gene (1425289_a_at) was present in the B-cell-related

Cluster 38. Analysis of the expression levels of the Cr2

probe set showed that it was highly expressed by B cells,

but it was absent/barely detectable in FDC RNA. This was

true for all the FDC data sets analysed in this study (both

in vivo isolated FDC and FDC cell lines). The reasons

for this discrepancy are uncertain. In the mouse, B cells

and FDC produce the CR1 and CR2 proteins through

alternative splicing of the Cr2 gene.72 This may suggest
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that FDC express an alternatively spliced variant of the

Cr2 gene to that expressed in mature B cells, which is not

recognized by the Cr2-specific probe set. Alternatively,

FDC require constitutive LTbR-mediated stimulation

from surrounding lymphocytes to maintain their matura-

tion status.26 In the absence of this stimulation FDC rap-

idly de-differentiate. It is therefore plausible that because

of an absence of LTbR stimulation during their enrich-

ment from lymphoid tissues, FDC begin to de-differenti-

ate and lose expression of Cr2.

Our clustering analysis showed the Suzuki FDC

(isolated from mouse Peyer’s patches and peripheral

lymph nodes)48 had different expression profiles from the

other lymph node FDC, FL-Y cell line, enriched splenic

FDC and HK cell data. They had low levels of mesen-

chyme markers and high expression of classical macro-

phage markers indicating a predominant phagocyte

expression signature,31 most likely from the inclusion of

tingible body macrophages in the cell preparations. The

mixed population of cell types in these preparations

revealed by our clustering analysis suggests that some of

the responses seen may be the result of the macrophage

component rather than the FDC.48

This study shows that the large resource of publicly

available gene expression data can be used to make

informed comparisons on the relationships and character-

istics of distinct cell lineages. Our clustering analyses

clearly show that FDC co-express common mesenchymal

gene expression signatures, implying that FDC differenti-

ate from mesenchymal precursor cells in SLO. Further

analysis of these clusters of co-expressed genes will aid

the identification of novel mesenchymal and FDC lineage

and differentiation markers, and regulators of cell func-

tion during normal or pathogenic conditions.
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