
How do follicular dendritic cells interact intimately with B cells
in the germinal centre?

Introduction

The peripheral lymphoid organs where acquired immune

responses occur are well-organized microanatomical struc-

tures that are composed of T-cell and B-cell zones.1–3

These two lymphoid cell zones are anatomically separated

in lymphoid tissues such as spleen, lymph nodes and ton-

sils. B-cell areas are found in the form of either primary

follicles of naive B cells or secondary follicles of activated

B cells forming the germinal centre (GC). The T-cell zone

is outside the follicle. Follicular dendritic cells (FDCs) are

the stromal cells located in the GC.

The primary immune response, occurring within

2–3 days following antigen (Ag) stimulation, produces

immunoglobulin M (IgM).4,5 In 5–10 days, selected

B cells migrate from the primary follicles to the GC where

they accumulate within the extensive processes of FDCs.

The immigrant lymphocytes rapidly proliferate and differ-

entiate into memory B cells and plasma cells, accompan-

ied by phenotypic changes. Simultaneously, there are

dramatic changes in the immunoglobulin molecules.

Somatic hypermutation of IgVH and isotype switching

from IgM to other isotypes take place during the prolifer-

ation of GC B cells.6–8

The GC is a dynamic microenvironment where specific

antibodies (Abs) against invading organisms are gener-

ated to protect the host. The production of Ag-specific

Abs is precisely regulated by the cellular interactions

among T cells, B cells and FDCs. Although the cellular

and molecular mechanisms for T- and B-cell differenti-

ation have been studied extensively, the function of

FDCs is not well defined, but has recently been recog-

nized as a critical component in the regulation of hu-

moral immune responses.9–11

FDCs have been known for many years as auxiliary

cells that hold Ag for a long time, but remain relatively

inert.12 As a number of excellent reviews have been pub-

lished in the past,13,14 this review will be focused on the

recently challenging questions of FDC functions and FDC

signalling molecules in a more dynamic and interactive

perspective.

Development of functional FDCs

Development of mature progenies from precursors

requires intimate interactions with their microenviron-

ments. It has been shown that the generation of a proper

microenvironment relies on reciprocal interactions with

the developing cells it contains.15,16 As GC B cells need

a proper microenvironment for GC reactions, FDCs

also need microenvironmental factors to develop and

differentiate.

In the mouse, B and T cells appear to be essential for

development of the FDC network in the GC.17,18 No FDC
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Summary

The germinal centre is a dynamic microenvironment where antigen-

activated B cells rapidly expand and differentiate, generating plasma cells

and memory B cells. These cellular events are accompanied by dramatic

changes in the antibody molecules that undergo somatic hypermutation

and isotype switching. Follicular dendritic cells (FDCs) are the stromal

cells located in the germinal centre. Although the capacity of FDCs to pre-

sent antigen to B cells through antigen–antibody complexes has been

recognized for many years, additional critical functions of FDCs have only

recently been recognized. FDCs prevent apoptosis of germinal centre

B cells and stimulate cellular interaction and proliferation. Here, we

review the FDC signalling molecules that have recently been identified,

some of which offer potential therapeutic targets for autoimmune diseases

and B-cell lymphomas.
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develop in the severe combined immunodeficiency (SCID)

mouse, in which B and T cells are absent;19,20 however, the

FDC network does develop in SCID mice following recon-

stitution with B and T cells. In particular, activation of B

cells by T cells is critical for the development of FDC net-

works, as demonstrated by defective GC formation in

CD40 deficient or CD40-ligand deficient mice, and in nude

mice.21–23 A number of investigations with gene-targeted

mice have demonstrated that members of tumour necrosis

factor (TNF) and TNF receptor families are crucial for the

communication between lymphoid cells and FDCs, for

example TNF-a, lymphotoxin (LT)a, and LTb on B cells

and their receptors on FDCs.24–28 Moreover, mice with

impaired B-cell-activating factor of the TNF family (BAFF/

BLys) are capable of forming GCs after immunization, but

they are smaller than in wild-type controls and dissipate

more rapidly.29,30 The mature FDC network in the BAFF/

Blys-deficient mouse is not organized, despite intact CD35-

positive primary reticulum, suggesting the requirement of

B-cell interactions for the maintenance and further matur-

ation of FDCs.

In humans, the requirement of microenvironmental

factors in developing and maintaining the FDC phenotype

has also been suggested. Isolated human tonsillar FDCs

lose expression of important surface molecules, such as

CD21, CD23, DRC-1 Ag and surface immunoglobulin,

after in vitro culture in the absence of exogenous fac-

tors.31 Conversely, a cultured FDC cell line showed

enhanced proliferation and up-regulation of surface inter-

leukin (IL)-15 induced by activated T cells and B cells,

respectively.32 These results are supported by in vivo

observations of inflammatory lesions in patients. One of

the characteristic features of the inflammatory infiltrate is

the accumulation of leucocytes in the microanatomical

structure that resembles the GC.33 In the ectopic GC,

leucocytes are recruited and interact with stromal cells

to form a GC-like microenvironment. At the end of an

inflammatory response, leucocytes are cleared by apopto-

sis owing to loss of survival signals from stromal cells,

and the infiltrates undergo a healing process akin to

shrinking lymph nodes. This ectopic GC formation out-

side lymphoid tissues, such as in the synovial membrane,

salivary glands and skin, implies de novo development of

FDCs in response to the microenvironmental inflamma-

tory signals.34,35 It is quite likely that these FDCs have

arisen from the phenotypic changes of local fibroblasts

(or differentiation from stromal cell precursors) from the

inflammatory tissues, as FDCs are derived from non-bone

marrow origins and share fibroblast surface markers such

as intercellular adhesion molecule-1 (ICAM-1), vascu-

lar cell adhesion molecule-1 (VCAM-1), 1B10 and

3C8.31,36,37

FDCs consist of at least two heterogeneous subpopu-

lations.38–40 In order to develop into mature sub-

populations, FDCs need to obtain signals from the

microenvironment, including signals from developing GC

B cells. This mutual dependence could have important

implications in clinical situations. Targeting of either

B cells or FDCs would result in the loss of both popula-

tions and the microenvironment. This has been seen with

rituxan treatment of autoimmune diseases,41,42 where

depletion of B cells with an anti-CD20 immunoglobulin

also interrupted the FDC development of the GC.

Function of FDCs

FDCs are recognized for their ability to retain Ag for a

long period of time. In contrast to Ag-presenting cells

that present Ag to T cells, FDCs do not internalize,

process and present Ag in the context of major

histocompatibility complex class II (MHC II) but present

intact Ag–Ab complexes on their cell surface. Immune

complexes are held by Fc receptors, such as CD32 and

CD23, or by complement receptors, such as CD21 and

CD35.43 It has recently been shown that immune com-

plexes on FDCs were markedly more effective at stimula-

ting B cells than soluble antigens in an in vitro

Ag-presentation assay.44,45 Only the GC B cells that bind

to immune complexes can survive and differentiate into

memory B cells or plasma cells. However, this well-recog-

nized dogma is challenged by recent observations made

with mice that lack secreted immunoglobulin or Fc recep-

tor.46,47 In such mice, the GC formation and antibody

responses are not affected in the absence of Ag–Ab com-

plexes. This observation can be explained by the inter-

actions between CD21 and its ligand.48 Ags on FDCs

engage immunoglobulin receptors in association with

activated complement components that interact with

CD21 in B-cell receptor (BCR) complexes, providing

potent stimulatory signals to B cells.49,50 Although the

controversy surrounding the role of immune complexes

on FDCs has not been resolved, the role of FDCs in sup-

porting GC B-cell survival and proliferation, via a non-

Ag-specific mechanism, has been well established.14,51–53

How do FDCs support the proliferation of
GC B cells in addition to Ag–Ab complexes?

Although in vivo experiments with genetically modified

mice have revealed the essential role of many genes

required for GC formation and FDC development, it is

difficult to analyse stromal cell function by using this

method. Hence, the majority of experiments performed

to date have used primary FDCs isolated from murine

lymph nodes and from human tonsils.54,55 Using these

FDCs, it has been shown that FDCs bind GC B cells, pre-

venting apoptosis.

FDCs comprise � 1% of all GC cells.54 FDCs are isola-

ted by digestion with DNAse and collagenase to release

them from the lymphoid tissue.53 However, the number
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of primary FDCs isolated by using this method is inad-

equate for performing a detailed analysis of FDC func-

tions. Furthermore, it is practically very difficult to

dissociate the in vivo-bound B cells from isolated FDCs.

To overcome this technical obstacle, several laboratories

have succeeded in establishing FDC-like cell lines from

human tonsils.31,56–58 These cell lines are negative for

DRC-1, but weakly positive for CD14, CD11b, CD21,

CD54 and CD40. Functionally, these cell lines preferen-

tially bind GC B cells and stimulate GC B-cell growth in

the presence of anti-CD40. However, these lines do not

resemble typical dendritic cells in that they do not stimu-

late allogeneic T cells. Our laboratory has established an

FDC cell line, termed HK, from human tonsil.31 HK cells

are HJ2+ GP93+ 3C8+ DRC-1– KIM4–, suggesting that

they may represent one of the FDC subpopulations. As

HK cells share surface markers (e.g. 3C8, 8D6, DRC1,

4G10) with FDCs, they probably originate from

FDCs.59,60

Functionally, HK cells preferentially bind GC B cells,

providing them with survival signals, while the majority

of unbound B cells undergo apoptosis within 24 hr.61 HK

cells provide important costimulatory signals for GC

B-cell proliferation. When cultured in the presence of HK

cells, GC B cells proliferate and differentiate into plasma

cells and memory B cells if CD40 ligand and cytokines

are present.59,62,63

The availability of the HK cell line has provided a

unique in vitro experimental model that mimics the GC

reaction in vivo. FDCs do not induce differentiation of

centroblasts, but provide anti-apoptotic and growth fac-

tors for rapid proliferation of GC B cells in the dark zone

of the GC, where Ag-activated T cells are rare.

Activated T cells play distinct roles in the differenti-

ation of GC B cells. In addition to CD40 ligand, which

induces differentiation of centroblasts to centrocytes,

cytokines secreted by activated T cells determine the path-

way of GC B-cell differentiation.62,63 IL-4 directs GC B

cells to differentiate into memory B cells, whereas IL-10

steers them towards plasma cells. IL-2 does not determine

the differentiation pathway, but synergizes with IL-4 or

IL-10 to augment cellular expansion of memory and

plasma cells. The source of IL-2, IL-4 and IL-10 is T cells,

as B cells and FDCs do not produce them. Therefore,

FDCs collaborate with T cells in the protection and

expansion of the Ag-specific GC B cells.

More than 80% of GC B cells isolated from human

tonsils are CD38+ CD44– CD77+ centroblasts, while 10–

20% are CD38+ CD44+ CD77– centrocytes. Centroblasts

proliferate rapidly with a dividing time of 6–7 hr.64

Centrocytes in the light zone of the GC are derived from

centroblasts in the dark zone.65 Both subsets of GC B cells

undergo apoptosis when isolated from FDCs. Over 90%

of cells die in culture within 24 hr, suggesting that FDCs

provide the signalling molecules (FDC-SMs) to prevent

apoptosis.61,66–68 For centrocytes, FDCs also provide Ag

signals through Ag–Ab complexes, while centroblasts may

receive only FDC-SMs because they do not express sur-

face immunoglobulin molecules to bind Ag.69

The cellular interactions between GC B cells and FDCs

are carried out in co-operation with a variety of mole-

cules (Fig. 1). The first group of molecules comprise

adhesion molecules such as lymphocyte function-associ-

ated antigen-1 (LFA-1) with ICAM-1 and very-late activa-

tion antigen 4 (VLA-4) with VCAM-1.70 These molecules

do not provide anti-apoptotic signals, but facilitate the

anti-apoptotic functions of FDCs by enhancing cell–cell

contacts.

The second group comprises anti-apoptotic molecules.

Recently, it was discovered that BAFF/BLys was produced

by FDCs.71 BAFF/BLys rescues GC B cells from apoptosis

in vitro. Furthermore, it has been reported that the radio-

resistant stromal cells are the major source of BAFF/BLys,

which is required to maintain normal B-cell homeostasis

in vivo.72 T cells do not produce BAFF/BLys, while dend-

ritic cells and macrophages that produce BAFF/BLys are

rare in the GC. BAFF/BLys binds three receptors: BAFF

receptor (BAFF-R/BR3);73,74 transmembrane activator

and calcium-modulator and cyclophilin ligand interactor

(TACI);75 and B-cell maturation antigen (BCMA).76

BAFF-R is the predominant receptor on naive B cells out-

side the GC. Naive B cells do not express BCMA or

TACI. However, the expression of three receptors is

modulated in the course of GC B-cell differentiation

(X. Zhang & C.-S. Park, manuscript in preparation).

When GC B cells differentiate, BAFF-R is down-regulated

while the expression of BCMA and TACI increases, indi-

cating a fine-tuning mechanism by FDCs for the genera-

tion of plasma cell precursors. Indeed, there are no long-

life plasma cells in BCMA knockout mice, suggesting an

important role of FDC-BAFF/BLys in humoral immune

responses.77 Apoptosis is a critical mechanism for regula-

ting specific Ab production (Fig. 2). In the absence of

apoptosis, abnormal autoimmune B cells are produced, as

demonstrated in the BAFF/BLys-transgenic mouse. In

contrast, normal B-cell homeostasis is completely disrup-

ted in BAFF/BLys or BAFF-R-deficient mice.78,79 The lat-

ter mice are not capable of mounting an Ab response or

GC reactions.

The third group of molecules comprises those related

to the proliferation of GC B cells. Vigorous proliferation

of centroblasts within the GC microenvironment created

by FDCs is a hallmark of the GC reaction. However, fac-

tors that are responsible for this rapid cell division have

not been identified. Many cytokines have been reported

to augment human GC B-cell proliferation in vitro, one

of the most potent being IL-2.59,80 In the absence of IL-2,

GC B-cell recovery has been shown to be decreased by at

least threefold in cultures.59 However, activated T cells

that produce IL-2 are not common in the dark zone of
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Figure 1. Follicular dendritic cell (FDC) signalling molecules. Vigorous proliferation and apoptosis of germinal centre (GC) B cells within the

microenvironment created by FDCs is a hallmark of the GC reaction. In addition to the signal delivered through the B-cell receptor, cofactors

provided by the FDCs have become increasingly recognized as critical factors that can alter the strength or the threshold of responses, possibly

resulting in alteration of the specificity and intensity of immune responses. CD44, intercellular adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) enhance cell–cell contact (pink bidirectional arrow). B-cell-activating factor of the tumour necrosis factor family

(BAFF/BLys) prevents apoptosis of GC B cells (red blocking bar), while 8D6 and interleukin-15 (IL-15) co-stimulate GC B-cell proliferation

(green arrow).
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Figure 2. Fine tuning of B-cell apoptosis by follicular dendritic cells (FDC). In order to produce high-affinity protective antibody (Ab), antigen

(Ag)-activated B cells proliferate vigorously and undergo somatic hypermutation and isotype switching in the presence of FDC and T cells in the

germinal centre (GC). These GC reactions are prone to produce genetic instability, such as mutation and translocation of critical genes. Failure

to eliminate these aberrant B cells by apoptosis in the GC would be a critical component of autoimmune diseases and lymphomagenesis. The

apoptotic mechanism in the GC needs to be precisely regulated to maintain normal B-cell homeostasis in the peripheral lymphoid tissues. In the

absence of regulation of B-cell apoptosis, elimination of self-reactive B cells is impaired, resulting in autoimmune diseases. FDCs are the main

source of anti-apoptotic factors such as BAFF/BLys and IL-15 in the GC. The physiological interaction between FDCs and B cells may regulate

the appropriate concentrations of these cytokines in the GC microenvironment. We suggest that blockade of the survival signals provided by

FDCs is one way to treat autoimmune diseases and B-cell lymphomas, in addition to the elimination of pathological B cells.
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the GC,81 and centroblasts do not express IL-2 receptor a,

which is essential for binding IL-2 with high affinity.82 In

addition to anti-apoptosis factors, FDCs produce a num-

ber of growth factors, such as 8D6, IL-15 and IL-6.60,83

These factors collaborate with BAFF/BLys in enhancing

GC B-cell proliferation. A novel cytokine, 8D6, promotes

GC B-cell growth and supports proliferations of plasma

cell precursors, enhancing antibody secretion.60,63 Inter-

estingly, 8D6 protein synergizes with CD44 in stimulating

GC B cells or lymphoma cell lines.84 FDCs produce IL-15,

and membrane-bound IL-15 stimulates GC B-cell prolif-

eration by transducing signals through IL-2/IL-15Rb.32

GC B cells proliferate in the presence of IL-15, dividing

faster than cells cultured without IL-15. These results

imply that IL-15 and 8D6 stimulate the rapid prolifer-

ation of centroblasts in the GC in vivo. Although IL-6

does not stimulate cellular proliferation of GC B cells

in vitro, eliminating FDC-derived IL-6 alters the forma-

tion of light and dark zones of the GC.85,86

FDCs in B-cell lymphoma and other diseases

The majority of B-cell lymphomas originate from the

GC.87,88 The preferential localization of lymphoma cells

in the GC suggests a unique relationship between

tumour cells and their microenvironment. The genera-

tion and blast transformation of lymphomas occurs in

close association with FDCs.89 As shown in Fig. 2, FDCs

contribute to lymphoma generation by preventing apop-

tosis as well as by promoting the proliferation of trans-

formed B cells. The tumorigenic cells can emerge by

selection for additional genetic changes or through adap-

tation to the protumorigenic environment provided by

FDCs. Because various cancer cells metastasize to lym-

phoid follicles, initiating a niche, it is probable that

FDCs also provide the growth factors for these metasta-

sized cancer cells.

Our hypothesis is that there are three stages of lym-

phoma development. The first stage is the survival stage

for a small number of lymphoma cells generated by the

genetic instability that occurs during the rapid cellular

proliferation and somatic mutation of B cells in the GC.

The second stage is cellular proliferation (i.e. growth) of

the surviving lymphoma cells. The third stage is tumour

formation by angiogenesis (i.e. lymphomagenesis). These

three stages of tumour development in vivo (survi-

val fi growth fi lymphomagenesis) are constantly in

progress during malignant transformation. FDCs play a

pivotal role in driving this process by providing the

necessary signalling molecules. During this development,

lymphoma cells that require FDCs for their survival and

growth become FDC-independent in the late stage. This

hypothesis is consistent with the clinical progress of B-cell

lymphomas.90,91 B-cell lymphomas are usually indolent

in the early stage. However, they become malignant after

blast transformation. The molecular basis for such blast

transformation is not known.

The Burkitt lymphoma cell line, L3055 cells and the

follicular lymphoma (FL) cell line, FLK-1, require FDCs

for their growth in vitro.92,93 Furthermore, L3055 cells

form tumours when inoculated with HK cells into nude

mice.84 In the absence of HK cells, L3055 cells undergo

apoptosis in vitro and do not form tumours in vivo.

Recently, it was shown that the combination of neutral-

izing monoclonal antibodies (mAb) specific to FDC-SMs

(CD44 and 8D6) completely prevented tumour forma-

tion, suggesting an important role of FDC-SMs in lym-

phomagenesis.60,84

The development of an inducible lymphoma model

in vivo offers unprecedented opportunities in cancer

research, such as investigation of the genetic changes

that occur in lymphoma cells during escape using the

DNA microarray method.94,95 Identification of FDC-

SMs and the characterization of their functions that

promote survival, growth and angiogenesis of lympho-

mas, could well lead to the discovery of the therapeutic

agents to intervene in the pathway to malignant trans-

formation.

In addition to their role in lymphomagenesis, FDCs

also play an important role in other intractable diseases,

such as acquired immune-deficiency syndrome (AIDS),

transmissible sponsiform encephalitis (TSE) and auto-

immune diseases.36,96–98 FDCs trap large quantities of

human immunodeficiency virus (HIV) or prions and thus

serve as a major reservoir for each disease.99–102 Further-

more, there have been reports suggesting that FDCs play

an active role in pathogenesis that involves more than

simply holding pathogens.96,103,104 FDCs provide the

necessary microenvironment for HIV to enhance infection

to CD4 T cells and/or replication of virus. HIV on FDCs

has been shown to be resistant to neutralizing Ab. It has

been reported that the distance between FDCs and the

peripheral nerve is the critical factor for TSE.105 Prion

neuroinvasion is highly dependent on FDCs, while tet-

anus and other bacterial toxins have also been shown to

accumulate on FDCs.106

As described previously, the recent successes of rituxan

treatment in patients with rheumatoid arthritis re-empha-

sizes the significant involvement of B cells and autoanti-

bodies in the pathogenesis of autoimmune diseases.

Germinal centres containing FDC networks are frequently

found in the lesions and are suggested as locations where

autoreactive B cells proliferate and differentiate to PCs

producing autoantibodies.107–109 Establishing lymphoid

architecture in the close vicinity of autoantigen-produc-

tion sites would certainly contribute to disease progres-

sion.35 Furthermore, synoviocytes of patients with

rheumatoid arthritis are reported to share some of the

intrinsic properties of FDCs, such as the binding of GC

B cells and the prevention of apoptosis.36 Rheumatoid
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synoviocytes express a number of adhesion molecules,

such as VCAM-1 and ICAM-1, and produce cytokines

such as granulocyte–macrophage colony-stimulating fac-

tor (GM-CSF), stromal-derived factor-1 (SDF-1), IL-15

and IL-6.98 Suppressing such ectopic FDC development

and/or function might permit the treatment of the most

severe type of autoimmune diseases. Therefore, further

research on FDCs could provide a more efficacious thera-

peutic target for attenuating these diseases.

Applications of FDC cell lines in lymphoma research

For the past 30 years, all B-lymphoma cell lines have been

obtained by growing lymphoma cells without FDC cells.

For example, several FL lines have been established that

grow in the absence of FDCs or other feeder cells. How-

ever, as FL cells from patients frequently fail to grow

in vitro, it is probable that these previously established cell

lines have become FDC independent by selection and

mutation in vitro and therefore may have lost their

in vivo characteristics. We have recently established an

HK cell-dependent FL cell line (FLK) from a patient.92

This FLK cell line requires HK cells for its propagation

and, like the L3055 cell subclone, undergoes apoptosis in

the absence of HK cells. Such a cell line could not have

been obtained until FDC cell lines, such as HK, became

available. Immortalized FDC lines will provide invaluable

tools for studying the biology of lymphoma cells in vitro

and in vivo.

FDCs are not homogenous but are composed of differ-

ent subpopulations, as defined by their surface markers.40

However, the functional distinction between these sub-

populations is not known. For survival, different types of

lymphomas may require unique FDC subsets providing

different SMs. Alternatively, distinct types of lymphomas

may influence the differentiation of FDCs into different

subpopulations. The interplay between tumour and stro-

mal cells has been shown in a study of transgenic mice

expressing green fluorescent protein under the control of

the human vascular endothelial growth factor (VEGF)

promoter.110 Implanted tumours were able to induce the

transgene, indicating the potential for the tumour envi-

ronment to induce protumorigenic factors (e.g. VEGF) in

stromal cells of host origin.

In order to characterize the FDC subpopulations, we

have recently immortalized freshly isolated FDCs by con-

stitutively expressing telomerase (S.-Y. Yoon et al., manu-

script in preparation). Compared to HK, which is a

primary cell line, immortalized FDCs are more stable and

provide more consistent results. It is now possible to

compare the capacity of the FDC clones to stimulate lym-

phoma cell growth and to produce FDC-SMs. The chan-

ges in the gene expression of FDC subpopulations,

following interaction with various B-cell lymphoma cells,

can be studied by microarray technology and compared

to the functional capacity of FDC subpopulations to pro-

mote lymphoma cell growth in vitro and in vivo.

Malignant progression of tumour cells is driven by

intrinsic events, such as activation of oncogenes, loss of

tumour suppressor genes, and maintenance of telomere

length and function. Although the intrinsic cellular

defects causing malignant transformation have been inves-

tigated extensively, the protumorigenic factors from the

microenvironment have not been clearly delineated. How-

ever, it has become increasingly recognized that these are

critical factors for the tumorigenic process. The stromal

cells in the adjacent tissue must provide a supporting

microenvironment for tumour growth in the early stage

of tumorigenesis. Direct cell–cell contact and soluble fac-

tors may be important for the in vivo survival and growth

of tumour cells.

It has now become feasible to investigate the dynamic

interactions between tumour cells and stromal cells owing

to the recent availability of FDC lines.
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