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ABSTRACT

B cells undergo affinity matulation, Ig class switching and apoptosis in a specialized

microenvironment within lymphoid tissues called the germinal center (GC). These events

are believed to be largely regulated by direct surface interaction between B cell and

follicular dendlitic cell(FDC), a specialized antigen presenting cell for B cells reside in

GC, and by soluble mediators produced by FDC. FDC has stlong ability to tr.ap and

present antigen to B cells. Primary human or mouse FDC cell lines can directly stimulate

survival, prolifelation, immunoglobulin secretion and expression of co-stimulatory

molecules in vitro. However, the exact molecular basis for FDC-B cell interaction

remains poorly defined. Here I chatacterized FDC-SP, a novel candidate molecule for

regulation of the germinal center reaction. FDC-SP (follicular dendritic cell secreted

plotein) gene was cloned from en¡iched hurnan follicular dendritic cell(FDC) using a

subtractive hybridization strategy. FDC-SP encodes an 86 aa peptide with a leader

secretion sequence and was previously found to be highly expressed in GC light zone.

RT-PCR shows that FDC-SP expression is significantly upregulated in a FDC like cell

line, or in mouse spleen cells aftel stimulation with TNF, but not LPS or SAC. Human

PBMC can be induced to expless FDC-SP by LPS or SAC, but not CD40 + IL4 or TNF.

In contrast, primary B cell do not expless FDC-SP whether or not stimulated. FDC-SP

can bind to the surface ofB cell population in PBMC and mouse spleen cells pretreated

with anti-CD40 and this binding can be blocked by monoclonal antibody against FDC-

SP. FDC-SP can weakly stimulate B cell ploliferation together with Anti-CD4o. My

XIII



studies also show that FDC-SP is chemotactic specifically for B cells activated by anti-

CD-40. This chemotactic effect can be blocked by pretreatment with the in¡ibitor ofG

protein coupled receptor signaling, Pertussis toxin, suggesting that FDC-SP exerts its

function though binding to this kind of receptor. FDC-SP chemotaxis is also markedly

inhibited by further BCR engagement, suggesting that FDC-SP receptor level is down

regulated. FDC-SP works synelgistically with BLC, another chemotactic factor produced

by FDC. I conclude that FDC-SP is produced by FDC during GC formation and play a

role in regulating B cell proliferation and positioning tht'ough binding to a novel CD40-

inducible, G plotein coupled receptor.



INTRODUCTION

Adaptive immunity can be divided into two arms according to the main effector

components involved: one is called cell mediated immunity, and the other is humoral

immunity. Cell mediated immunity is characterized by activation of phagocltic and

cytotoxic cells such as macrophage, CD8 T cell and other immune cells involved in

killing and clearing foreign invasion. On the other hand, antibodies produced by B cells,

together with complement systems are the main mediators of humoral immunity. These

two arms of adaptive immunity are not completely separated from each other, rather, they

have influence on each other and are functionally interweaved, for example, in antibody

dependent cellular cytotoxity (ADCC). However, one aspect may have a dominant role

in one infection. T helper cells palticipate in both cell mediated immunity and humoral

immunity, regulating which part dominate in the immune response (HayGlass, 2001).

Humoral immunity.

To activate B cells to produce antibody, thele are two kinds of antigen. One is T cell

independent antigen which is usually multi-valent or inherently mytogenio, and can

activate B cells in a multiclonal manner to produce antibody (Andersson eT al., 1977).

However, B cells need the help from T helpel cells to be activated and produce antibody

against most antigen(Palker, 1993). B cells internalize and process antigens and present

them to T cells in the folm of small peptide bound to MHC II molecule on B cell

surface(Lanzavecchia, 1990). The cognate T cell can recognize these form of antigen

tluough specific TCR on their surface(Germain, 1994). T cell is not only needed for the

initial activation for B cells, but they also play very impofiant role in subsequent process



of affinity maturation, Ig class switching, apoptosis, and differentiation. T cell exefi its

influence on these aspects thlough costimulatory molecules such as CD40 ligand, and

secreted cytokine (Croft and Swain, 1991; Lane et al., 1992; Swain et al., 1991; Yan et

al., 2000).

B cells can produce different isotypes of antibody such as IgA, IgM, IgD, IgE and IgG

through a process called Ig class switching. All these antibody can have the same

specifrcity for antigen binding but differ in their antibody constant region, which confer

them different roles in clearing the antigen(Edelman, l99l; Stavnezer, 1996). Antigens

bound to antibodies forms immune complex. This complex is efficiently cleared by

phagoc¡tic cells (opsonization). Antibody coating ofcells facilitates theil killing by other

cells which recognize immune complex by FcR (ADCC)(Lanier et al., 1986; Lanier and

Phillips, 1992), Antibody binding to antigen can activate the complement system.

Activated complement can bind to (opsonize) The antigen, allowing binding to

complement receptors and facilitate the clearing of antigen by effector cells. End product

of activated complement fi'agment can also directly bind and folm permeable pores on

cerlain kind of pathogen and thus lyse them. Some complement fragment can serve as

chemoattractant to recruit effector cells to the site of infection(Frank and Fries, 1991).

Many cell types play effectol roles in humoral immunity, such as

monocl.telmacrophages, neutrophils, eosinophils basophils, mast cells and NK cells.

Humoral immunity is important in clearing extracellular infection and blocking cell to

cell transmission by neutralization(Janeway, 2001; Paul, 1999).



Disorders occur when the humoral immune response is inappropriate, excessive, or

lacking. For example allergies often involve a humoral immune response to a substance

that, in the majority of people, the body perceives as harmless. Transplant rejection

involves the destruction of transplanted tissues or organs and can be partially mediated by

antibodies (Charlton el a1,,1994). Blood transfusion reaction is a complication ofblood

administration which occurs when there exists lecipient antibodies against donor blood

group antigen. Autoimmune disorder such as systemic lupus erythematsus, rheumatoid

arthritis ) occur when the immune system acts to produce antibody against normal body

tissues(Tan, 1991). Other immunopathogenesis where humolal immune response may

play a role are anaphylaxis, serum sickness and graft versus host disease. So, it is very

impoltant to fully undelstand the process of induction of humoral immunity in order to

efficiently control and prevent these related diseases.

Structure and circulation of secondary lymphoid tissue:

Considering the large number of different antigens to be encountered, the vast surface

and locations of body needing surveillance and the involvement many cell types of

immune cells, coordinating each immune lesponse in a conect spatial and temporal

manner is a difficult task, However, the distribution of secondary lymphoid tissues all

over the body together with the constant re-cilculation ofblood and lymph tll'ough these

organs bringing in immune cells and antigens and sending out effector cells and

mediators, provides a very good solution. Secondary lymphoid tissues include lymph

nodes, spleen, mucosa associated lymphoid tissues(MALT) and gut associated lymphoid

tissues(GAlT). The genelal structure and ñlnction ale similal but there are some



important differences between these tissues. The spleen functions to provide surveillance

of systematic blood-boln antigens, so it has no lymphatic circulation. In contrast, lymph

nodes are more important in local infections through draining lymph. MALTs locate

directly undel mucosa to survey these locations. The distinct structure and organization

ofsecondary lymphoid tissues greatly facilitate the initiation of immune response.

The structure ofa lymph node is illustrated in figure 1. Lymph nodes are enclosed in a

connective capsule. Afferent lymphatic vessels open immediately under the capsule,

forming a layer of marginal sinus. Undel the marginal capsule, the concentrically

ananged outer layer is called the coltex, which is mostly composed of B lymphocl'tes (B

cell zone). B lymphoc¡es always agglegate spherically around follicular dendritic cells

(FDC) to form primary lymphoid follicles. The paracortex lies beneath the cortex in the

central area, which is mainly composed of T lymphocy'tes and professional antigen

presenting cells(T cell zone). The inner part of the lymph node is called the medulla,

which is mainly composed of T and B lymphocytes, macrophages, and plasma cells. The

flow of lymph in the capillary lymphatic vessels collect tissue fluids, which enter lymph

node thlough afferent lyrnphatic. Lymph from the afferent lymphatic dlains continuously

ttnough the cortex and paracortex by way ofthe cortical sinus, passing into the medullary

sinus, leaving the lymph node in efferent lymphatic and finally enters blood circulation

through thoracic duct. Lymph or blood percolate constantly tlu'ough these structures,

bringing in antigens and immune complexes from the site of infection. Lymphocytes re-

cilculate between blood and secondary lymphoid tissues in a regulated mamrer'. They

enter lymph node thlough post capillary high endothelial venules (HEVs), percolate
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tll'ough lymph nodes and then, reenter blood tlu'ough the efferent lymphatics, surveying

for cognate antigens in these sites. At anltime, there is a large amount ofT and B cells

residing in these tissues, They occupy "T cell zone" and "B cell zone" respectively.

B cell survival and activation: Initiation of humoral immune response

Primary follicles are important in maintaining B cell homeostasis. This structure plovides

limited "niches" for B cell to compete for access, thus acquiring surviving

signals(Goodnow and Cyster, 1997).In the case of foreign infection, the antigen and the

dendritic cells that endocl'tosed and processed the antigen are brought to the nearest

lymph node from site of infection. These dendritic cells present the MHC-bound antigen

fi'agments to specific T cells through TCR, deliveling an activation signal with the help

of other surface costimulatoty molecules(Clalk and Ledbetter, 1994; Schlienger et al.,

2000; Thery and Amigorena, 2001). tilhen antigen-specific B cells encounter the antigen,

they will internalize, process, and present them to activated cognate helper T cells

through the MHC II complex(Lanzavecchia, 1990). After engagement with the B cell, the

pre-activated T cell will delivel a strong activation signal tlu'ough binding of CD40

ligand on its sulface to CD 40 on B cell surface(lshida eIal.,1995; Kawabe etal.,7994;

Laman et al., 1996). C¡tokines such as IL-4 ploduced by helpel T cell also play an

important role in this activation process(Clark and Ledbetter', 1994; Kishimoto, 1985;

Paul and Ohara, 1987). Imporlantly, the duration ofCD40 stimulation and T cell cytokine

profile have decisive influence on Ig class switching of B cells(Aversa eT al., 1994;

Cerutti et al., 1998; Lebman and Coffinan, 1988; Toellnel et al., 1998). The activated

antigen-specifrc B cell will then miglate into lymphoid follicles, and begin proliferating



rapidly to form germinal centel. The combination of signals delivered to B cell ensures

the antibody response is confrned to the appropriate class, magnitude and location(Gieni

et al., 1993; Gieni et al., 1996; HayGlass et al., 2000). Dysregulation of B cell activation

can lead to pathological conditions including immuno-deficiency(Minegishi et al., 1999;

Tsukada et al., 1993), auto-immune diseases such as systemic lupus erythematsus (Mattin

et aT., 1999; Rieux-Laucat et al., 1995), Ieukemia(Witte, 1988) or lymphomas(Jungnickel

et a1.,2000), and allergic diseases(HayGlass, 1995).

Follicular helper T (FHT)

When T cells are activated by antigen-presenting cells, they will undergo proliferation

and differentiation and give rise to effectol T cells. These effector T cells either migrating

to places of inflammation or to the B cell follicles to participate in the formation of

germinal centers(Austrup et aI., 1997). A fiaction of activated T cells develop into

memory cells, allowing a fast and effective immune response once re-challenged with the

same antigen(Dutton et al., 1998). Based on the expression of the chemokine homing

receptor CCR7, memory cells can divided into two group: CCRT' effector memory T

cells (Tsy) which will migrate to inflamed tissue, and CCRT+ central memory T cells

(Tçy) with the potential to home to lymphoid organs(Sallusto et al., 1999).

More recently, a third type of CXCRS+ Th cells has been reported. These cells represent

a novel sub-population of Th cells that localize to B cell follicles and GCs to provide the

suppolt that B cells need during their differentiation program within germinal center in

order to eff,rciently produce lgs(Bleitfeld et al., 2000). These cells ale designated hete as



follicular B helper T cells (FHT) CXCR5* T cells ale very inefficient in the production

of cytokines but potently induce antibody production dut'ing co-culture with B cells.

CXCR5(+) T cells do not respond to other chemokines present in secondaty lymphoid

tissues, including secondary lymphoid tissue chemokine (SLC), EBV-induced molecule i

ligand chemokine (ELC), and stromal cell-derived factor 1 (SDF-i). Instead, they

respond to B-lymphocyte chemokine (BLC). They are localized in the mantle and light

zone of germinal centers of B cell follicles. FHT cell express high level of activation and

costimulatory markers, including CD40 ligand (CD40L), CD69, HLA-DR, and

inducible costimulator (ICOS), a recently identifred co-stimulatory molecule of the

CD28 family(Schaerli et al., 2000). When compared with CD4(+)CD45RO(+)CXCR5(-)

cells, CD4(+)CD45RO(+)CXCR5(+) tonsillar T cells efhciently support the production

of immunoglobulin (lg)A and IgG(Kim et al.,2001).

Regulation of B lymphocytes by stromal cells and FDC.

It has long been appreciated that B cell activation and humoral immunity require signals

derived from other leukocytes such as T lymphocytes. Mole lecently, it was realized that

B lymphocy.te development, survival and activation also critically depends upon

interaction with specialized non-hematopoietic stromal cells of mesenchymal origin. In

bone manow, B cell progenitols interact closely with stromal cells to support their

differentiation(Jacobsen and Osmond, 1990). By using both contact dependent

(memblane bound) and soluble growth factors, stromal cells stimulate survival,

proliferation and differentiation of B cell preculsors(Cumano eÍ aL, 1991; Kincade,

1991). In the secondary lymphoid olgans, mature B cells interact with morphologically



similar cells known as folliculal dendritic cells (FDC)(Cyster et a1.,2000; Liu et al.,

1996; Tew efa1.,1997).

The exact cellular oligin of FDC has been the subject of some controversy. Thele has

been report that monoclonal antibody against FDC surface can recognize potential

follicular dendritic cell preculsors in the blood and bone marro\¡r', suggesting a

hematopoietic origin(Haley et al., 1995). Howevel, culrent evidence largely favors the

idea that FDCs ale a special type of non-hemopoietic, stromal cell of mensenchymal

origin. Firstly, FDC share several markers with ftbroblasts(Lindhout and de Groot, 1995).

Secondly, the folmation of germinal center is not only restricted to the secondary

lymphoid organs. Ectopic FDCs were found at a numbel of other sites such as

thymus(Clu'istensson et al., 1988), blood vessel walls(Houtkamp et al., 2001), synovial

tissue(Randen et al., 1995), salivary glands( Aziz et aI., 1997) and skin(Rijlaarsdam and

Willemze, 1994) undel condition of ch¡onic inflammation. Thirdly, although most

primaly FDC-turnors arise fi'om lymphoid tissues, a numbel of thern has also been found

to arise from liver, bile duct, pancreas and so on(Han et aI.,2000; Shek et al., 1998). This

suggest that conditions lequired for malignant transformation or cll'onic inflammation

can shift the development of local mensenchymal cells towards the FDC phenotype.

Finally, in vitro studies with synovial fibroblast cell line flom patients with rheumatoid

arthlitis showed that some ofthese cell lines have typical FDC functions, such as binding

to GC B cell and switching off apoptosis(Lindhout et al., 1999).



FDC may be seen as antigen presenting cells (APC) for B cells, but they are different

from conventional APCs that present antigen to T lymphocltes. They do not internalize

and process antigens, and do not present antigenic peptides on MHC class II molecules,

because they don't express MHC II on their surface(Denzer et a1.,2000). Instead, FDCs

are characterized by having long protruding dendrites and stlong ability to trap immune

complex on their sulface. They can hold antigen for months or even years for B cells to

recognizeQ'Jossal et al., 1968; Szakal and Hanna, 1968). FDCs express high levels of

FcgammaRIIB and low level of Fc epsilon RIi, the receptors for antibody Fc

proportion(Maed a et al., 1992; Rao ef al.,2002). It also expresses very high level of

complement leceptor CR2lCD2l. Both of these types of receptors facilitate trapping of

immune complex(Liu ef al., 1997; Tew et al., 1997). FDC are thought to represent the

central antigen presenting cell fol B lymphocltes that drives affinity maturation of

antibody response and the generation of memory B cells(Klaus, 1978; Tew et al., 1990;

Tew et al., 1979).

Besides presenting antigen to B cells, FDC can support B cell survival and

proliferation(Liu et al., 1996). The binding of specific antigen to the BCR of B cells to

antigen trapped on FDC surface can deliver important survival signals to B cell(Batista

and Neuberger, 2000). This is most likely caused by leduced Fas and Fas-ligand and

elevated expression of anti-apoptic Bcl-2 (Smith et al., 2000; Tsunoda et a1., 2000).

There have also been repofis that FDC also expless sulface molecules that can pronlote

B cell prolifelation(Li et a1., 2000). FDC can support B cell prolifelation, Ig secretion,

and expression of co-stimulatory molecules in vitro(Clark eT aL, 1995; Grouard et al.,



1995; Tew er al., 1997). During germinal center formation, there is a drastic phenotypic

change of FDC.

FDCs are also an important source of B cell chemoattractants. FDC expresses B cell

chemokines BLC to attract B cell to come close to theil dendrites. BLC binds

BLRI/CXCR5 as receptor and is so far found the strongest chemoattractant for B cells

(Gunn et al., 1998). BLC is playing an impofiant role in secondary lymphoid tissue

structural organization(Ansel et al., 2000; Gunn et al., 1998), Deficiency in CXC

chemokine receptor 5 (CXCRS) severely affects the development of Peyer's

patches(Honda et al., 2001). BLC expression can be induced by lymphotoxins expressed

on activated B cell sulface(Endres et al., 1999; Fu et al,, 1998; Le Hil et al., 1995). Also,

BLC can induce lymphotoxin expression on B cells(Luther et al., 2000). Ectopic

expression of BLC in pancreatic islets can cause B cell recruitment and lymphotoxin-

dependent lymphoid neogenesis(Luther et al., 2000). So there is bi-directional

communication between FDC and B cell. Cultuled FDCs ploduced MCP-I, and this

production was enhanced by tumor necrosis factor(Husson et al., 2001). This suggest

FDC may also be and impofiant source ofother chemokines.

Affinity maturation:

The antigen affinity of surface BCR of newly activated B cell clones is often not so high.

However, B cell has developed a fine tuning mechanism called affinity maturation.

Affinity maturation is facilitated by means of somatic hyper-mutation. With each round

of division, B cells acquire point mutations at its BCR CDR region(Wilson et al., 1998),
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and a few of them may have higher affrnity for the specific antigen and get better chance

of survival. There has been abundant evidence that most of the affinity maturation

process happens within germinal center. Generation of memory B cells and production of

high-affinity antibody is temporally associated with the formation of GC(Kelsoe, 1996;

Raj ewsky, 1996). B cells with somatically mutated Ig genes were oliginally identified

within GC (Kelsoe, 1996). Competition with previously formed Ab for Ag sequestered in

ICs on FDCs is thought to drive affinity maturation of B cells and memory cell

development. (Maclennan and Gray, 1986). In GCs high-affinity mutants take over GCs

very soon after they appear; the replacement rate is as high as 4 per day(Radmacher et al.,

1998). They will have more competence for binding to antigen presented at FDC

sulface(Berek et al., 1991; Wang et al., 2000). Prolonged availability of antigen is

required for somatic mutation and affinity maturation, and FDC or adjuvant facilitate

such processes by slowly leleasing antigens (Wang et al., 2000). Encounter of soluble

antigen by germinal center B cells during an ongoing response can cause B cells to

undergo apoptosis(Pulendran et al., 1995; Shokat and Goodnow, 1995). However,

tetheled antigen on FDC surface can lead to synapse between B cell and FDC(Batista et

al., 2001). B-cell antigen receptor accumulates at the synapse, segregated from the CD45

co-receptor which is excluded from the synapse, and there is a corresponding polarization

of cfoplasmic effectors in the B cell. B-cell antigen receptor mediates the gatheling of

antigen into the synapse and its subsequent acquisition, thereby potentiating antigen

processing and presentation to T cells with high efficacy(Batista et al., 2001). The

physical nature of the antigen extraction process may itself provide discrimination of

highel affinity interactions, as the lesistance of a chemical interaction to applied force is
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related to its affinity. Clatluin and dynamin, proteins involved in the formation of

endoclic vesicles, apply significant forces to memblane receptors. This force may

effectively test the affinity (in the range 106-10r0 M't¡ of the antibody-antigen interaction

in the B synapse and provide the necessary feedback fol affinity maturation(Batista and

Neubelger, 2000).

The B cells with less affinity BCR produced during this process have less affinity to

antigens. They will fail to compete for antigen and undergo apoptosis because lack of

continued explession of the anti-apoptosis factors cFLIP and Bcl-2, which can be

upregulated by CD40 and BCR signaling(Hennino et al., 2001 ; Tarlinton and Smith,

2000). After many rounds of cell division and mutation, a few B cell clones that has best

fit BCR will finally differentiate into antibody ploducing plasma cells. They will migrate

into bone marrow and produce antibodies in lalge quantity(Kelsoe, 1996; Tarlinton and

Smith,2000).

The dynamic structure and composition of germinal center

Follicles that become filled with activated B lymphocytes during an immune response are

referred to as secondary follicles or germinal centers and have a characteristic organized

structule that has been well defined by immuno-histology(Liu eÍ al., 1996; Maclennan,

1994; Szakal et al., 1989). Activated B cells undergo a first phase proliferation at the

bolder of T cell and B cell zone, ploducing a "primary foci" of prolifelating B cells

which produce some initial low affinity antibodies. The immune complex folmed

between cilculating primary antibody and foreign antigen can be trapped on FDC surface



and is presented to competing B cells that are undergoing affrnity maturation later. A

small number of B cells from the primary focus will migrate from the T zone into

primary follicles. There they will prolifelate rapidly; pushing away the non-specific B

cells and forming a densely packed area called dalk zone, These cells are called

centroblasts. They have greatly reduced surface Ig level(Jacob and Kelsoe, 1992; Jacob et

al., 1993). Some of these centroblasts will reduce their rate of division, up regulate

sulface Ig, and migrate into the network of an area ofFDC. There they compete for the

immune complex on FDC and thus acquire surviving signal, these cells are called

centrocltes(Han et al., 1997). Centrocfes that have acquired the antigen, will again enter

dividing cycle accompanied by somatic hyper-mutation. They will later again compete

for antigens which can deliver sulviving and anti-apoptosis signal tlu ough BCR

engagement. So aftel many lound of competing and mutation, frnally the best-frt

antibody-producing cell will be produced. These cells will simultaneously undergo Ig

class switching and will differentiate into either antibody producing B cells or memory B

cells after leaving GC.

Decision making in survival and apoptosis:

In homeostatic conditions, B cells rnust compete fol limited niches within FDC networks

fol sulvival signal(Cystel et al., 1994), Aftel first activation by antigen plus helper T

cells, B cell undergo plolifelation cycles in the GC, howevel these cells are predisposed

to death, they will die if they don't receive further supporting signals(Lebecque et al.,

1997; MaÍinez-Valdez et al., 1996). Mutating GC B cells must acquire antigen from

FDC to support their survival(Choe et al., 2000; Kim et al., 1995). However the signal
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though the antigen receptor is not enough, interaction with T cell specific for the same

antigen is also needed. Auto-reactive B cells will be deleted because of lack of T cell

help, since there is no cognate auto-reactive T cell clones existing in the peripheral, they

are already deleted during development. Only those B cells which are both non-self

reactive and antigen specihc ale selected by helper T cells(Guzman-Rojas et aL,2002),

These selected B cell will go back to undergo further rounds of mutation and selection.

CD40 and BCR engagements are critical conditions for B cell survival(Grouard et al.,

1995; Schilizzi et al., 1997), although other receptors also likely play roles. The

mechanism by which B cells are predisposed to apoptosis is that after initial activation

tll'ough the BCR, B cells express high level ol Fas and Fas ligand that could kill itself,

but in the mean time they also expless high level of oFLIP, which inhibits apoptotic

pathway(Hennino et al., 2001). cFLIP can be diluted after a few rounds of division, so

cells must leceive further signal fi'orn CD40 or BCR to upregulate the expression of this

molecule. FDC itself can also induce expression of Fas to kill B cells(Tsunoda et al.,

2000; van Eijk et al., 2001).

Migration and chemotaxis route of B and T cell during antibody producing process

B cells re-cilculate between secondary lymphoid tissue and blood. During a foreign

infection, antigen-specif,ic cells will significantly change their migration property to

interact \ ith other types of cells such as T cell and FDC to facilitate the antibody

producing plocess. Dysregulation of these migration process may also lead to

pathological conditions such as allergy(Campbell et a1.,2002; HayGlass et aI.,2000). To

achieve these interactions in a timely and spatially coordinated manner, B cells wolk



through changing their lesponsiveness to chemokines secreted by other cells. B cells can

change the expression level of surface receptors for chemokine(Campbell et al', 2001;

Reif et al., 2002) or of intra-cellular signaling molecules. For example, RGS proteins can

interact with intracellular domain of a G-protein coupled teceptor and regulate their

function in B cell migration (Reif and Cyster, 2000). Chemokine receptor level can be

regulated by many signaling events, such as IgM, integrin ot CD40 engagement

(Hargreaves et al., 2001; Reif et al., 2002;Takagi et a1.,2002). T cells and FDCs, which

are the important sources of chemo-attractant within secondary lymphoid tissues, often

change theil chemokine expression plofile in different situation(Campbell and HayGlass,

2000). The direction of B cell chemotaxis movement is decided by 3 factor: ligand

availability, receptor explession and intracelluar signaling molecules (Cyster, 1999). The

cument model of B cell migration suggest that upon first encounter of antigen, B cell

will express higher level of T cell zone chemokine receptors such as CCR7, while down

regulating B zone chemokine receptor such as CXCR5(Reif et al,, 2002). This facilitates

their migration to T cell zone. In the mean time, upon activation by antigen presenting

cells, T cell will expless higher level ofB cell zone chemokine receptor CXCR5, so that

it will miglate towards B cell zone(Ansel et al., 1999; Breitfeld et al., 2000). Cognate T

and B cell usually meet near the bolder ofT zone and B zone(Garside et al., 1998; Reif et

a1.,2002). After activation of B cells by T helper cells, B cell will go back to lymphoid

follicles to interact with FDCs to form gelminal center. The current model for germinal

center response is that B cells then cycle between dark zone and light zone, however the

signals regulating the migration within GCs are not known. Some of the T helper cells
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will also migrate into germinal center. They mostly reside at the peripheral of germinal

center and are called follicular helper T cells(Breitfeld et al., 2000; Kim et al., 2001).

Isolation of FDC associated genes

FDC are large cells with fragile long dendrites, often tightly associated with clusters ofB

cells. This makes it difficult to obtain suffrcient amount of pure FDC. To overcome these

difficulties, several groups have attempted to obtain long term proliferating FDC lines

(Clark et al., 1995; Clark et al., 1992; Kim ef al., 1.994; Kim et al., 1995). However, these

cell lines often do not fully match the phenotype of primary FDC and the FDCJike

phenotype tends to be lost with time in culture(Clark et a1.,1992; Kim et al., 1994). Thus,

studies were undeftaken to isolate genes expressed by primary human FDC isolated from

human tonsils. This resulted in the discovery of sevelal novel genes, including FDC-SP,

the subject of my studies(Marshall et al., 2002a).

Primary studies on FDC-SP

Hurnan FDC-SP is an 86 amino acid (AA) protein. There is a 16 AA leadel secretion

peptide on it's N-terminus. Immediately after the leader peptide is a region of charged

amino acids, followed by a proline rich C terminal region. Searches in the human protein

data base showed no homology in terms of AA sequence, functional domains or'

structural motifs. Most of the C terminal region is of low complexity, and contains a high

proportion of proline residues (Fig. 2). A genome blast search was conducted to

determine the cluomosomal location of the FDC-SP gene. It was found that the FDC-SP

gene is located on chlomosome 4q13,3.6 Mb away from a clustel of CXC chemokines
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Fig. 2 Complete amino acid sequence of hFDC-SP. leader secretion signal peptide is
underlined, chalged region is in italics. Non polal residues are in bolded letters The
predicted peptide has a Pl(isoelectric point) of 7.3, similar to that of most of small
chemokines.



including BLC, IL-8, MIP-2p and NAP-ll. It also borders a group of secreted salivary

proline-rich proteins PBII, P-B and BPLP. The FDC *SP gene spans a region of l0 Kb,

consisting of 5 exons conespond to: 5' untranslated region (exonl); leader secretion

signal (exon 2); N terminal chalged region (exon 3); the remainder of coding sequence

(exon 4); and the 3' untranslated region (exon 5) (Fig.3). Based on human FDC-SP

sequence, we searched the mouse EST and genome database and identified a putative

murine counterparl. Muline FDC-SP shows 45% amino acid identity and 54% amino acid

similarity with human FDC-SP (Fig 4). The charged N ferminal sequence showed the

highest degree of conservation between the two FDC-SP counterparts, suppolting a

functional impofiance of this region. The proline rich region is conserved in terms of

proline content (21.4%o overall Vs 18.8% fol human). However, the primary amino acid

sequence of this region is only modestly consewed. The distribution of the exons of

murine FDC-SP is virtually identical to it's human counterpart, further supporting a close

evolutionary relationship.

FDC-SP could be detected in both lysates and supematants from cultures ofCOS cells

transfected with expression constructs encoding FDC-SP fused to a myc epitope tag, This

evidence further support that FDC-SP is a secreted plotein, Tagged FDC-SP could also

be detected on the sulface of B lymphoma line BJAB cells transfected with the same

construct, which suggest FDC-SP may be specifrcally binding to to these cells.

Interestingly, substitution of cefiain charged residues with glycine did not affect secretion

of FDC-SP, but abolished binding of FDC-SP to BJAB cells, Northern blot analyses

showed that FDC-SP is highly expressed in tonsils ( a mucosa-associated lymphoid
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Fig, 3 Chromosomâl location and structure of human FDC-SP gene. Alignment of
the oDNA sequence with the public draft human genome sequence was done on Pubmed
Genome Blast. Note that FDC-SP gene borders a group of secreted salivary proline-rich
proteins abd is 3.6 Mb away from the cluster of CXC chemokines.
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Fig, 4 Sequence alignment of human and mouse FDC-proteins. The secretion signal is
undellined. Note that the charged section its highly conserved between human and
mouse.
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tissue), lymph nodes and trachea. FDC-SP expressed in lymph node and tonsils are likely

produced by FDC and activated leukocl'tes. Howevet, the cells producing FDC-SP in the

trachea is unknown. FDC-SP is significantly expressed in prostate, colon, stomach and

thyroid, but this expression is much lower compate to that in tonsil or lymph nodes.

FDC-SP is not expressed in more than 10 other tissue examined, such as heart, brain,

livel or skeletal muscle. Notably, FDC-SP is expressed at very low level or absent in

other lymphoid tissues such as spleen, peripheral blood leukocles and bone marrow.

This reveals that FDC-SP has a restricted tissue distribution. FDC-SP expression in a

numbel of cell lines including B lymphoc¡es, T lymphocl'tes, myeloid cells, epithelial

cells was also examined using FDC isolated from tonsils as a positive control. It was

found that FDC-SP is not explessed in any of the cell lines, except the strong expression

by primary FDC. These data suggested that FDC-SP expression in lymphoid tissues may

be primarily due to expression by FDC.

In an effolt to fuither characterize the expression of FDC-SP within lymphoid tissues, in

situ hybridization analysis on mRNA levels in human tonsil sections was carried out. It

was found that FDC-SP is mostly expressed in germinal centers, but not in the adjacent T

cell area. This furthel prove FDC-SP is not expressed by T lymphocy'tes and myeloid and

lyrnphoid-lineage dendritic cells residing in these areas. Particulally, the highest density

of signal is observed in the central portion of the germinal centers, namely, the light zone

of germinal center which is mainly composed of a dense network of FDC and

proliferating B cells. There is much less FDC-SP expression in the dark zone which

contains closely packed B lymphocl'tes. In all germinal centers, the follicular mantle,
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which is primarily composed of B lymphocltes not parlicipating in the ongoing immune

response, also showed a much less intensity of FDC-SP expression. These data further

prove that FDC-SP is expressed by FDC, but not B lymphocytes with which they interact.

FDC-SP expression was also detected in tonsil crypts in these analysis. Tonsil crypts are

deep invaginations of the epithelia which open into the oral cavity and often filled with

inflammatory cells in tonsilitis. Because of the complexity of cellual infiltration

components in these sites, its hard to decide what cell types are expressing FDC-SP.

However, this expression observed tlu'ough sevelal layels of infiltrated cells, suggest that

expressions of FDC-SP in these sites are not simply from activated epithelial cells and

may be produced by infiltrated leukocytes.

Hypothesis and goals

Based on the unique expression pattern of FDC-SP within lymphoid tissues, particularly,

its high expression within germinal center liglrt zone, I hypothesize that FDC-SP is

produced by follicular dendlitic cell and may play a role during ongoing antibody

lesponse. I will first set out to definitively prove that FDC-SP is produced by FDC, and

to find out what other cell types may produce it and how expression is legulated during

an immune response. Secondly, since FDC-SP is expressed in a secreted form within

germinal center light zone, I hypothesize thaf if may exert its function tluough binding to

a surface receptor on target cells. Since B cell is the ptedominant cell type besides FDC

within germinal center, it is most likely that B cell may selve as a target cell. However T

cell and other cells should also be tested. Thildly, once I can prove FDC-SP binds to

target cells, I will try to define what is the biological consequence after binding ofFDC-
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SP to its target cells. Germinal center B cell undergo drastic changes such as

proliferation, apoptosis, isotype switching, differentiation. It is very interesting to

investigate whethel FDC-SP is playing any role in these aspects.
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MATERIAL AND METHODS

1, Preparation of total cell RNA

Total RNA was prepared according the established protocol in our lab. Briefly,

stimulated or un-stimulated cells were counted and 2 million of them were transferred

into 1.5ml eppendorff tube followed by spin for 10sec, at 4 "C, 30009.

The supernatant were then carefully discarded, Cell pellets were re-suspended with

remaining supernatant. Four hundred ul Trizol reagent (Gibco) were added to the cell

suspension and were mixed well by pipetting. Eighty ul of Chloroform/lsoamyl Alcohol

was added to the mixture. The mixture were well mixed by shaking the tubes vigorously

for 30 sec. To remove proteins and DNA, the tubes were spun 12500 g,at'. 4oC, for 15

min. The upper phase were then transferred to a new eppendorff tube. One ul(20ug) of

glycogen was added to help the precipitation of RNA. One volume of (-1 10 ul) of

isopropanol was added to the supernatant and nixed well by inverling the tube for a few

times. All samples were then spun for 15 sec, at 12500 g,4'C to precipitate RNA. The

supernatant were carefully discalded and the pellet was washed once with 100 ul of cold

70% EI..OH. After aspirating the EtOH wash, the pellets were air dried for I hr at

room temperature and dissolved in 50 ul of H2O (Rnase t'ee). One ul of R¡asin

(2 U/ul) was added to the tube. The plepared RNA was either used freshly or stored at -
g0 oc

2, Reverse transcription

RT reaction Mix was prepared as follows to a total volume of 20 ul per sample on ice:

a) 4 ul of 5 xAMV RT Buffer
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b) 1ul of 2.5mM dNTP

c) I ul of Rnasin (2 U/ul) (Promega)

d) 0,5 ul of Random Primer (Promega)

e) 1 ul of AMV RT (10 U/ul) (Prornega)

Ð 12.5 ul ofRNAsample

This mix was then incubated in the GeneAmp Thermocycler (Applied biosciences) at 37

oC for t hour, then heated to 95 oC for 5 sec, and was used freshly for PCR or frozen at -

80"c

3, RT-PCR

PCR mix was prepared as following on ice:

l0x PCR buffer 5 ul

2.5 mM dNTP 3 ul

50 mM MgSO4 1.5 ul

Primer 1(10 uM) 2ul

Primer 2(10 uM) 2 ul

TaQ polymerase 0.5 ul (Invitrogen)

cDNA lul

The PCR reaction was carried out on thermocyclel with the following condition:

For human FDC-SP: 94C 2min, i cycle; 59oC 30sec, 72oC 30sec,95'C 15sec,30 cycles

Fol mouse FDC-SP: 94'C2nin,1 cycle; 58'C 30sec,72C 30sec, 94C 30sec, 30 cycles

The primers sequences used for these reactions ale:



MFR: GTA GCC TTG ATT TA

MFR2: TTC AAG GAA GTG GTT CAT ATT CAA

MFR3:CCA CGG GTA GCC TTG ATT TA

MFL: GAG CAGAGT GGA GAG TTT CAG AAC A

MFL2: CAG CTA GAA GGA GCA GAG TGG

MFL3 : GGAGCAGAGTGGAGAGTTTCA

HFL: CTGACTGAAACGTTTGAGATGA

HFL2: CAG CGT CAG AGA GAA AGA ACT GAC TG

HFR: TACTTTTCG CTA GGAAGGGGAGTTG

The lesulting PCR ploducts were loaded together with 100 bp ladder marker on 10lo

agrose gel containing ethidium bromide, r'an for' th and were visualized undet ultraviolet

light.

4, Generation of FDC-SP-GST fusion protein expression vector

4, A, Expression vector construction

PCR reaction was carried out using the primers designed for amplification and cloning of

mouse and human FDC-SP. Each pair of primel contains Bam HI and XhoI restriction

enzyme site on its 5 and 3 plime respectively. Plasmids containing mouse or human

oDNA were used as template. The PCR products and PGEX-5X-2 vector were digested

with Bam HI and Xhol. Shrimp alkline phosphatase was also added to the vector

digestion mix. Digested fragments were l'un on agtose gel and recovered using a

QiaQuick Column(Qiagen). The recovered PCR fiagment and vector were then ligated

together ovelnight at 10 oC using T4 DNA ligase(Promega), transformed into E, coli,
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and plated on ampicillin plate. Colonies were picked, cultured and plasmids from these

culture were prepared using Qiagen kit. Clones with couect insefiion were screened by

digestion the plasmids with Bam HI and Xhol. All the positive clones were fufiher

confirmed by sequencing.

Primers used for amplifling FDC-SP oDNA (the restriction enzyme sites ale underlined):

MFL GST: CGC GGA TCC CCG TGC CTA AGG AC AGG AA

MFR GST: CCG CTC GAG TTA AGG ATC TGC AGT TGG AG

HFL GST: CGC GGA TCC CAG TCT CTC AAG ACC AGG A

HFR GST CCG CTC GAG TTA CTT TTC GCT AGG AAG GGG A

4. B, Recombinant protein expression

Recombinant GST-FDC-SP fusion plotein was induced to be expressed in E. coli and

purifred by absorption to glutathione beads followed by elution with fi'ee glutathione.

Briefly, a single colony was seeded in 50 ml LB, containing 1O0ug/ml Ampicillin, shaken

at 350 rpm at 37 "C overnight, All the 50 ml culture was then transferred next day to a

flask containing pre-warmed 500 ml LB(lO0ug/ml Amp), shaken at 300 rpm./min for

about 1.5 lu, until OD600=0.8. IPTG of a ftnal concentration of 0.2 mM was added to

the cultule.

Cells were then incubated at 30 oC for 3 h¡ in a shaker. Cells then were harvested by spin

at 3000 g for 10min and pellet was re-suspended in I 0 ml lysis buffer'( 1x PBS, 1%

Triton X 100, 0.05% cocktail protease inhibitor ( Sigma). Harvested cells were frozen
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and thaw at -80 "C once followed by Sonication 5x on ice, 10 sec each time. Cell lysates

\ryere spun 1 3000 g 10 min and filtered with a 0.45 filter. Fifty ul of sample was

collected. To absorb GST fusion proteins, 1 ml Glutathion Sepharose 48 beads was

prepared by washing 3x with PBS. Filtered supernatant was applied to bead and shaken

gently at 4 "C for I hr. Beads wele then spin at 200 g and the supernatant was removed.

Beads were packed into a mini column (Sigma) and washed 3 times with 5 ml PBS.

GST fusion protein was eluted with 5 mM glutathione in ten lrnl fi'actions collected in

1 .5 ml Eppendorff tubes. Elution fractions containing significant amount of protein were

combined together, dialyzed at 4 oC in 3 changes of 1000 ml pre-chilled PBS and stirred

with magnetic bar. Finally,l ml allocations were made, quantified on a spectrometer and

frozen at -80 oC.

4, C, Factor Xa cleavage of GST fusion protein

The pulified product was examined on a mini-SDS PAGE gel before and after Factor Xa

cleavage. One hundred ul (0.3 ug/ul) of GST-FDC-SP was mixed with 10 ul of Factor Xa

and the mixture was tlìen incubated at l'oom tempelature overnight. The digested fusion

protein was examined again on a mini-SDS PAGE gel. Gels were stained with Coomassie

Blue.

5, Establishment of L cell clones stably expressing myc'tagged FDC-SP

5. A, construction of expression vector

The following primers were used for amplifuing and sub-cloning the mouse FDC-SP

gene. Each primer contains a Kpn I or Xro I site respectively:
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mousemycl: CC GGT ACC ATG AAA ACT CTT CTC CT

mousemycr: ccc cTC GAG AGG ATC TGC AGTTGG AG

The PCR product was digested with Kpnlr)(hol and inserted in-frame into the respective

cloning site in PoDNA3. 1/Myc-His(+)A (lnvitrogen). The constructed vector was

amplified in E. coli and purified using Qiagen Plasmid Maxi kit and further verified by

sequencing. A vector for expressing human FDC-SP was constructed using similar

methods.

5. B, Transfection of L cell line

Expression vectors were linearized by digestion with Sca I. The following solutions were

prepaled in advance:

Solution A: 20.5 ul(15ug) MFDC-SP PoDNA3.1 + 500 ul DMEM

Solution B: 20ul LF2O00(lipofectamine) + 500u1 DMEM

Solution A and B was mixed, incubated at room temperature for 5min, then added to L

cell cultule which was grown to 70% confluent. Transfected cell was then cultured at 37

'C overnight. Medium was changed after 18 h¡ with DMEM containing 10% FCS and

1 % Penicillin-Streptomycin.

5. C, screening of high expression clones by limiting dilution

To select the cells expressing transfected genes, a concentration of 2mglml ofG418 was

added to the culture at day 2. Medium was changed once on day 6 and fresh G4l8 was

added. After two weeks, the glown-up cell population was harvested and cell numbers

are counted. Cells wele then seeded at 0.3 cells/pel well (=0.2 ml per well of a 1.5
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cell/nrl dilution) in 96 well and grown for 2 weeks until colonies are visible by eye.24

clones for each transfection were transfened to 24 well plates. Cells were grown up until

there was enough culture volume for RT-PCR analysis ofFDC-SP expression.

6, Preparation of mouse spleen cells

Method A: 4 wk C57 BL/6 male mouse was sacrificed by cervical dislocation, whole

spleen was taken and dislupted with a frosted glass tissue grinder in cold PBS containing

2%o fetal calf serum. The cell suspension was then passed tll'ough a nylon mesh and

washed for 2 times with PBS containing 2% FCS. Harvested spleen cells wele cultured

in Opti-MEM containing 2-ME and 10% FCS.

Method B: whole mouse spleen was cut into small pieces and digested with collagenase

(200 U/ml, Sigma) for 1 lu at 37'C. The digested spleen tissue was gently pipetted up

and down a few times to release cells. The released cells were then collected by passing

through a nylon mesh and washed twice with PBS, followed by culturing in Opti-MEM

containing 2-ME and l0% FCS.

7, Mouse B cell purification

Mouse B cells wele prepaled by centrifugation of mouse spleen cell in Lymphol¡e M

(Cedarlane Laboratories) followed by MACS negative selection according

manufactuler's protocol. Briefly, cells fi'om each mouse spleen plepared by method A

were le-suspended in 10 ml PBS, supplemented with 0.5% BSA, and then 5 ml of cells

were applied carefully on top of 5 ml Lympholle M with a Pasteur pipette and
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centrifuged at room temperature for 20 min at 1200 g. The yellowish lymphocyte cell

layer lie at the inter-phase was carefully collected and spun af 1200 g for 5 minutes. Cells

were re-suspended and washed 2 times with PBS, 0.5% BSA. To label the cells, cells

were re-suspended in 0.9 ml of PBS, 0.5% BSA. 100 ul of MACS CD43 Microbeads(

Miltenyi Biotech) was added, mixed well and incubated for 15 minutes at 10'C. A CS

column ( Cedarlane) was prepared by filling and washing the column with 15 ml PBS,

0.5% BSA, then the column was put in a magnetic field. All of the cell suspension was

applied in 2 ml buffer on top of the depletion column. The CD43 negative cells (B cells)

passed tllough the column and wele collected. The column was further rinsed with 15 ml

buffer from top, effluent was collected as negative fraction. Positive cells retained in the

column were also collected by taking the column out of magnetic field and eluting with

I 5 rnl of PBS containing 0.5% BSA.

8, FACS analysis of FDC-SP binding

Two and a half ml stable L cell transfectant or the parental L cell line was seeded at I

millior/ml in 6 well plate, grown overnight until it's 80% confluent. Cell lines or primary

cells were added to L cell cultule at a concentration of I million/ ml, grown overnight.

Suspension cells were carefully harvested from co-cultures using a Pasteul pipette. Cells

were then stained for detection of myc{agged protein on the cell surface using lug/ml

FlTC-labeled anti-myc Ab(lnvitrogen) or lug/ml FlTC-labeled Mopc2l iso-type control

Ab(BD PharMingen). Stained cells were analyzed on a FACSCalibur instlument(BD

Biosciences, Mountain View, CA). In some experiments, cells were also labeled with

32



biotinylated anti-CD 19 (BD PharMingen ) followed by staining with 0.5ug/ml

Stleptavidin-PE (Jackson ImmunoResearch Laboratories, West Grove, PA),

9, Proliferation assay

One hundred ul (lmillion/ml) of L cell and L cell stable transfectant was seeded in each

96 well in the presence of 20 ug/ml mitomycin C. Cells were washed with DMEM after 6

hr and 0.1 ml of B cell populations at 5 million/ml wele added to the well and cultured at

37 "C. The cell culture was pulsed with I ¡rCi/well 
3H Thymidine for 6 hl on day 3 and

cells were harvested on a 96 well harvester (Tomtec). 3H radio activity was measuled on

scintillation counting machine according to manufacturer's protocol.

10, Transrvell assay and cell counting

Chemotaxis assay is canied out using Corning-costar 5um trans-well plates. Briefly,

purified B cells are washed 3 times with migration buffer(DMEM containing 0.5% BSA)

and re-suspended at 10 million/ml in the same buffer. Six hundred ul migration buffer

were then added to the lower chamber plus diflerent dose of FDC-SP or control BLC.

Then 0.1 of ml cells were added to the upper chamber and the tlanswell plate was

incubated aI37 oC for 3 hr. In some cases, FDC-SP or BLC was added to both lower and

uppel chamber as controls fol chemokinesis. Cells in both the lower and upper chamber

are carefully collected, diluted to an equal volume of 0.6 ml and counted on a

FACSCalibul instrument(BD Biosciences, Mountain View, CA). Briefly, each sample

were run through the instrument with a high flow rate for 2 minutes and the number of

cells counted in that time was recorded. The percentage of migration was calculated by
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the following folmula: Percentage of rniglation : lower chamber cell number/(lower

charnber cell number + upper chamber cell number) x 100%.

11, Statistical analysis

Statistical analyses of the data were performed using Student's / test. A value ofp<0.05

was considered statistically signifi cant.

34



RESULTS

1, Regulation of FDC-SP expression

FDC-SP was cloned from emiched human FDC cells, and previous work fi'om out lab

showed that it is highly expressed in the germinal center light zone(Marshall et al.,

2002a), which is mainly composed of FDC and proliferating B cells. While these results

suggest that FDC-SP is produced by FDC in these sites, it is also expressed in infiltrated

tonsil crypts(Marshall et a1.,2002a), suggesting that FDC-SP may also be produced by

other cell types. The overall high expression in lymphoid tissue suggests that FDC-SP

may be mainly functionally involved and explessed in immune system during immune

response.

1. A, Establishment of RT-PCR assay to test FDC-SP expression

In order to study the expression pattern ofFDC-SP in both human and mouse systems by

RT-PCR, the primers and reaction conditions hrst needed to be optimized. I designed 3

pairs of mouse FDC-SP primers and 2 pairs of human FDC-SP primers and tested these

plimers in different combinations and reaction conditions.

I found that the combination of MFL3 and MFR (252 bp) for mouse and HFL2 and HFR

(250 bp) for human have the best amplification results respectively (Fig. 5). So I carried

out the following expression study by using these primers for RT-PCR.
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Fig. 5 Establishment of RT-PCR assay. RT-PCR was carried out by using different
combinations of primers for human or mouse FDC-SP. RNA for these reactions were
plepared from L cell line stably ttansfected with mouse and human FDC-SP or'

untransfected L cell as a negative control. A. Amplification fol human FDC-SP. Note
that the thild set of primers get relatively better amplification. B. Mouse FDC-SP
amplif,rcation. The primer set used for this amplification is MFL3 and MFR,
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1 B, Expression in human system

I filst examined the expression of FDC-SP in human PBMC by RT-PCR, after extracting

RNA from these cultures (Fig.6). I found that fresh or cultured PBMC without any

stimulation do not produce FDC-SP. Anti-CD4O plus IL-4, which is a B cell dependent

signal does not upregulate FDC-SP expression. TNF treatment slightly upregulates FDC-

SP expression. In contrast, LPS and SAC can significantly upregulate FDC-SP

expression after 24hl treatment, and the expression is sustained after 72br (Fig. 6).

1, C, Expression in mouse system

Next I checked FDC-SP explession in the mouse system, I prepaled mouse spleen cells

using two different methods. In first method, the mouse spleens were cut into small

pieces followed by digestion with collagenase, in an effort to preserve fragile FDCs that

may be harmed by conventional tissue disruption methods. In the second method, mouse

spleens were disrupted by using a glass tissue grinder. The results show that the

expression patteln of FDC-SP lrom physically disrupted tissue is similar to human

PBMC. Tleatment with B cell activation signal does not induce FDC-SP expression,

whereas TNF can slightly induce expression of FDC-SP (Fig 7). LPS is still a strong

inducer ofFDC-SP expression in this case. However, the expression pattern in the case of

cells prepaled using the digestion method is quite different. Fresh or unstimulated

preparations still do not produce FDC-SP. Anti-CD40 plus IL-4 can upregulate FDC-SP

explession 48 hl after stimulation at a modest level. LPS can also uplegulate its
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Fig. 6 Human PBMC can be induced to express FDC-SP by LPS or SAC' but not
CD40 + IL4 or TNF, PBMC was cultured at 1 million/ml either in medium alone or the

plesence of following diffelent stimuli: 100ng/ml LPS, 2uglml anti-CD40 plus 2nglml
IL-4, 1125,000 dilution of Staphylococcus aureus Cowan strain 1, or' 10 ng/ml TNF-a,
cells were harvested at indicated time and counted, RNA was extracted using Trizol and

canied out RT-PCR.
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Fig. 7 Mouse spleen cells express FDC-SP in response to different stimuli in a cell
preparation protocol dependent manner, Mouse spleen cells were prepaled by either
disrupting spleen using a glass grinder ol digesting with collagenase. Harvested cells
were cultured in OPTI-MEM containing 10% FCS, l%PS,0.05% 2-ME in the presence
of different stimuli. Cells were harvested at different time point to extract RNA and carry
out RT-PCR. Note that cells from two different preparation showed similar patterns of
FDC-SP explession in response to LPS stimulation. In contrast, they respond quite
differently to anti-CD40 plus IL-4 or TNF stimulation. Thele is no expression of FDC-SP
in response to anti-CD40 plus IL-4 stimulation and less (8 fold less by density)
expression in response to TNF in the cells prepared by grinding. The cells prepared by
enzyme digestion expressed FDC-SP in lesponse to all of the thee stimuli, but much
more significantly after TNF treatment,
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expression. Most strikingly, FDC-SP is significantly upregulated 24 hr after TNF

stimulation.(Fig. 7)

To confirm that B cell activation signals do not upregulate FDC-SP expression in B cell

itself, I purified B cells from mouse spleen by centrifuge through lympholyte M followed

by MACS negative selection. Non-B cells were also collected for analysis, The results

show that under none of the treatment condition do B cells produce any FDC-SP. We

conclude that FDC-SP is not produced by B cells, but activated B cells may be able to

induce FDC-SP expression by non-B cell subsets, such as FDC. (Fig. 8)

My finding that PBMC and physically dislupted mouse spleen cells can be induced to

produce FDC-SP by LPS stimulation, together with our previous result showing FDC-SP

expression in infiltrated tonsil crypts, suggest that beside follicular dendritic cell, there

may be other types ol cells that produce FDC-SP upon stimulation. To find out what

other cells may produce FDC-SP, I used a series of different mouse cell lines to test their

expression. I found that, similal to previous result, B cell, T cell and fibroblasts do not

produce FDC-SP. Interestingly, a macrophage cell line produces low level ofFDC-SP.

(Fie. e)

Finally I tested FDC-SP expression in two FDC like cell line, FDC-1 and HK cells. We

found that both of the cell lines produce basal level of FDC-SP. The expression can be

dlastically upregulated 3 hours after tleating them with TNF, However LPS has no or

very little effect on FDC-SP expression of these two cell lines (Fig. 10)
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Fig. 8 FDC-SP is produced by non B cell population in mouse spleen. B cells were

prepared by grinding the mouse spleen followed by lymphol¡'te M centrifugation and

MACS. Non B cell population was also harvested after MACS. Cells were used freshly

or tleated with different stimuli and halvested at indicated time points. RNA was

extracted and RT-PCR was calried out. Note that undel none ofthe conditions do B cells

produce FDC-SP. Non B cell population lesponded to TNF oI LPS stimulation but not

Anti-CD40+IL-4.
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Fig. 9 FDC-SP expression in different mouse cell line, RNA was extracted from
different cell line and RT-PCR was carried out to detect FDC-SP expression. Stable L
cell FDC-SP tlansfectant was used as a positive control. Note that WEHI-3 cell line
expresses low level (12 fold less than positive contlol) ofFDC-SP compare to stable L
cell transfectant. L cell: fibroblast; WEHI-231: B cell line; 70213 pre B cell line; Mc/9:
mast cell line; WEHI-3: macrophage cell line; 420: b cell line; EL4: B cell line; L cell tx:
stable L cell transfectant.
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Fig. l0 FDC-SP is expressed by FDC like cell lines under different condition. FDC
like cell lines, B lymphoma and fibloblast cell line were treated with l0ng/ml TNF or
10Ong/ml LPS and harvested at different time point. FDC-SP expression was examined

by RT-PCR. Note that FDC-SP expression is drastically uplegulated in FDC like cell
lines after 3 lu of TNF treatment.
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2, Generation of reagents for functional characterization of ['DC-SP

The next step of my study on FDC-SP is to define its physiological function. To fulf,tll

this task, a sufficient amount of FDC-SP had to be obtained. I decided to generate two

forms of recombinant FDC-SP: GST fusion protein, and myc-tagged FDC-SP expressed

by stably transfected L cell clones. The former could be purifìed in large quantity from

bacterial culture and the latel has a lower production but because it is produced in

mammalian cell, it should be more cotrectly processed after translation and thus resemble

the natulal FDC-SP better.

2. A, Generation of recombinant FDC-SP

To genelate GST-FDC-SP fusion protein, I first amplified FDC-SP oDNA by PCR, using

primers containing restriction enzyme recognition sequences. Two restriction enzymes

BamHI and XhoI were included into the two ends of the primers. The amplified

fragments can be subsequently cloned into PGEX-5X-2 vector via Bam HI and XhoI on

the multicloning site immediately after GST coding sequence. The lesulting vector

contains a Factor Xa recognition sequence immediately befole FDC-SP (Fig.11) which

can be used to release free FDC-SP by digesting the fusion protein with Factor Xa. The

expression vector was transformed into E. coli. The host cell was inducted with IPTG to

express the fusion protein. The expressed protein was absorbed to glutathione beads and

eluted out with glutathion. Eluted protein were visualized on SDS-PAGE gel (Fig. 12)
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Fig. 1l Construction of GST-FDC-SP fusion protein expression vector.

45



OJ
l¿
H
IA.

hFDC-SP-GST

B.

{- Elute Êractions 1-8

-ies ðË"

mFDC-SP-GST

GST-hFDC-SP---__}

GST -------->

hFDC-SP--------> rs:ryq;Êçå'

æÌY:ï *

*

,æå*-.rÈ:

r#:

s¡*.-

Fig. 12 SDS-PAGE analysis of puri{ied human and mouse FDC-SP-GST fusion
protein, Samples wele rnixed with an equal volume of 2x denaturing loading buffer,
boiled for 5 Min, ran on a 4o/o stacking and 12%o separation gel at 100 V, 4.5 h¡. Gels

were then stained with Coomassie Blue to visualize proteins. A. Sequential elution
fiactions. B, Factor Xa cleaved sample.
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2. B, L cell clones rvere established to stably express myc-tagged FDC-SP

Although FDC-SP GST fusion protein can be acquired in large quantity and can be used

for functional analysis, it first needs to be cleaved out to release free FDC-SP. This make

it difficult to detect its binding to cell surface. In addition, proteins expressed in

mammalian cells may have been ploperly glycosylated and thus may have better

physiological function. So I decided to establish L cell clones expressing myc-tagged

FDC-SP as another source of FDC-SP. As showed in figure below, FDC-SP was cloned

into expression vector of PcDNA3.l (Fig 13), under the control of a strong mammalian

pronoter Pcmv. FDC-SP is inserted right before a myc epitope and a 6x his epitope so

that the explessed protein can be easily detected by antibodies against these two C-

terminal epitopes which are commelcially available. Linearized expression vectors \¡r'ere

transfected into L cell, a mouse fibloblast cell line and stably integrated clones were

selected using G418. Clones were checked for FDC-SP expression using RT-PCR, and I

found 4 clones of both mouse and human that expressed high level of FDC-SP mRNA

(Fig.14).

3, FDC-SP binds to activated B cell surface

As has been repoÍed previously, FDC-SP is a secreted plotein. It has a highly restricted

and inducible explession patteln. All these plompted me to hypothesize that this secreted

protein may function through binding to target cells tluough a surface receptor in its

anatomical location of production. The main cell types involved in the gelminal center

reaction are FDCs, T cells, B cells and macrophages. Since FDCs are known to play a

very important role in regulating B cell function tluough both surface molecules and
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Fig, l3 Construction of mammalian vector expressing myc-tagged FDC-SP



hFDC.SP

MFDC-SP

Fig, 14 Detection of mouse and human FDC-SP expression in stable L cell
transfectants. L cell clones grown fi'om single cell was grow up in DMEM containing
9% FCS, 1% PS. RNA was extracted from 2 million cells and RT-PCR was caried out.

Note that FDC-SP expression level is different among different clones.
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soluble mediators during germinal center formation(Hollmann and Geldes, 1999; Tew et

al., 1997), B cells are a likely talget of FDC-SP binding. I decided to fir'st test whether

FDC-SP can bind to B cells or T cells by using two cell lines BJAB and Jurkat, which are

B cell and T cell lymphomas respectively. To do this, I used stable L cell transfectants

expressing myc{agged human or mouse FDC-SP as source of FDC-SP. I used a co-

culture system by making use of the adherent nature of L cell line. Target cells were

added to L cell culture after it has grown to confluent. After 18 ll's of co-culture, the non-

adherent target cells are carefully removed and FDC-SP binding is detected by FACS

analysis after cells ale stained with FlTClabeled anti-myc antibody. In accordance to our

hypothesis, I found that BJAB cell showed signifrcant ability to bind FDC-SP, whereas

the Jurkat cell line shows no signs ofbinding (Fig. 15).

Next I decided to use primary cells to fui1her prove this binding. To our surprise, fresh or

un-stimulated cultured human PBMC showed no significant binding to FDC-SP. Since B

cells in germinal center are activated blasts, I decided to test the binding again after

stimulating these cells with anti-CD40, which is a critical activating signal delivered to B

cell from T cells and is critical for gelminal center initiation(Kawabe eI al., 1994;

Koopman eI al., 1997; Xu et al., 1994) A sub-population of cells of about 30 percent

showed binding to FDC-SP after this stirnulation. Double colol staining with anti-myc

and anti-CD19, which is a B cell marker (Pesando et al., 1989; Stamenlovic and Seed,

1988), showed cleally that the population that binds to FDC-SP are B cells (Fig.16). This

result was confirmed in mouse system (Fig. 17).
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Fig. 15 FDC-SP binds to the surface of B, but not T lymphoma cells. B or T
lymphoma cells were co-cultured with mouse fibloblasts (L cells) stably transfected with
myc-tagged human FDC-SP proteins. Non-adherent cells were harvested after 18 hours

of co-culture and analyzed fol myc{agged protein at the cell surface by staining with
FlTC-labeled anti-myc mAb Green tlaces indicate anti-myc staining, while blue filled
traces represent staining with the isotype control mAb. Residual L cells were excluded

from the analysis by side scatter gating. Note that BJAB cells, but not Jurkat cells, sho\ü

binding to FDC-SP. Each figure is lepresentative of 3 experiments.
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Fig. 16 FDC-SP binding to peripheral blood B cells is enhanced by T-dependent
activation signals. Human PBMC were cultured for 3 days in medium or with anti-

CD40+IL4 and then co-cultured with FDC-SP-myc L cell transfectants for 18 houls prior
to analysis. A. Cells were stained with FlTC-anti-myc or isotype control and analyzed by

flow cytometry. B. After 3 days of culture with anti-CD40+ll-4, PBMC cells were

stained with FITC-anti-myc and PE-anti-CD19.
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Fig. 17 FDC-SP binding to mouse spleen cells is also enhanced by CD40+IL-4
activation. Mouse spleen cells were cultured and stimulated as above before cells were

stained with FlTC-anti-myc or isotype control and analyzed by flow c1tometry. These

experiments has been repeated for 3 times,
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I further tested this binding using purified B cells and showed similar binding pattern.

(Fig.18).

4, Effect of FDC-SP on B cell proliferation

To investigate the functional role of FDC-SP, I frrst checked its possible influence on B

cell proliferation, which is a prominent feature for B cells in germinal center. To do this, I

used the established co-culture method in mouse system. Purified mouse spleen B cells

were co-cultured with L cell or stable L cell transfectant with or without the presence of

anti-CD40. Proliferation was assessed by a standard 3H{hymidine uptake assay. In a

series pre-experiments, I find that the most significant proliferation ofB cells appeared at

day 3 and theleafter. The incorporation of 3H+hymidine has reached a plateau 6 hours

aftel it was added into the culture. So I used these conditions as standard in subsequent

assays. I found that in the presence of FDC-SP, B cells proliferate reproducibly better

than the group without FDC-SP. Although the difference is not very large, it is

consistently around l5% in over 8 experiments and it is statistically significant (P<0.05).

FDC-SP alone does not appear to promote proliferation, but has a synergistic effect with

anti-CD40. Particularly, the effect of FDC-SP on B cell proliferation is more pronounced

when anti-CD40 is removed after'2 days of stimulation, and prolifelation is measured on

day 3-4 in the continued presence of FDC-SP. (fig l9). A very similal proliferation

patteln is acquired with total mouse spleen cell,
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Fig. 18 FDC-SP binds to purified B cells Pulified B cells were cultured for 3 days in
medium ol with anti-CD40+IL4 and then co-cultured with FDC-SP-myc L cell
transfectants for 18 hours prior to analysis.
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Fig. 19 FDC-SP stimulate B cell proliferation synergistically rvith Anti-CD40'
Pulified B cells (A) or whole spleen cells (B) were co-cultured with control or FDC-SP
transfected L cell clones with oi without anti-CD40 antibody, pulsed with H3-thymidine

at day 2 for 6 houls. Cells were harvested and analyzed on a scintillation counter.

Previously stimulated group: purifìed B cell or spleen cells were pretreated with anti-
CD40 antibody for 2 day, washed, then co-cultured with L cell clones for a further 2 days

with or with out anti-CD40 befole pulse with H3-thymidine. Each figure is tepresentative

of 8 expeliments.
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5, Chemotactic activity of FDC-SP

The PI (PH at isoelectric point) of FDC-SP is 7.3. Its secreted peptide composes of 70

AA and contains a quite polar N terminal. These propefties are quite similar to that of

chemokines like IL-8 and BLC, although it does not contain signature cysteine residues.

The FDC-SP gene is located 3.6 Mb away fi orn this cluster of chemokines which

represents a relatively close linkage on clu'omosome 4qi3. These properties lead me to

raise the hypothesis that FDC-SP may also have similar chemotactic effect on its target

cells. To test this hypothesis, I used an established transwell system to detect chemotactic

movements of B cells. In these experiments, chemotactic factors were placed in the

lower chamber of a transwell, which is separated from a upper chamber by a 5 um pore

size filter. B cells were added to upper chamber and the percentage of migrated cells

from upper chamber into lower chamber was counted after different time of incubation.

I frnd migration reached its peak after 3 hours of incubation, which is then used as

standard incubation time fol subsequent chemotaxis assays. BLC was used as a positive

control, because BLC is so far found the strongest chemokine to attract B cell to

lymphoid follicles. I used both recombinant FDC-SP-GST fusion protein and the L cell

transfectant co-culture system in the chemotaxis assay to check if FDC-SP has any

chemotactic effect. B cells were purified from mouse spleen and used freshly ol after

stimulation with anti-CD40. FDC-SP GST fusion protein was pre-treated with Factor Xa

to release fiee FDC-SP.

5. A, Establishment of FDC-SP chemotaxis
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Using both GST fusion protein and L cell transfectants as sources of FDC-SP, FDC-SP

showed repeatedly a measurable chemotactic effect. Recombinant control GST fusion

protein plepared by the same procedure did not cause significant migration, proving that

the pulification of the recombinant protein is lree of other miclobial products that may

affect chemotaxis. The chemotaxis effect is comparable between the two system when

the GST fusion protein dose is 500ng/ml. Particularly, in accordance with the binding

pattern of FDC-SP to B cells, I find that B cells migrate towards FDC-SP much more

signifrcantly after they are pre{reated for 2 days with anti-CD4O plus IL-4. In these same

experiments, B cells showed ver] strong miglation towards BLC, typically 2-3 times

higher than that for FDC-SP, the difference is also statistically significant (p<0.05). It

seems that there are similar levels of B cell migration towards BLC whether or not pre-

treated with anti-CD4Oplus IL-4 (Fig. 20).

In order to better defrne the chemotactic pl operty of FDC-SP for B cells, I carried out a

dose response study fol both recombinant GST-FDC-SP and BLC. I find that FDC-SP

showed a minimal chemotactic effect at a dose of 50ng, and the effect reaches a plateau

at l000ng/ml dosage. By the mean time, the effect ofBLC reaches its plateau at a dose

of 100ng/ml (Fig . 21), This dose effective dose range difference may be most likely

caused by protein quantification differences between self-prepared recombinant protein

and commelcially acquired chemokine.

5. B, Factor Xa digested GST-FDC-SP has stronger chemotactic effect than

intact fusion protein
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FDC-SP is composed of a region of charged polar N telminal, a proline rich, low

complexity rniddle region and a shot'ter C terminal region. Alignment of mouse and

human counterpart showed almost identical N terminal region. This unique feature of

structures suggest that the N terminal portion could serve as a binding motif when it

comes into contact with its receptor'. FDC-SP is fused tlu'ough its N terminal to the GST

part in the fusion plotein which could spatially hinder the interaction between its N

terminal and leceptor'. To test this, I compared the chemotactic properties of intact fusion

protein and the Factor Xa cleaved ptotein, in which fi'ee FDC-SP is released. I find that as

expected, uncleaved intact protein has much less ability to attract B cells compare to

cleaved fusion plotein.(Fig. 22) Also this result confirms the specificity of the

chemotactic response and rules out any effect of contaminant proteins in the GST-FDC-

SP preparation.
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Fig. 20 FDC-SP is a chemoattractant for activated B cell' Purified B cells were used

for chemotaxis assay either directly ex vivo or cultured for 2 days with 2uglml anti-CD40
plus 2nglml IL-4. RPMI 1640 containing 0.5% BSA was used as migration buffer.
Migrated cells were counted by flow cy'tornetry. A, Chemotactic effect of GST-FDC-SP

fusion protein. The fusion proteins were treated with Factor Xa before assay to release

fi'ee FDC-SP and the control protein. B, Chemotactic effect of supelnatant from stable L
cell tlansfectants. C, control, BLC or FDC-SP were added to both lower and upper
chamber. L cell lines were grown in lower chamber oftranswell plates to 80% confluent,
washed 3 times with migration buffer, then cultured in migration buffer for another

hours before carrying out chemotaxis assay. L cell tx: stable L cell transfectant

expressing FDC-SP, These experiments has been repeated fo¡ 3 times.
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5. C, FDC-chemotactic effect is blocked by Pertussis toxin

Since most chemotactic factors function through binding to a G protein coupled receptor

on their target cells, I decided to test if this is also the case for FDC-SP. The kind of G

protein coupled to most chemotactic receptors is Gi protein (Neptune and Boulne, 1997;

Neptune et al., 1999). Its activity can be blocked by treating the cells with Pertussis

Toxin. Therefore, the stimulated cells wele treated with medium containing lug/ml of

PT for 2 lus at 37 C befole chemotaxis assays were canied out. The results show that the

chemotactic effect is totally abolished after PT treatment for both FDC-SP and BLC

group, indicating that FDC-SP may also function through a G protein coupled receptor

(Fig.23).

5, D, Regulation of FDC-SP chemotaxis by activation stimuli

The migration properties of lymphocytes are often quite dynamic during an immune

response, so that they can interact with different types of cell involved at different stage.

It is important to know the kinetics of B cell response to FDC-SP at different stages of

activation and how do B cells respond to different stimuli, either alone or in combination.

I, thelefole, examined in detail the regulation of FDC-SP chemotaxis by different

activation stimuli and compared this to BLC,

I first examined B cell migration at different time points after B cells were stimulated

with anti-CD40 alone, I find that B cells reach their highest ability to migrate towards

FDC-SP after 2 day's of CD40 stimulation and retain this high ability after 96 lus of

stimulation (Fig2Ð,IL-4 does not seem to be required. There is a 5 to 8 fold increase of
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Fig. 24 B cell migration torvards FDC-SP after different time of CD40 stimulation
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migration towards FDC-SP after CD40 stimulation. In contrast, there is only about 1.2

fold increase in migration towalds BLC after CD40 stimulation (Fig. 25)

Next I examined whether B cell change its responsiveness to FDC-SP after furthel BCR

engagement which may naturally occur befole, duling or after CD40 stimulation flom T

cells. To test this, B cells were stimulated with anti-CD40 for 2 days followed by three

washes with medium. Cells were cultured for another 24 lu's in medium with or without

the plesence of anti-IgM. I found that cells cultured in medium alone after washing off

anti-CD4O still retained rnost of their ability to migrate towards FDC-SP. However, cells

cultured in medium containing anti-lgM lost most of this ability. Interestingly, B cell

migration towards BLC was also inhibited after further IgM engagement, but to a much

less extent (F ig 26, 27).

To determine how does B cell may tespond to FDC-SP under other physiological

situations, I treated B cells with different stirruli and carried out chemotaxis assay. I

found that neither LPS or IL-4 stimulation has major effect on B cell response towards

FDC-SP, As expected from the results above, BCR stimulation does not activate FDC-SP

chemotaxis on its own, and can partially inhibit when given in combination with anti-

CD40. B cell rnigration towards BLC didn't change either in these experiments (Fig.

28-29)
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5, E, FDC-SP rvorks synergistically rvith BLC

Since both FDC-SP and BLC are produced by FDC to attract B cells, it is impottant to

determine how these two chemoattl'actants night coordinate in vivo. To test this, I

combined these two proteins together in the chemotaxis assays. I find that without anti-

CD40 stimulation, there is no difference between the response to BLC alone or the two

together. If B cells were pre-stimulated with anti-CD40, the migration late of B cell

towards a combination of sub-optimal dose of both BLC and FDC-SP is significantly

higher than rnigration towards either of them alone. Especially, there is no significant

diffelence of migration towards BLC alone before or aftel anti-CD40 stimulation. This

migration is also higher than the simple adding up of the migration towards the two

chemoattlactant separately, and this difference has been tested to be statistically

significant. Suggesting that these two factors may synergize to specifically attract B cells

pre-activated by T-dependent signal anti-CD40. (Fig. 30). Although there are many

reports on the synergism effect of different cytokines, there are very few repotts of

synergism between chemokines so far, making it difficult to make a comparison to

synergistic effect of othel chemokines.
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DISCUSSION

Regulation of FDC-SP expression by FDCs

The fact that TNF can upregulate FDC-SP expression in FDC correlates very well with

the fact that CD40 activated B cell can express high level of surface TNF family

rnolecules and induce major phenotypic changes of FDC which is characteristic during

gelminal center folmation(Endres et al., 1999). FDC-SP expression is only upregulated

by anti-CD40 stimulation in mouse spleen cells prepared by enzyme digestion method,

but is absent fiom spleen cells from physical disruption method. The difference of the

two method is that the former can preserve viable FDCs by not destloying their fragile

dendrites. I have shown that both B cell and non-B cell population from mouse spleen

cells plepared by physical disruption method does not respond to anti-CD40 stimulation

to produce FDC-SP. Since there has been no report of CD40 exptession on FDCs, it is

unlikely that anti-CD40 antibody could act dilectly on FDC. From these evidence we

can infer that FDC-SP expression in mouse spleen cell prepared by enzyme digestion

may be due to firstly activating B cells, which then express TNF family molecules on

theil surface, which then in turn may induce FDCs to express FDC-SP. To fufher

exclude the possibility of FDCs responding to anti-CD40 stimulation directly, it might

be helpful to treat FDC cell lines with anti-CD40 and check FDC-SP expression in the

future. i have also shown that FDC cell lines do not lespond to LPS stimulation to

express FDC-SP, however it might be intelesting to test whether there is any change in

FDC-SP expression after trapping immune complexes on its surface ttu'ough their Fc and

complement receptor. The ovelall expression level of FDC-SP is low or not detectable in

various unstimulated cells including FDC.
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Regulation of FDC-SP expression in other cell types

Although FDC-SP is most obviously expressed by TNF treated FDC and within germinal

centers, we can not neglect the evidence that it is also expressed by other cells in PBMC

and infrltrated tonsil crypts. Its expression by these cells seems to be regulated in a quite

different manner. PBMC and mouse spleen cells prepared by physical disruption does not

increase FDC-SP expression in response to TNF, but respond well to miclobial products

such as LPS and SAC. Compare to the expression of FDC-SP by FDCs after TNF

stimulation, this induced expression level is at a relatively lower level. Besides HK and

FDC-1 cell lines, a series ofcell lines was checked for FDC-SP expression and the only

other cell line that was found to produce FDC-SP is a macrophage cell line WEHI-3. This

suggest that the expression of FDC-SP in PBMC and homogenized mouse spleen cell

may be at least pattly by macrophages, Howevel we can not yet exclude that dendritic

cell or other cell types may also express FDC-SP.

The correlation betrveen expression and function of FDC-SP

Previous wolk show that FDC-SP expression is high in trachea, which may contain

abundant mucosa associated lymphoid tissue, and in tonsil (Marshall et a1.,2002a). But

its expression is low in spleen which contains mostly primary follicles. Even the binding

to of FDC-SP to B cells is only produced when B cell is activated. This suggests that

FDC-SP is not a homeostatic chemoattractant like BLC, ELC and SLC which are

important in lymphoid structure organization. But its predominant expression site in

germinal centel distinguishes itselffiom othel activation-induced chemoattractants.
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Whether FDC-SP is playing othel role outside germinal center still needs to be

determined. It's been reported that germinal center structure can be formed at the

inflammation site of lheumatoid artluitis which is usually devoid of lymphoid

tissues(Lindhout et al., 1999). AIso IgA secreting B cells tends to locate under mucosa,

it's not yet known whethel the switch to IgA secreting plasma cell happened before the B

cell lelocation under mucosa or happened in situ aftel anival under mucosa(Brandtzaeg

et al., 1999). It's intelesting to investigate whether FDC-SP is playing a role in any of

these aspects. Infiltrated maclophage could be a source of FDC-SP to attract B cells at

these sites.

Evolution link behveen FDC-SP, chemokines and antimicrobial peptides,

Recently there have been reports of antimicrobial effect of chemokines and chemotaxis

effect of proline rich antimicrobial peptides (Marshall el al., 2002a; Wu et al., 2003;

Yang et al., 2003). Proline rich antimicobial peptides are evolutionarily more ancient than

chemokines. It seems there is a close evolutionary link between these two kind proteins.

Also, in some case the gene locations of these proteins ate close to each other(Dun and

Peschel, 2002). FDC-SP seems fall into half way between the these two kind of proteins,

it's proline rich, charged on N tenninal which resemble a anti-microbial peptide. But it's

overall composition and chemical property is more similar to that of a chemokine. More

impoftantly, FDC-SP gene is located right beside a gloup of proline lich salivary anti-

microbial peptides, which in turn located beside a cluster of chemokines, prompting that

all these protein maybe evolutionarily linked together. There has been obselations in my

experiments during puriffing recombinant fusion GST-FDC-SP protein that E. coli
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expressing both human or trlouse FDC-SP grow significantly slower after induction with

IPTG and can never reach an OD over 0.9. I have done some pleliminary experiments

on the anti-microbial effect of FDC-SP using recombinant FDC-SP and E. coli. Although

there is no significant antimicrobial effect detected, these experiments need to be

optirnized and further carry out.

The binding and chemotaxis effect of FDC-SP on B cell

Binding experiments with human PBMC and mouse spleen cells have shown that FDC-

SP only binds to B cells activated by CD40 stimulation. This can be readily explained by

the reason that, after CD-40 stimulation B cell up regulate their surface expression of

FDC-SP receptor. However befote we could identifu a receptor fol FDC-SP and directly

measure its surface explession level, we can not exclude other possibility. For example,

some othel surface molecule may have effect on otherwise consistently expressed FDC-

SP receptor confolmation and change their affìnity for FDC-SP. More over, the binding

pattern of FDC-SP to B cell couelates very well with it's ability to induce chemotaxis

movement on B cell.

The chemotaxis effect of FDC-SP can be blocked by Pefussis toxin tleatment. This

suggest that it functions through binding to a G protein coupled leceptor on B cell

sulface, It could be a yet unknown receptor, or known orphan receptor, or simply another

known receptor found fol chemokines or other chemoatttactant. For example

antimicrobial peptide defensin is using chemokine receptor for its chemofactic

function(Schutte and McCray, 2002). This also supports an evolutionary link between

them. This raise anothel question of how does B cell combine signals from diffelent
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chemokine. Since one would imagine there should be always relevant chemoatt[actant

within the microenvironment at any given time. It's a big question for cells regarding

how to integrate these signals. Besides a receptor changing strategy, there is report that

some chemokines have a competitive advantage in attracting certain cells towards them.

Even at a small amount, they can override the effect of another chemokine which present

at a high concentration. For some chemokines, the outcome for the migration may be just

an additive effect of all the chemokine present in the microenvironment.

The synergistic effect ofFDC-SP and BLC is a very interesting phenomenon. The exact

mechanism of this synergism is worth further investigation. It could be a cross{alking

between the intracellular pathways of the two attractanf, so that the effect is amplified or

it could happen outside on the cell sutface. It could be that the occupancy of both

l'eceptor for FDC-SP and BLC better facilitate the homo and heterodimerization for the

receptor, since the homo and heterodimerization is also needed for other effective

chemokine signaling (Mellado et al., 2001; Rodriguez-Frade et al., 2001), Since

chemokines bind promiscuously to theil receptors, these two chemoattractant may also

bind to the same receptor. Thus, the binding of these two chemoattractants to one

receptor at the same time may have better signaling potency. It will be a very interesting

job to clone the receptor for FDC-SP to facilitate the investigation into these possibilities.

In my experiments, primary B cells prepared from mouse spleen shows binding and

migrate towards FDC-SP after anti-CD40 stimulation. The in vivo situation is much tnore

complicated for B cell differentiation within germinal center. Sequential events are
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coordinated in different temporal and spatial manner may have different effect on B cell

responsiveness to FDC-SP. I have showed that B cell migration towards FDC-SP is

abolished after furlher BCR engagement. But what about BCR engagement before CD40

stimulation? Several phenotypes of B cell including the centroblasts, centroc)'tes,

plasmablasts and memory B cells exist within germinal center'. The centroblasts have

Iow level of surface BCR, whereas centroc)'tes have higher level of surface BCR. With

this regard, more refined experiments need to be done with different phenotypes of B cell

purified from germinal centers after immunizing the mouse.

Possible role of FDC-SP in germinal center development

My resealch on FDC-SP showed that FDC-SP is a novel chemoattlactant specifically for

B cells activated by CD40 ligation. According to the th-ree check point model of B cell

development during antibody response (van Eijk et a1.,2001), and the gradual nature of

somatic mutation needed for affinity maturation, proliferating B cells has to come back

and forth between FDC and folliculal helper T (FHT) cell frequently to check BCR

fitness for antigen. Considering that the gelminal center is full of tapid expanding and

dying B cell population, one can imagine that selected B cell must need some kind of

guidance to fulfill this task in a short time. As CXCR5 expressing FHT cells mostly

reside at the outer edge of gelminal center light zone(Bleitfeld et al., 2000), proliferating

centrocltes have to shuttle between FDC and FHT to pass the last two check points. The

expression of FDC-SP by FDC seems to help to solve this problem. Compared to BLC,

the B cell response to FDC-SP changes more drastically depending upon whether they

are stimulated with CD40 ligation or BCR engagement. Thus, the chemotactic effect of

FDC-SP is much mole dynamic compared to that of BLC. At the sarrre tirne, BLC and
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FDC-SP seems working synergistically on attracting B cell. This gives those B cells

selected by cognate T cells an advantage to migrate more quickly towards FDC. After

BCR is further engaged with antigen, B cell significantly down regulate its

responsiveness to FDC-SP, this will facilitate them to go away from FDC to proliferate,

and to interact with T cells again. Aftel many rounds of this kind of shuttling, B cell

clones expressing best fit antibody could be eventually selected. In my experiments, I

used soluble anti-IgM to engage BCR, however antigens are usually attached on FDC

surface and need some physical strength to wrench it down from FDC. It's interesting to

check with tethered antigens on the effect of B cell response to FDC-SP. B cell response

to BLC also seem to be down legulated after further BCR engagement. Whether B cells

extracted Ag are passively pushed towards cognate T cells or they may start to express

some T Zone chemokines to migrate to T cell still needs to be checked out.

Pro-proliferation effect of FDC-SP on CD40 activated B cell

Another interesting observation is that FDC-SP have some pro-proliferation effect on

CD-40 activated B cells. This effect is not so significant compare to the effect of CD40.

However, it is reploducible in at least 8 experiments and is statistically significant. This

result is not surprise to us, since there has been repoft that both chemokines and

antimicrobial peptides has been reported to have some plo-prolifelation effect on their

target cell. The G-plotein coupled receptol signaling can lead to the activation of Janus

kinase (JAK) kinases, a plotein family originally implicated in cytokine signaling. This in

turn phosphorylates the chemokine receptors in tyrosine tesidues and activates signal

transducers and trans-activators of transcliption (STAT) transøiption factors thus leads to
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cell proliferation(Rodriguez-Frade et al., 2001). It will be interesting to investigate

whether FDC-SP is simply induce anti-apoptosis signal within the target cells. This

would give cells attracted close to FDCs more opportunity to interact with and to extract

antigens trapped on FDCs before they undergo apoptosis.

Possible signal transduction pathrvays for FDC-SP

One of the next step of this study would be checking intracelluar signaling event after

FDC-SP binding which has lalgely not been investigated yet. PI3K and PTEN is two

important enzymes linked to G protein coupled receptor in mediating chemotaxis

movement(Funamoto et al., 2002). Tlte phospholipids can recruit many adapter proteins

at the polar side of chemokine binding(Marshall et al., 2002b; Marshall et al., 2000a;

Marshall et al., 2000b). This in turn leads to the rapid reorganization of cytoskeletal

proteins such as actin to cany out the cell movement. Calcium flux is also important for'

this process.

The relation behveen structure and function of FDC-SP

The structure of FDC-SP is chalacterized by a charged or polal N terminal followed by a

proline rich middle region. I did blast searches with Pubmed PSI and Rpsbalst plogram

within existing plotein domain database and found nothing homologous to FDC-SP. But

clearly these program suggest the middle ploline lich portion is of "low complexity" and

should be filtered out for the functional domain search. The characteristic N terminal

received most of scrutiny in my research. It's composed of about 20 AA, most of them

are charged or polar residues, which may favor a better strength of interaction with its

ligand. Genomically, it's composed of one intact exon and mostly conserved between
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human and mouse counterparts. Typical AA residues at specific position on cytokine has

been reporled(Boulay et al., 2003). lt's also interesting to point out that GST fusion

protein of FDC-SP after cleavage with Factor Xa functions much better than the

uncleaved protein. This further suggest the GST fusion partner which is fused to the N

terminal of FDC-SP is spatially hindeling FDC-SP function. It's also possible that

without GST part, FDC-SP can leach and enter cells more easily because of smallel size.

In contrary, myc{agged protein, which has the tag on its C terminal functions similarly to

those without tag.
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SUMMARY:

Molecules of different structure can serve as chemoattractant for different motile cells.

These include chemokines, complement fragments, growth factors, lipids, N-formyl

peptides and antimiclobial peptides. Chemotactic peptides play a role in many

physiological aspects such as leukoc¡te traffic, thl and fh2 polarization, embryogenesis,

neuron development, auto-immune disease, angiogenesis, cancer metastasis(Rossi and

Zlotnik, 2000). Most chemotactic factors use G-protein coupled receptors (Arai and

Charo, 1996). By overall observation, my results suggest that FDC-SP functions is a

novel chemoattlactant mainly expressed by FDC, and have a specific role in B cell

migration during ongoing antibody response within germinal center.

The dynamic natule of B cell lesponsiveness to FDC-SP, the regulation pattern and

location within germinal center of its expression by FDC and the synergistic chemotactic

effect on B cell with BLC has all implicated to us that genninal center reaction is also

marked by a coordinated B cell migration and positioning rather than a random one

within this micro-environment. This may greatly facilitate B cell interaction with T cell

or FDC at different stages of its development, bringing the rapid massive B cell

proliferation and apoptosis under tight contlol. This subsequently may have influence

othel aspects of B cell function such as somatic hyper-mutation, isotype switching and

differentiation. The in vivo study ofFDC-SP expression after antigen immunization and

the nouse model of transgenic or gene knock out would greatly help this research in the

future.

83



REFERENCES

Andersson, J., Coutinho,4., Lelnhardt, W., and Melchers, F. (1977). Clonal growth and
maturation to immunoglobulin secretion in vitro of every growth-inducible B
lymphocy.te. Cell I 0, 27 -34.

Ansel, K. M., McHeyzer-Williams, L. J., Ngo, V. N., McHeyzer-Williams, M. G., and
Cyster, J. G. (1999). In vivo-activated CD4 T cells upregulate CXC chemokine receptor 5

and reprogram their response to lymphoid chemokines. J Exp Med 190, 1123-1134.

Ansel, K, M., Ngo, V. N., Hyman, P. L., Luther, S. 4., Forster, R., Sedgwick, J. Ð.,
Browning, J. L., Lipp, M., and Cyster, J. G. (2000). A chemokine-driven positive
feedback loop organizes lymphoid follicles. Natule 40ó, 309-314.

Arai, H., and Charo, I. F. (1996). Differential regulation of G-protein-mediated signaling
by clremokine receptors. J Biol Chem 271 ,21814-21819.

Austlup, F,, Vestweber, D., Bolges, E., Lohning, M., Brauer, R., Herz, U., Renz, H.,
Hallmann, R., Scheffold, 4., Radbruch, 4., and Hamam, A, (1997). P- and E-selectin
mediate recluitment of T-helper-1 but not T-helper-2 cells into inflammed tissues. Nature

-t85,81-83.

Avelsa, G., Punnonen, J., Carballido, J. M., Cocks, B. G,, and de Vries, J. E. (1994).
CD40 ligand-CD40 interaction in Ig isotype switching in matule and immature human B
cells. Semin hnmunol ó, 295-301.

Aziz, K. 8., McCluskey, P. J., and Wakefield, D. (1997). Characterisation of follicular'
dendritic cells in labial salivary glands of patients with primary Sjogren syndrome:
comparison with tonsillar lymphoid follicles. Ann Rheum Dis 5ó, 140-143.

Batista, F. D., Iber, D., and Neubelger', M. S. (2001). B cells acquire antigen frorn target
cells after synapse formation. Nature 4J1, 489-494.

Batista, F. D., and Neuberger, M. S. (2000). B cells extlact and present immobilized
antigen: implications for affinity discrimination. Embo J /9, 513-520.



Berek, C., Berger, 4., and Apel, M. (1991). Maturation of the immune response in
gernrinal centers. Cell 67, 1121-1129.

Boulay, J. L., O'Shea, J. J., and Paul, W. E. (2003). Molecular phylogeny within type I
cytokines and their cognate receptors. Immunity 19,159-163.

Brandtzaeg, P., Farstad, i. N., Johansen, F.8., Morton, H. C., Norderhaug, I. N., and
Yamanaka, T. (1999). The B-cell system of human mucosae and exocrine glands.

Imnunol Rev 17 1 , 45-&7 .

Breitfeld, D., Ohl, L., Klemmer, E., Ellwart, J., Sallusto, F., Lipp, M., and Folster, R.
(2000). Follicular B helper T cells express CXC chemokine receptor'5, localize to B cell
follicles, and support immunoglobulin production. J Exp Med 192, 1545-1552.

Campbell, J. D., and HayGlass, K. T. (2000). T cell chemokine Íeceptor expression in
human Th1- and Th2-associated diseases. Arch Immunol Thel Exp (Warsz) ,/8, 451-456.

Campbell, J. D., Stinson, M. J., Simons, F. E., and HayGlass, K. T, (2002). Systemic
chemokine and chemokine receptor responses are divergent in allergic versus non-
allergic humans. Int Immunol I4, 1255-1262.

Campbell, J. D., Stinson, M. J., Simons, F. E., Rector, E. S,, and HayGlass, K. T. (2001).
In vivo stability of human chemokine and chemokine receptor explession. Hum Immunol
62,668-678.

Cerutti,4., Zan,H' Schaffer,4., Bergsagel, L., Harindranath, N., Max, E. E., and Casali,
P. (1998). CD40 ligand and appropriate cytokines induce switching to IgG, IgA, and IgE
and coordinated germinal center and plasmacytoid phenotypic differentiation in a human
monoclonal IgM+IgD+ B cell line. J Immunol 160,2145-2157 .

Charlton, 8., Auchincloss, H., Jr., and Fathman, C. G, (1994). Mechanisms of
transplantation tolerance. Annu Rev Immunol 12,707-734.

Choe, J., Li, L., Zhang, X., Gregory, C. D., and Choi, Y. S. (2000). Distinct role of
follicular dendritic cells and T cells in the proliferation, diffelentiation, and apoptosis ofa
centroblast cell line, L3055. J Immunol 164,56-63.

ClI'istensson, 8., Bibelfleld, P., and Matell, G. (1988). B-cell compartment in the thymus
ofpatients with myasthenia gravis and contlol subjects. Am N Y Acad Sci 540,293-297 .



Clark, E. 4., Grabstein, K. H., Gown, A. M., Skelly, M., Kaisho, T., Hirano, T., and Shu,

G, L, (1995). Activation of B lymphoclte maturation by a human follicular dendritic cell
line, FDC-1. J Immunol 1J5, 545-555.

Clark, E. 4., Grabstein, K. H., and Shu, G. L. (1992). Cultured human follicular dendritic
cells. Growth characteristics and interactions with B lymphoc¡tes. J Immunol 148,3327-
3335.

Clark, E. 4,, and Ledbetter, J. A. (1994). How B and T cells talk to each other. Nature
367,425-428.

Croft, M., and Swain, S. L, (1991). B cell response to fresh and effector T helper cells.
Role of cognate T-B intelaction and the cytokines 1L-2,1L-4, and IL-6. J Immunol 14ó,

4055-4064.

Cumano,4., Narendran,4., and Paige, C. J. (1991). Factors produced by stlomal cells
involved in B-cell development. Adv Exp Med Biol 303,191-197.

Cyster, J. G. (1999). Chemokines and cell migration in secondaty lymphoid organs.

Science 28ó, 2098-2102.

Cyster, J. G., Ansel, K, M., Reil K., Ekland, E. H., Hyman, P. L., Tang, H. L., Luther, S.

4., and Ngo, V. N. (2000). Follicular stromal cells and lymphocl'te homing to follicles.
Immunol Rev 176, 181- 193.

Cyster, J. G., Hartley, S. B., and Goodnow, C. C. (1994). Competition for follicular'
niches excludes self-leactive cells from the recirculating B-cell repertoire. Nature -321,

3 89-3 95.

Denzer, K., van Eijk, M., Kleijmeer, M. J., Jakobson, E., de Groot, C., and Geuze, H. J.

(2000). Follicular dendritic cells carry MHC class ll-explessing microvesicles at theil
surface. J Inrmnnol I 65, 1259-1265.

Durr, M., and Peschel, A. (2002). Chemokines meet defensins: the merging concepts of
chemoattractants and antimiclobial peptides in host defense. Infect Immun 70,6515-
6517.

Dutton, R. W., Bradley, L. M,, and Swain, S. L. (1998). T cell memoty. Annu Rev
Immunol 16,201-223.



Edelman, G. M. (1991). Antibody structure and molecular immunology. Scand J
Immunol 34,1-22,

Endres, R., Alimzhanov, M.8., Plitz, T., Futterer, 4., Kosco-Vilbois, M. H.,
Nedospasov, S. 4., Rajewsky, K., and Pfeffer, K. (1999). Mature follicular dendritic cell
netwolks depend on expression of lymphotoxin beta receptor by radioresistant stromal
cells andof lymphotoxin beta and tumor necrosis factor by B cells. J Exp Med 189,159-
168.

Frank, M. M., and Fries, L. F. (1991). The role of complement in inflammation and
phagoc¡tosis. Immunol Today I 2, 322-326.

Fu, Y. X., Huang, G., Wang, Y., and Chaplin, D. D. (1998), B lymphocytes induce the
formation of follicular dendritic cell clusters in a lymphotoxin alpha-dependent fashion. J

Exp Med .187, 1009-1018.

Funamoto, S., Meili, R., Lee, S., Pany, L,, and Firtel, R. A. (2002). Spatial and temporal
regulation of 3-phosphoinositides by PI 3-kinase and PTEN mediates chemotaxis. Cell
109, 611-623.

Garside, P., Ingulli,8., Merica, R. R., Johnson, J. G,, Noelle, R. J., and Jenkins, M. K.
(1998). Visualization of specific B and T lymphocl.te interactions in the lymph node.
Science 281, 96-99.

Germain, R. N. (1994). MHC-dependent antigen processing and peptide presentation:
providing ligands for T lymphocl'te activation. Ce\\76,287-299.

Gieni, R. S., Yang, X., and HayGlass, K. T. (1993). Allergen-specific modulation of
cytokine synthesis patterns and IgE responses in vivo with chemically modified allergen.
J Immunol I 50,302-310.

Gieni, R. S., Yang, X., Kelso, ,A'., and Hayglass, K. T. (1996). Limiting dilution analysis
of CD4 T-cell cltokine production in mice administered native versus polymerized
ovalbumin: directed induction of T-helper type-l-like activation. Immunology 87, 119-
126.

Goodnow, C. C., and Cyster, J. G. (1997). Lymphocyte homing: the scent of a follicle.
Curr Biol 7,R219-222.

87



Grouatd, G., de Bouteiller, O., Banchereau, J., and Liu, Y. J. (1995). Human follicular
dendritic cells enhance c1'tokine-dependent growth and differentiation of CD40-activated
B cells. J Immunol I 55,3345-3352.

Gunn, M. D., Ngo, V. N., Ansel, K. M., Ekland, E. H., Cyster, J. G., and Williams, L, T.
(1998). A B-cell-homing chemokine made in lymphoid follicles activates Burkitt's
lymphoma receptor-l. Nature 39 1, 799-803.

Guzman-Rojas, L., Sims-Moultada, J. C., Rangel, R., and Martinez-Valdez, H. (2002).
Life and death within genninal centres: a double-edged sword. Immunology 107, 167-
175.

Haley, S. T., Tew, J. G., and Szakal, A. K. (1995). The monoclonal antibody FDC-Ml
recognizes possible follicular dendritic cell precursors in the blood and bone marrow.
Adv Exp Med Biol 378,289-291.

Han, J. H., Kim, S. H., Noh, S. H., Lee, Y. C., Kim, H, G., and Yang, W. I. (2000).
Follicular dendritic cell sarcoma presenting as a submucosal tumor of the stomach. Arch
Pathol Lab Med 124, 1693-1696.

Han, S., Zheng,8., Takahashi, Y., and Kelsoe, G. (1997). Distinctive characteristics of
germinal center B cells. Semin Immunol 9,255-260.

Hargreaves, D. C., Hyman, P. L., Lu, T. T., Ngo, V. N., Bidgol,4., Suzuki, G.,Zou,Y.
R,, Littman, D. R., and Cyster, J. G. (2001). A cooldinated change in chemokine
responsiveness guides plasma cell movements. J Exp Med 194,45-56.

HayGlass, K. T. (1995). Allergy: who, why and what to do about it? Immunol Today 16,
505-507.

HayGlass, K. T. (2001). Dynamics of immune response: historical perspectives in our
understanding of immune regulation. New Foundation of Biology. 6l -69.

HayGlass, K. T., Gangur, V., Campbell, J. D., and Simons, F. E, (2000). Experimental
approaches to analysis of immune dyslegulation in human allergic disease.
Immunopharmacology 48, 283 -290.

Hennino,4., Berard, M., Klammer, P. H., and Defrance, T. (2001). FllCE-inhibitory
protein is a key regulator ofgenninal center B cell apoptosis. J Exp Med 193,447-458.

88



Hollmann, C., and Gerdes, J. (1999). Follicular dendritic cells and T cells: nurses and
executioners in the germinal centre reaction. J Pathol 189, 14'l-149.

Honda, K., Nakano, H., Yoshida, H., Nishikawa, S., Rennerf, P., Ikuta, K., Tamechika,
M., Yamaguchi, K., Fukumoto, T., Chiba, T., and Nishikawa, S. L (2001). Molecular'
basis for hematopoietic/mesenchymal interaction during initiation of Peyer's patch
organogenesis. J Exp Med 193,621-630.

Houtkamp, M. A,., de Boer, O. J., van del Loos, C. M., van der Wal, A. C., and Becker,
A. E. (2001). Adventitial infiltrates associated with advanced atherosclerotic plaques:
structural organization suggests generation of local humoral immune responses. J Pathol
r93,263-269.

Husson, H., Carideo, E. G,, Cardoso, A,4., Lugli, S. M., Neuberg, D., Munoz, O.,

Leval, L., Schultze, J., and Freedman, A. S. (2001). MCP-I modulates chernotaxis
follicular lymphoma cells. Br J Haematol I I 5, 554-562.

Ishida, T., Kobayashi, N., Tojo, T., Ishida, S., Yamamoto, T., and Inoue, J. (1995). CD40
signaling-mediated induction of Bcl-XL, Cdk4, and Cdk6. Implication of their
cooperation in selective B cell glowth, J Immunol I55,5527-5535.

Jacob, J., and Kelsoe, G. (1992). In situ studies of the primary immune response to (4-
hydloxy-3 -nitrophenyl)acetyl. II. A common clonal origin for periarteriolar lymphoid
sheath-associated foci and germinal centers. J Exp Med 176,679-687.

Jacob, J., Przylepa, J., Miller, C., and Kelsoe, G. (1993). In situ studies of the primary
immune response to (4-hydroxy-3-nitrophenyl)acetyl. III. The kinetics of V region
mutation and selection in genninal center B cells. J Exp Med 178,1293-1307.

Jacobsen, K., and Osmond, D. G. (1990), Microenvironmental organization and stromal
cell associations of B lymphocyte pl'ecursol cells in mouse bone manow. Eur J Immunol
20,2395-2404.

Janeway, C. A. (2001). Immunobiology : the immune system in health and disease,5th
edn (.{ew York, Galland Publ.).

Jungnickel, B., Staratschek-Jox, 4., Brauninger, ,A.., Spieker, T., Woll J., Diehl, V.,
Hansmamr, M. L., Rajewsky, K., and Kuppers, R. (2000). Clonal deleterious mutations in
the IkappaBalpha gene in the malignant cells in Hodgkin's lyrnphoma, J Exp Med Ì91,
395-402.

de
by



Kawabe, T., Naka, T., Yoshida, K., Tanaka, T., Fujiwara, H., Suematsu, S., Yoshida, N.,
Kishimoto, T., and Kikutani, H. (1994). The immune responses in CD40-deficient mice:
impaired immunoglobulin class switching and germinal center folmation. Immunity 1,

167 -t78.

Kelsoe, G. (1996). The germinal center: a crucible fol lymphoc¡'te selection. Semin
Immunol 8,179-184.

Kim, C. H., Rott, L. S., Clark-Lewis, i., Campbell, D. J., Wu, L., and Butcher, E. C.
(2001). Subspecialization of CXCR5+ T cells: B helper activity is focused in a germinal
centerlocalized subset of CXCRS+ T cells. J Exp Med I 93, 1373-1381 .

Kim, H. S., Zhang, X., and Choi, Y. S. (1994). Activation and prolifelation of follicular
dendritic cell-like cells by activated T lymphoc¡.tes. J Immunol 153,2951-2961.

Kim, H. S., Zhang, X., Klyushnenkova, E., and Choi, Y. S. (1995). Stimulation of
germinal center B lymphocl.te proliferation by an FDC-like cell line, HK. J Immunol
1J5, 1101-1109.

Kincade, P. W, (1991). Molecular intelactions between stromal cells and B lymphocyte
precursors. Semin Immunol 3, 379-390.

Kishimoto, T. (1985), Factors affecting B-cell growth and differentiation. Annu Rev
Immunol 3,133-157.

Klaus, G. G. (1978). The generation of memory cells. II. Generation of B memory cells
with preformed antigen-antibody complexes. Immunology 34, 643-652.

Koopman, G., Keeh¡en, R. M., Lindhout, E., Zhou, D. F., de Groot, C., and Pals, S. T.
(1997). Germinal center B cells rescued fiom apoptosis by CD40 ligation or attachment
to follicular dendritic cells, but not by engagement of surface immunoglobulin or
adhesion receptors, become resistant to CD95-induced apoptosis. Eur J Immunol 22, 1-7.

Laman, J. D., Claassen, 8., and Noelle, R, J. (1996). Functions of CD40 and its ligand,
gp39 (CD40L). Crit Rev Immunol 1ó, 59-108.

Lane, P., Traunecker, 4., Hubele, S., Inui, S., Lanzavecchia, 4., and &ay, D. (1992).
Activated human T cells express a ligand for the human B cell-associated antigen CD40

on



which participates in T cell-dependent activation of B lyrnphocy'tes. Eur J Immunol 22,
2573-2s78.

Lanier, L. L., Le, A. M., Cwirla, S., Federspiel, N,, and Phillips, J. H. (1986). Antigenic,
furrctional, and molecular genetic studies of human natural killer cells and cltotoxic T
lymphocy{es not restricted by the major histocompatibility complex. Fed Proc 45,2823-
2828.

Lanier, L. L., and Phillips, J.H. (1992). Natural killer cells. Curr Opin Immunol 4,38-42,

Lanzavecchia, A, (1990). Receptor'-mediated antigen uptake and its effect on antigen
presentation to class Il-r'estlicted T lymphocl'tes. Annu Rev Immunol 8,773-793.

Le Hir, M,, Bluethmann, H., Kosco-Vilbois, M. H., Muller, M., di Padova, F., Moore,
M., Ryffel,8., and Eugster, H. P. (1995). Tumor necrosis factor receptor-l signaling is
required for diffelentiation of folliculal dendritic cells, germinal center formation, and
full antibody responses. J Inflamm 47,76-80.

Lebecque, S., de Bouteiller, O., Arpin, C., Banchereau, J., and Liu, Y. J. (1997).
Germinal center founder cells display propensity for apoptosis before onset of somatic
mutation. J Exp Med I85, 563-571 .

Lebman, D. 4., and Coffman, R. L. (1988). Interleukin 4 causes isotype switching to IgE
in T cell-stimulated clonal B cell cultures. J Exp Med 168,853-862.

Li,L., Zhang, X., Kovacic, S., Long, A. J., Bourque, K., Wood, C. R., and Choi, Y. S.

(2000). Identification of a human follicular dendritic cell molecule that stimulates
germinal centel B cell growth. J Exp Med I9I , 1077 -1084.

Lindhout, E., and de Groot, C. (1995). Follicular dendlitic cells and apoptosis: life and
death in the germinal centle. Histochem J 27,167-183.

Lindhout, E., van Eijk, M., van Pel, M., Lindeman, J., Dinant, H. J., and de Groot, C.
(1999). Fibroblast-like synoviocytes from rheumatoid arthlitis patients have intlinsic
properties of follicular dendritic cells. J Immunol I 62, 5949-5956.

Liu, Y. J,, Grouard, G., de Bouteiller, O., and Banchereau, J. (1996). Follicular dendritic
cells and germinal centers. Int Rev Cytol 166,139-179.

91



Liu, Y. J,, Xu, J., de Bouteiller, O., Palham, C. L., Grouard, G., Djossou, O., de Saint-
Vis,8., Lebecque, S., Banchereau, J., and Moore, K. W. (1997). Follicular dendritic cells
specifically express the long CR2/CD21 isoform. J Exp Med 185,165-170.

Luther, S. 4., Lopez, T., Bai, W., Hanahan, D., and Cyster, J. G. (2000). BLC expression
in pancreatic islets causes B cell recruitment and lymphotoxin-dependent lymphoid
neogenesis. Immunity I2, 471-48L

Maclennan, I. C. (1994). Gerniinal centers. Annu Rev Immunol 12,117-139.

Maclennan, I. C., and Gray, D. (1986). Antigen-driven selection of virgin and memory B
cells. lmmunol Rev 91,61-85.

Maeda, K., Burton, G. F., Padgett, D.4., Coruad, D. H., Hufl T. F., Masuda,4., Szakal,
A. K., and Tew, J. G. (1992), Murine follicular dendritic cells and low affinity Fc
receptors for IgE (Fc epsilon RII). J Immunol 148,2340-2347.

Marshall, A. J., Du, Q,, Dlaves, K. E., Shikishima, Y., HayGlass, K. T., and Clark, E. A.
(2002a). FDC-SP, a novel secreted plotein expressed by follicular dendritic cells. J

Immunol I 69, 2381-2389.

Marshall, A. J., Krahn, A. K., Ma, K., Duronio, V., and Hou, S. (2002b). TAPP1 and
TAPP2 are targets of phosphatidylinositol 3-kinase signaling in B cells: sustained plasma
membrane recruitment triggeled by the B-cell antigen receptor. Mol Cell Biol 22,5479-
5491.

Marshall, A. J., Niilo, H., Lerner, C. G., Yun, T. J., Thomas, S., Disteche, C. M., and
Clark, E. A. (2000a). A novel B iymphocyte-associated adaptor protein, Bam32,
regulates antigen receptor signaling downstream of phosphatidylinositol 3-kinase. J Exp
Med 191,1319-1332.

Marshall, A. J., Niiro, H., Yun, T. J., and Clark, E. A. (2000b). Regulation of B-cell
activation and differentiation by the phosphatidylinositol 3-kinase and phospholipase

Cgamma pathway. Immunol Rev 176,30-46.

Martin, D. A., Zheng, L., Siegel, R. M., Huang, B., Fisher, G. H., Wang, J., Jackson, C.
E., Puck, J. M., Dale, J., Stlaus, S. E., e/ al. (1999). Defective CD95/APO-1/Fas signal
complex fonnation in the human autoimmune lymphoproliferative syndrome, type Ia.

Proc Natl Acad Sci U S A 9ó, 4552-4557.

92



Martinez-Valdez, H., Guret, C., de Bouteiller, O., Fugier, I., Banchereau, J., and Liu, Y.
J. (1996). Human germinal center B cells expless the apoptosis-inducing genes Fas, c-
myc, P53, and Bax but not the survival gene bcl-2. J Exp Med 183,971-977.

Mellado, M., Vila-Coro, A. J., Martinez, C., and Rodriguez-Frade, J. M. (2001). Receptor
dimerization: a key step in chemokine signaling. Cell Mol Biol (NoisyJe-grand) 47,575-
582.

Minegishi, Y., Rolu'er, J., Coustan-Smith, 8., Ledelman, H. M., Pappu, R., Campana, D.,
Chan, A. C., and Conley, M. E. (1999). An essential role for BLNK in human B cell
development. Science 28ó, 1954-1957 .

Neptune, E. R., and Boulne, H. R. (1997). Receptors induce chemotaxis by releasing the
betagamma subunit of Gi, not by activating Gq or Gs. Proc Natl Acad Sci U S A 94,
14489-14494.

Neptune, E. R., Iiri, T,, and Bourne, H. R. (1999). Galphai is not required for chemotaxis
mediated by Gi-coupled receptors. J Biol Chem 274,2824-2828.

Nossal, G. J., Abbot,4., and Mitchell, J. (1968). Antigens in immunity. XIV. Electron
microscopic radioautoglaphic studies of antigen captule in the lymph node medulla. J

Exp Med 127,263-276.

Parker, D. C. (1993). T cell-dependent B cell activation. Annu Rev Immunol I1,331-
360.

Paul, W. E. (1999). Fundamental immunology, 4th edn (Philadelphia, Lippincott-Raven).

Paul, W. E., and Ohara, J. (1987). B-cell stimulatory factor- l/interleukin 4. Amu Rev
Immunol 5, 429-459.

Pesando, J. M., Bouchard, L. S., and McMaster, B. E. (1989). CD19 is functionally and
physically associated with sulface immunoglobulin. J Exp Med 170,2159-2164.

Pulendran, 8., Smith, K. G., and Nossal, G. J. (1995). Soluble antigen can impede
affinity maturation and the germinal centel reaction but enhance extrafollicular
immunoglobulin production. J Immunol ./-tJ, 1141-1150.

93



Radmacher, M. D., Kelsoe, G., and Kepler', T. B. (1998). Pledicted and inferred waiting
times for key mutations in the germinal centre reaction: evidence for stochasticity in
selection. Immunol Cell Biol 76,373-381.

Rajewsky, K, (1996). Clonal selection and lealning in the antibody system. Nature 381,
751-758.

Randen, I., Mellbye, O. J., Forre, O., and Natvig, J. B. (1995). The identification of
germinal centres and folliculal dendlitic cell networks in rheumatoid synovial tissue.
Scand J Immunol 4l , 4&1-486.

Rao, S. P., Vola, K.4., and Manser', T. (2002). Differential expression of the inhibitory
IgG Fc receptor FcgammaRIIB on germinal center cells: implications for selection of
high-affinity B cells. J Immunol 169,1859-1868.

Reil K., and Cyster', J. G. (2000). RGS molecule expression in murine B lymphocytes
and ability to down-regulate chemotaxis to lymphoid chemokines. J Immunol 164,4720-
4729.

Reit K,, Ekland, E. H., Ohl, L., Nakano, H., Lipp, M., Forster, R., and Cyster, J. G.
(2002). Balanced responsiveness to chemoattractants from adj acent zones determines B-
cell position. NaTure 416,94-99.

Rieux-Laucat, F,, Le Deist, F., Hivroz, C., Roberts, I.4., Debatin, K. M., Fischer,4., and
de Villartay, J. P. (1995). Mutations in Fas associated with human lyrnphoproliferative
syndrome and autoimmunity. Science 268, 1347-1349.

Rijlaarsdam, J. U., and Willemze, R. (1994). Cutaneous pseudolyrnphomas: classifrcation
and differential diagnosis. Semin Dermatol I3,187-196.

Rodliguez-Frade, J. M., Mellado, M., and Martinez, A. C. (2001). Chemokine receptor
dirnerization: two are better than one. Trends Immunol 22,612-617.

Rossi, D., and Zlotnik, A. (2000). The biology of chemokines and their receptors. Annu
Rev Immunol I8,217 -242.

Sallusto, F., Lenig, D., Forster, R., Lipp, M., und Lunruu.cchia, A. (1999). Two subsets

of memory T lymphocytes with distinct homing potentials and effector functions. Nature
401,708-7t2.

94



Schaerli, P., Willimann, K., Lang, A. 8., Lipp, M., Loetscher, P., and Moser, B. (2000).
CXC chernokine receptor 5 explession defines follicular homing T cells with B cell
helper function. J Exp Med 192,1553-1562.

Schilizzi, B. M., Boonstra, R., The, T. H., and de Leij, L. F. (1997). Effect of B-cell
receptor engagement on CD40-stimulated B cells. Immunology 92,346-353.

Schlienger, K., Craighead, N., Lee, K. P., Levine, B. L., and June, C. H. (2000). Efficient
priming of protein antigen-specific human CD4(+) T cells by monocyte-derived dendritic
cells. Blood 96, 3490-3498.

Schutte, B. C., and McClay, P. B., Jr. (2002). [beta]-defensins in lung host defense. Annu
Rev Physiol 64, 709-7 48.

Shek, T, W., Liu, C. L., Peh, W. C., Fan, S. T., and Ng, I. O. (1998). Intra-abdominal
folliculal dendritic cell tumour': a rare tumour in need of lecognition. Histopathology 33,
465-470.

Shokat, K. M., and Goodnow, C. C. (1995). Antigen-induced B-cell death and
elimination during gerrninal-centre immune lesponses. Nature 37-1, 334-338.

Smith, K. G., Light, 4., O'Reilly, L. ,{., Ang, S. M., Strasser, 4., and Tarlinton, D.
(2000). bcl-2 transgene expression inhibits apoptosis in the germinal center and reveals

differences in the selection of memory B cells and bone marow antibody-forming cells. J

Exp Med 19I ,475-484.

Stamenkovic, I., and Seed, B. (1988), CD19, the earliest differentiation antigen of the B
cell lineage, bears tluee extracellular immunoglobulinJike domains and an Epstein-Barr
virus-related cytoplasmic tail. J Exp Med 168, 1205-1210.

Stavnezer, J. (1996). Immunoglobulin class switching. Curr Opin Immunol 8, 199-205.

Swain, S. L., Bradley, L. M., Croft, M., Tonkonogy, S., Atkins, G., Weinbelg, A. D.,
Duncan, D. D., Hedrick, S. M., Dutton, R. W., and Huston, G. (1991). Helper T-cell
subsets: phenotype, function and the role of lyrnphokines in regulating their development.
Immunol Rev 1 23, 115-144.

Szakal, A. K., and Hanna, M. G., Jr. (1968). The ultrastructure of antigen localization and

viruslike particles in mouse spleen germinal centers. Exp Mol Pathol 8,75-89.

95



Szakal, A. K., Kosco, M. H., and Tew, J. G. (i989). Microanatomy of lymphoid tissue
during humoral immune responses: structul'e function relationships. Annu Rev Immunol
7,91-109.

Takagi, J., Petre, B. M., Walz, T., and Springer, T. A. (2002). Global conformational
reanangements in integrin extracellular domains in outside-in and inside-out signaling.
Cell I10,599-511.

Tan, E. M. (1991). Autoantibodies in pathology and cell biology. Cell 67,841-842.

Tarlinton, D. M., and Smith, K. G. (2000). Dissecting affrnity matulation: a model
explaining selection of antibody-forming cells and memory B cells in the germinal
centre. Immunol Today 2l , 436-441.

Tew, J. G,, Kosco, M. H., Burton, G. F., and Szakal, A. K. (1990). Follicular dendritic
cells as accessory cells. Immunol Rev I 17,185-21 1.

Tew, J. G., Mandel, T. E., and Burgess, A. W. (1979). Retention of intact HSA for'
prolonged periods in the popliteal lymph nodes of specifrcally immunized mice. Cell
Immunol 45,207-212.

Tew, J. G., Wu, J., Qin, D., Helm, S., Burton, G. F., and Szakal, A. K. (1997). Follicular
dendritic cells and presentation of antigen and costimulatory signals to B cells. Immunol
Rev 156,39-52.

Thery, C., and Amigorena, S. (2001). The cell biology of antigen presentation in
dendritic cells, Curr Opin Immunol I 3, 45-5L

Toellner, K. M., Luther, S. 4., Sze, D. M., Choy, R. K., Taylor, D. R., Maclennan, L C,,
and Acha-Olbea, H, (1998). T helper 1 (Thl) and Th2 charactelistics start to develop
during T cell prirning and ale associated with an immediate ability to induce
immunoglobulin class switching. J Exp Med 187,1193-1204.

Tsukada, S., Saffran, D. C., Rawlings, D. J., Parolini, O., Allen, R. C., Klisak, I., Sparkes,
R. S., Kubagawa, H,, Mohandas, T., Quan, S., and et al. (1993). Deficient expression of a
B cell cy.toplasmic tyrosine kinase in human Xlinked agammaglobulinemia. Cell 72,

279-290.

96



Tsunoda, R., Heinen, E., and Sugai, N. (2000). Follicular dendritic cells in vitro modulate
the expression ofFas and Bcl-2 on germinal center B cells. Cell Tissue Res 299,395-402.

van Eijk, M., Defrance, T., Hennino, 4., and de Groot, C. (2001). Death-receptor
contribution to the germinal-center reaction. Trends Immunol 22, 677-682,

Wang, Y., Huang, G., Wang, J., Molina, H., Chaplin, D. D., and Fu, Y. X. (2000).
Antigen persistence is lequiled for somatic mutation and affìnity maturation of
immunoglobulin. Eur J Immunol 30,2226-2234.

Wilson, P. C., de Bouteille¡, O., Liu, Y. J., Potter', K., Banchereau, J., Capra, J, D., and

Pascual, V. (1998). Somatic hypermutation introduces insefiions and deletions into
immunoglobulin V genes. J Exp Med 187,59-70.

Witte, O. N. (1988). Closely related BCR/ABL oncogenes are associated with the
distinctive clinical biologies of Philadelphia cluomosome positive chronic myelogenous
and acute lymphocytic leukemia. Cun Top Microbiol Immunol 141,42-49.

Wl, 2., Hoover, D. M., Yang, D., Boulegue, C., Santamaria, F., Oppenheim, J. J.,

Lubkowski, J., and Lu, W. (2003). Engineering disulfide bridges to dissect antimicrobial
and chemotactic activities of human beta-defensin 3. Proc Natl Acad Sci U S A /0r,
8 880-8 8 85.

Xu, J., Foy, T. M., Laman, J. D., Elliott, E.4., Dunn, J. J., Waldschmidt, T. J., Elsemore,
J., Noelle, R. J., and Flavell, R. A. (1994). Mice deficient for the CD40 ligand. Immunity
I ,423-431.

Yan, M., Marsters, S.4., Grewal, L S., \ilang, H., Ashkenazi, 4., and Dixit, V. M.
(2000). Identification of a receptor fol BLyS demonstrates a crucial role in humoral
immunity. Nat Immunol I ,37 -41 .

Yang, D., Chen, Q., Hoover, D, M., Staley, P., Tucker, K. D., Lubkowski, J., and
Oppenheim, J. J. (2003). Many chemokines including CCL2OlMIP-3alpha display
antimicrobial activity. J Leukoc Biol 74, 448-455.

97


