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Preface 

Follicular dendritic cells (FOe) are unique among cells of the 
immune system. While their morphological characteristics re
sulted in their inclusion as a 'dendritic cell type', tt1ey differ quite 
significantly from the other members of the dendritic cell family. 
In contrast to T-cell-associated dendritic cells or the Langerhans 
cells found in the skin, FOe reside in highly organized B cell 
follicles within secondary lymphoid tissues. This site of resi
dence provided a nomenclature committee in 1982 with the 
second descriptive factor for the derivation of their name. The 
cardinal feature of FOe is to trap and retain antigen on the 
surface of their dendritic processes for extended amounts of 
time and it is this feature that provides the conceptual compo
nent for the title of this book. 

In response to an antigenic challenge, primary B cell follicles 
undergo dynamic events, giving rise to germinal centers which 
are associated with activation, expansion, and differentiation 
processes of B cells. The interactions of B cells with Foe and T 
cells in the germinal centers are essential for generating the 
complete repertoire of antibody isotypes obtained during an 
antibody response. In addition, stimuli either initiated or main
tained during the germinal center reponse leads to production of 
high affinity antibodies through the processes of somatic muta
tion and clonal selection. In this context, FOe act as a pivotal 
source of antigen. They accumulate foreign proteins (e.g., viru
ses and bacteria) in an unprocessed form on their plasma 
membranes. They then alter their morphology, forming icco
somes, and deliver the immunogen to specific B cells which 
subsequently internalize, process, and present the material to 
elicit help from the surrounding T cells. As the response conti
nues, FOe appear to provide soluble and cell-surface-associated 
stimuli that aid in directing the reaction. Finally, as the germinal 
center response subsides, FOe undergo morphological changes 
that cause the immune complexes to become buried within 
labyrinthian patterns of membrane formed by the braiding of 
their dendritic processes. This capacity to preserve unpro-
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cessed antigen within the body has been linked to the long
term maintenance of circulating high-affinity antibody and B 
memory cells. 

In addition to the benefits associated with this feature of 
long-term antigen retention, viral trapping is especially signifi
cant in the pathogenesis associated with the acquired immuno
deficiency syndrome (AIDS). It has now gained widespread 
acceptance that the FDe-retained human immunodeficiency 
virus (HIV) provides an important reservoir for this infectious 
agent. FDe are also involved in other pathological conditions 
such as certain neoplasias, and ectopic germinal centers are 
associated with autoimmune diseases. Thus continued accu
mulation of information for the role of FDe during maintenance 
of a healthy individual as well as their contribution to disease 
states will provide insight into means of affecting the humoral 
and cellular immune response. 

The contributions within this book represent reviews of 
recent work carried on by many of the main laboratories world
wide pursuing questions concerning FDe. The influence of FDe 
on B cell activation, survival and differentiation are addressed 
using several different model systems. While the full extent of 
the molecules involved in these interactions are yet to be 
revealed, the latest experimental data are presented. In addition 
to the discussion of their accessory activities, the highly contro
versial issue for the origin of FDe is also included. While the 
reader will find a wealth of important information contained in 
these chapters, hopefully, one will also begin to realize the 
multitude of questions that remain to be both addressed and 
answered concerning the full involvement of FDe in immune 
responses. 

Geneva MARIE H. KOSCO-VILBOIS 
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1 Introduction 

The currently favored follicular dendritic cell (FDC) derivation theory holds that 
FDC are of local origin, probably developing from fibroblastic or primitive reticular 
cells (KAMPERDIJK et al. 1978; GROSCURTH 1980; HEUSERMANN et al. 1980a,b; IMAI et al. 
1983; DIJKSTRA et al. 1984; HUMPHREY et al. 1984) or from mesenchymal cells 
(pericytes around capillaries) found locally in follicles (RADEMAKERS et al. 1988). 
In early studies, FDC were identified as a reticular cell type (MITCHELL and ABBOT 
1965; SZAKAL and HANNA 1968), primarily on account of the similarities between 
reticular cell and FDC nuclei. Both cell types possess a highly euchromatic 
nucleus with some marginated chromatin. However, the nuclei of FDC tend to be 
more pleomorphic and to exhibit a greater variety of nuclear shapes, lobations, 
and numbers of nuclei. Cells identified by electron microscopic antigen localiza
tions as FDC were occasionally also shown to be closely associated with reticular 
fibers (MITCHELL and ABBOT 1965; DIJKSTRA et al. 1984). HUMPHREY et al. (1984) 

'Department of Anatomy, Division of Immunobiology, Medical College of Virginia, Virginia Common
wealth University, P.O. Box 980709, Richmond, VA 23298, USA 
2Department of Microbiology/Immunology, Medical College of Virginia, Virginia Commonwealth 
University, P.O. Box 980678, Richmond, VA 23298, USA 
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reported that FOC in bone marrow chimeras were of the host phenotype, which 
further strengthened the belief that FOC are of local derivation. Our report on 
antigen transport in the lymph node (SZAKAL et al. 1983) suggested that antigen
transporting cells (ATC) were pre-FOC, originating outside of the lymph node. We 
thus began to question the FOC local origin theory. In addition to the descriptive 
antigen transport data, we obtained supporting data from experiments conducted 
with bone marrow chimeras (KAPASI et al. 1993). In this chapter, we will give an 
account of our studies supporting the contention that FOC are derived from 
tissues outside of the lymph node. A model summarizing our current thinking is 
presented in the final section of this paper. 

2 Does Antigen Transport by Antigen-Transporting Cells 
Support the Idea of an Extranodal Derivation 
of Follicular Dendritic Cells? 

Antigen transport to lymph node follicles was first reported in 1983 (SZAKAL et al. 
1983) and subsequently described in detail in several reviews (TEw et al. 1984; 
SZAKAL et al. 1988). 

Antigen transport, a cell-mediated mechanism, involves the migration of 
ATC to follicles during the first 24-36 h after antigenic challenge (SZAKAL et al. 
1983). Antigen transport studied in C3H and C57BL/6 mice can be recognized by 
light microscopy by the path of immune complex-coated ATC as early as 1 min 
after antigen injection of passively immunized mice. Each path fans out from 
a narrow section of the subcapsular sinus toward a follicle in the cortex and 
appears in tissue sections as a triangular peroxidase-positive area when using 
horseradish peroxidase (HRP) as the antigen or when labeling these sites with 
monoclonal antibodies (SZAKAL et al. 1983). Control mice lacking the antigen 
specific antibodies do not show any cell-mediated antigen transport after antigen 
injection. Consequently, this mechanism is antibody dependent and primarily 
functional during the late phases of the primary and the secondary antibody 
responses. It should be pointed out that the immune complexes transported in 
this model were formed in vivo under physiological conditions. In contrast, 
preformed immune complexes used for the demonstration of this antigen 
transport mechanism by others were unsuccessful (KAMPERDIJK et al. 1987; HEINEN 
et al. 1986). To understand this discrepancy, we studied antigen transport 
after injection of varying doses of antigen and passively administered specific 
antibody. We observed (Z.F. KAPASI et aI., unpublished) that using a particular 
batch of anti-H RP, when 10-15 J.l.g antigen were injected in the footpads, as 
opposed to the routinely administered 1-5 J.l.g HRP in the footpads, the antigen 
transport site tended to be overwhelmed by antigen draining freely through 
intercellular spaces of the cortex toward the medulla. This made the recognition 
of the antigen transport sites impossible. By increasing the dose of the passively 
administered antibody or reducing the amount of the challenge antigen, fewer 
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immune complexes were transported, which also made the recognition of 
antigen transport sites difficult. These observations suggest that the antigen to 
antibody ratio of the immune complexes formed in vivo may also relate to the 
difficulty or ease of detection of this cell-mediated antigen transport. 

Ouring antigen transport, the first cells observed with immune complexes on 
their surfaces are found in the afferent lymph of the subcapsular sinus (SZAKAL 

et al. 1983). These cells have a monocyte-like morphology, an indented relatively 
euchromatic nucleus, and small, peroxidase-positive cytoplasmic granules 
(primary Iysosomes) asociated with the Golgi apparatus (SZAKAL et al. 1983). On 
these cells, surface area is increased by numerous veils which bear a relatively 
large immune complex load. These nonphagocytic cells are quite distinct from 
the typical phagosome-rich sinusoidal macrophages that phagocytize the 
majority of immune complexes (SZAKAL et al. 1983). There is always a distinct 
spacial separation between these veiled and dendritic ATC and the antigen-laden 
macrophages in the subcapsular sinus. This cell-mediated antigen transport 
pathway is focused on specific anatomical sites of the subcapsular sinus floor 
typically located over follicles. 

These ATC penetrate the subcapsular sinus floor through pores, and this 
passage through a pore can be convincingly followed by electron microscopy 
(SZAKAL et al. 1983). As these cells move below the sinus floor, their nuclei 
increase in size and number of lobes. At this time, ATC begin to develop long 
dendritic processes, which interdigitate with processes of other ATC in the 
antigen transport pathway. Thus, these ATC form a chain-a reticulum-which 
expands toward the nearby follicle in the cortex with the arrival of new ATC. ATC 
become increasingly more dendritic along this antigen transport chain, and as the 
cells enter the follicles they take on the morphology of mature FOe. By 24 h 
after antigen injection, the FOC antigen-retaining reticulum is established at most 
sites through this mechanism. 

In our original paper on antigen transport, we proposed three hypothetical 
mechanisms of antigen transport. According to one mechanism, ATC may be 
cells strictly concerned with the transport and transfer of antigen to FOC. 
According to the second hypothetical mechanism, ATC may be pre-FOC that 
mature to become FOC (as described above) and would not involve a transfer of 
the transported antigen. A thrid alternative may be a combination of these two 
mechanisms. We reasoned that if ATC were pre-FOC, then their antigenic 
phenotype should be either very similar or identical to that of mature FOe. To 
determine this, we phenotyped ATC in situ between 1 and 15 min after antigen 
injection in parallel with mature FOC at 3 days after antigen injection. The results 
showed that ATC and FOC were of the same phenotype (Table 1). From this 
phenotyping and the observed maturation of ATC in the transport chain, as 
indicated by morphology, we concluded that ATC are pre-FOC. Furthermore, 
since the first monocyte-like, veiled ATC were seen in the afferent lymph of the 
subcapsular sinus, we proposed that FOC are derived from monocyte-like, veiled 
cells originating outside of the lymph node. 

The recognition of this cell-mediated, antibody-dependent mechanism of 
antigen transport to lymph node follicles prompted some pertinent questions. 
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Table 1. Antigen transport cell (ATC) versus follicular dendritic cell (FDC) phenotype in situ 

Monoclonal Rat isotype Anti-mouse ATC FDC 
antibodies reactivity 1-15 min after 3 days after 

Ag injection Ag injection 

FDC-M1 IgG FDC and TBM + + 
MK-1 IgG2a ICAM-1 + + 
2.4G2 IgG1 Low-affinity FerRI! + + 
8C12 IgG CR1 + + 
F4/80 IgG2b Mo, M«jJ, and LC + + 
Mac-2 IgG2a M«jJ subset 
MOMA-2 IgG2b Mo, M«jJ, and LDC ± + + 
MIDC-8 IgG2a DC cytoplasmic, 

VC, LC + + 
NLDC-145 IgG2a Cytoplasmic and 

membrane IDC, VC, LC + + 
Anti-CD45 IgG Ly-5 (T200) on 
M1!9.3 T and B cells and M«jJ + + 

Ig, immunoglobulin; ICAM, intercellular adhesion molecule; Ag, antigen; FerR, Fcy receptor; CR, 
complement receptor; Mo, monocyte; M«jJ, macrophage; LC, Langerhans cell; TBM tingible body 
macrophage; DC, dendritic cell; LDC, lymphoid dendritic cell; VC, veiled cell; IDC, interdigitating cell; Ly, 
lymphoid. 

2.1 Are There Enough Antigen-Transporting Cells 
to Transport the Antigen? 

At 24 h, the fully developed antigen-retaining reticulum is estimated to contain 
about 2500 FOe. This estimate is based on size measurements of single FOe and 
the size of the entire FOe antigen-retaining reticulum. Electron microscopy 
suggests that the entire antigen transport path at 1 min after antigen injection 
consists of approximately 500 ATe. Thus, at least 500 cells per follicle and, in the 
case of an entire popliteal lymph node (typically eight follicles), about 4000 
transport cells would be available in the vicinity of the injection site during the first 
minute of transport. More ATe are assumed to be dispersed in the connective 
tissue of the skin and more can come from the circulating population 
of precursors in the blood. The total number of ATe required for the full 
development of FOe networks (an average of eight) in the popliteal lymph node 
is approximately 20 x 103 ATe, a relatively small number, which it is reasonable to 
think would be available. 

2.2 Can the Amount of Antigen Transported 
by Antigen-Transporting Cells Account for the Amount 
of Antigen Retained by Follicular Dendritic Cell Networks? 

As antigen transport progresses, each new incoming ATe interdigitates through 
its developing antigen-bearing processes with the preceding ATe. It follows then 
that the amount of antigen in the FOe network is equal to that transported by the 
total number of ATe that make up a particular antigen-retaining FOe network. In 
contrast to the putative FOe precursors observed by others to be carrying only a 
few, preformed, gold bead-conjugated immune complexes (HEINEN et al. 1986) 
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ATC are heavily coated with HRP-anti-HRP complexes (SZAKAL et al. 1983). 
Clearly, these migrating pre-FOC are covered with enough immune complexes 
(formed under physiological conditions in vivo) to account for the antigen retained 
in the FOC network (SZAKAL et al. 1983). 

Numerous attempts in different laboratories have failed to demonstrate any 
proliferative activity of FOC residing in the FOC- network. However, the stability 
of immune complexes retained in the FOC- network for long periods of time 
(months to years) is well known (TEW et al. 1990). It was also shown that the 
immune complexes retained on the FOC could not be chased out with antigens 
of different specificities (TEw and MAMDEL 1978). This apparently static natur~ of 
FOC networks initiated questions such as: What happens when new immune 
complexes are transported to an existing FOC network? Are the new ATC added 
to the reticulum? Would that not eventually make the reticulum too large? 

We know that, in the FOC network, FOC with filiform dendrites mature to 
form beaded dendrites to produce iccosomes (SZAKAL et al. 1988, 1990). 
Iccosomes, the small immune complex-coated spheres, are endocytozed by 
specific B cells in the follicle which process the iccosomal antigen and present it 
to T helper cells (Kosco et al. 1988). Oata shows that iccosome formation and 
dispersion may dissipate part or all of an FOC network (SZAKAL et al. 1990). 
Consequently, there are periods in which FOC and the associated antigen are 
conserved or retained and periods in which some or all of the antigen may be used 
up. For example, after an immune response when there is an excess of circulating 
antibodies, FOC dendrites are in the "ball-of-yarn" configuration for long-term 
retention of antigen (SZAKAL et al. 1988, 1989). We reasoned that when a new 
dose of antigen eliminates this antibody excess, it activates the observed 
maturation sequences of FOC for iccosome production, B cell endocytosis of 
iccosomes, antigen processing and presentation to T helper cells, resulting in a 
new cycle of antibody synthesis (SZAKAL et al. 1989; TEW et al. 1990). On account 
of the dispersion and endocytosis of iccosomes, this process is again 
accompained by a partial or complete dissipation of the FOC networks. Therefore, 
the mechanisms of antigen transport and FOC network dissipation appear to be 
in balance with each other and will tend to prevent the development of overly 
large FOC networks. 

2.3 What Happens When an Antigen of Different Specificity 
Is Transported to Follicles Already Occupied 
by an Immune Complex-bearing 
Follicular Dendritic Cell Network? 

A recent study in our labortary on serial antigen administration (i.e., HRP injection 
is followed by injection of the same molar quantity of alkaline phosphatase 3 days 
later in a mouse passively immunized for both antigens) showed a layering out of 
the two antigens in the same FOC network. A layer of HRP (brown), the antigen 
injected first, was adjacent to the forming germinal center at 4 days, while the 



6 A.K. Szakal et al. 

antigen, alkaline phosphatase (blue), injected 3 days later was localized more 
peripherally and appeared to be stacked on top of the FOC retaining the HRP. The 
FOC retaining the first antigen (HRP) were not randomly mixed with the FOC 
retaining the second antigen (alkaline phosphatase; blue). Therefore, if the 
antigen dose is sufficiently large to induce antigen transport to aI/follicles, along 
with germinal center dissociation-an antigen dose-dependent phenomenon 
causing dispersion of preexisting germinal center cells (HANNA et al. 1966; SZAKAL 
et al. 1990)-a displacement of the preexisting FOC networks may also occur. 
However, small antigen doses differing in specificity from any already retained 
antigen may simply add to the preexisting FOC networks rather than replacing 
them. 

To summarize this section, it appears that the cell-mediated antigen transport 
mechanism can account for the transport of sufficient amount of antigen to 
follicles. Concomitantly, this antigen transport mechanism also provides pre-FOC 
(ATC) of an identical phenotype with FOC. The pre-FOC mature in transit from the 
afferent lymph to the follicles and ultimately form the FOC antigen-retaining 
reticulum. By working in concert with the mechanisms of iccosome formation 
and dispersion that result in partial or complete dissipation of FOC networks, a 
relatively steady state in the size of FOC networks may be achieved. Antigen 
transport, as it exists in the lymph node, supports the extranodal FOC derivation 
theory. 

3 Do Studies on Severe Combined Immunodeficient 
Mouse/Bone Marrow Chimeras 
Support Follicular Dendritic Cell Bone Marrow Origin? 

We were prompted to use severe combined immunodeficient (SCIO) mice for 
the construction of chimeras, knowing that FOC were radioresistant to high doses 
of radiation (i.e., 1600 rad, G.F. BURTON, unpublished; 18.5 Gy, NETIESHEIM and 
HANNA 1969). This was a critical observation, especially since we had confirmed 
the results reported by HUMPHREY et al. (1984) that FOC are of the host origin in 
bone marrow chimeras (M.H. Kosco and G.F. BURTON, unpublished). Thus, if host 
FOC cannot be eliminated from the system by radiation, then their presence may 
have inhibited donor FOC from developing normally. To circumvent this FOC 
radioresistance problem, we turned to the SCIO mouse model. SCIO mice lack 
functional Band T cells (BOSMA et al. 1983). As we have demonstrated, they also 
lack FOC (KAPASI et al. 1993). The absence of FOC was shown by the lack of 
antigen localization on FOC in lymph node and splenic follicles and by the lack of 
labeling with the monoclonal antibody FOC-M1 (KAPASI et al. 1993). We reasoned 
that the SCIO mouse would provide a useful model to study the origin of FOC, 
since the problem of eliminating radioresistant FOC could be bypassed. However, 
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since reconstitution studies with Band T cells resulted in the development of FDC 
networks, these studies clearly showed that SCID mice have FDC precursors 
(KAPASI et al. 1993). In ontogeny, FDC do not appear until about 3weeks after birth 
(DIJKSTRA et al. 1982,1984; HOLMES et al. 1984). Therefore, we reasoned that 
transferring bone marrow or fetal liver cells to newborn SCID mice would be 
advantageous, and donor pre-FDC would not have to compete with host-origin 
FDC precursors for location or development into mature FDC (see discussion 
below). 

Since studies from other laboratories have demonstrated that SCID mice 
accept xenogeneic transplants in addition to F1(Balb/c x C57BL) bone marrow,.we 
also reconstituted SCI D mice with rat bone marrow or rat fetal liver cells. We then 
evaluated the recipients for rat donor phenotype FDC, 6-8 weeks after rat bone 
marrow or rat fetal liver cell transfers, using the mouse-anti-rat FDC-specific 
monoclonal antibody ED5. Recipients of Fl mouse bone marrow were evaluated 
6 months after cell transfer for donor-phenotype FDC using monoclonal 
antibodies against C57BL/6 class I antigens (KAPASI et al. 1994). According to the 
results of phenotyping, of seven rat bone marrow-reconstituted SCID mice, three 
mice clearly showed the presence of ED5+ FDC networks in lymph nodes and 
spleens. Similarly, one out of five recipients of rat fetal liver also had rat FDC in 
their lymphoid organs. We also noted that a given follicle tended to have either 
donor or host FDC predominating, although there were follicles with both cell 
types. It should be noted that FDC-M1+ FDC were not reactive with ED5, 
indicating that the monoclonal antibody ED5, as reported (JEURISSEN and DIJKSTRA 
1986), does not cross-react with mouse FDC. Similarly, the ED5+ cells did not 
cross-react with the monoclonal antibody FDC-M1. The presence of host FDC in 
our recipients is not surprising, considering that SCID mice have FDC precursors. 
Nevertheless, the presence of FDC networks of donor and donor-host phenotypes 
were the major findings (KAPASI et al. 1994). The results showed that bone marrow 
and fetal liver both contained FDC precursors. Chimeras constructed with Fl bone 
marrow confirmed these observations. These observations also give credence to 
the pre-FDC nature of ATC and to the extranodal origin of FDC. 

Further confirmation of the presence of FDC precursors in the bone marrow 
was obtained using the fael mouse model (SANES et al. 1986). Rosa-26 mice 
transfected with the fael gene express the gene product ~-galactosidase in all 
cells. Through the action of this gene product, the fluoresceinated substrate 
fluorescein-di-f3-galactopyranoside (FDG) (MOLECULAR PROBES 1989; ROEDERER et al. 
1991) is cleaved and the fluorescein is released into the cytoplasm. As a result, 
the cell becomes fluorescent and detectable by flow cytometry. For electron 
microscopic identification of the fael product, the substrate X-Gal is used (SANES 
et al. 1986). Using the same protocol for the construction of chimeras as above, 
newborn (3-day-old) SCID mice received bone marrow cell transfers from Rosa-
26 mice. We reasoned that if the SCID mice were repopulated by Rosa-26 bone 
marrow FDC precursors, then the FDC networks would be identifiable through 
the presence of the fael gene product. For flow cytometry control, FDC were 
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isolated according to protocol (SCHNIZLEIN et al. 1985) from Balb/c mice. The 
enriched preparation contained 23% FOC. By FACScan (fluorescence-activated 
cell sorter) after being reacted with biotinylated FOC-M1 and streptavidin
phycoerythrin, 99% of the FOC-M 1 + population was shown to be negative for the 
fael product. When a similarly enriched preparation (25%) of FOC from fael 
mouse bone marrow-recipient SCIO mice were tested, the result showed a ratio 
of 67% host to 33% donor (lael+) phenotype FOC for the SCIO-Rosa-26 
chimeras. These results supported the results of our previous SCIO mouse-rat 
and SCIO mouse-F, chimeras and allowed us to conclude that FOC precursors 
ean come from the bone marrow. 

4 Can Circulating Follicular Dendritic Cell Precursors 
Be Identified? 

Since our SCIO chimera studies indicate a bone marrow precursor for FOC, it was 
reasonable to expect that these precursors may be identified in the blood. Using 
the monoclonal antibody KiM4 specific for human FOC, PARWARESCH et al. 
(1983a,b) identified KiM4-positive cells in the human blood. These cells were 
large (approximately 16 11m in diameter). veiled mononuclear cells. Using the 
monoclonal antibody FOC-M 1 prepared against mouse FOC, we were also able to 
identify cells 14-16 11m in diameter in the blood (SZAKAL et al. 1994). These FOC
M1 + cells, just like FOC, were highly reactive for Fc receptors (FcR) using the 
monoclonal antibody 2.4G2. These cells were found in very low numbers. Further 
characterization of these blood-borne precursors is presently in progress. The 
finding of this potential FOC precursor in the blood made the connection between 
the bone marrow, a source of the precursors, and the tissues drained by the 
lymph nodes and provided additional support for the idea of the bone marrow 
derivation of FOC precursors. 

5 What Is the Identity of the Follicular Dendritic Cell 
Precursor in the Bone Marrow? 

The main issue regarding the bone marrow derivation of FOC precursors is 
whether these precursors are derived from hemopoietic cells or stromal cells. 
We have approached this problem also with the use of the monoclonal antibody 
FOC-M1. For light microscopic evaluation, we used immunoperoxidase 
or immunoalkaline phosphatase techniques. For electron microscopy rat-anti
mouse FOC-M 1, biotinylated mouse-anti-rat immunoglobulin (Ig G). and 
streptavidin-peroxidase were used. Preliminary studies identified stromal cells 
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and megakaryocytes labeled with FOC-M1. Inappropriate isotype controls were 
negative. 

Among the stromal cells, we have tentatively identified, with light and 
electron microscopy, FOC-M 1 + macrophage-like cells with prominant phago
somes, cells with mUltiple, elongated cell processes of a supporting reticular cell 
type, some of which appeared to contain multilobed nuclei or were multi
nucleated (SZAKAL et al. 1994). At this point, it is uncertain whether these 
multilobed cells with elongated processes were unusual forms of megakaryocytes 
or truly represented a distinct cell type. We feel that the FOC bone marrow 
precursor has not yet been identified, and a hemopoietic or a stromal origin of the 
FOC precursor are both possibilities. It should be pointed out, however, that. in 
phenotyping ATC and FOC, in addition to FOC-M1 and several other markers (see 
Table 1). we found pre-FOC (ATC) and FOC to be positive for the macrophage 
marker F4/80. Similarly, the phagocytic cells in the bone marrow reacting with 
FOC-M1 were also reported to be positive for F4/80 (PENN et al. 1993). We 
wonder, therefore, whether this F4/80/FOC-M1 positivity is a coincidence or a 
true indication of the bone marrow precursor of FOC. To obtain a conclusive 
answer regarding the hemopoietic origin of FOC, we will isolate mouse bone 
marrow cells, using monoclonal antibodies to the SCA-1 antigen shared by 
hemopoietic bone marrow precursors (VAN DE RIJN et al. 1989), for reconstitution 
of SCIO mice. The presence of lacZ+ FOC in SCIO recipients would indicate a 
hemopoietic derivation of FOC. 

6 A Working Model Summarizing Our Data 
and Current Concepts on Follicular Dendritic Cell Origin 

According to our working model (Fig. 1), FOC originate from the bone marrow. 
The specific bone marrow precursor has not yet been identified, although bone 
marrow cells label with the FOC-reactive monoclonal antibody FOC-M1. The FOC 
precursor enters the blood from the bone marrow to be delivered to the various 
connective tissue compartments (e.g., dermis). On reaching these connective 
tissue compartments, FOC precursors are believed to persist until the appropriate 
stimulus mobilizes them again. These connective tissue pre-FOC or veiled ATC 
may derive from the blood-borne, large FOC-M1/2.4G2+ precursors in mice and 
from the circulating KiM4+ veiled equivalents of these cells in humans. As 
suggested by PARWARESCH et al. (1983a,b) and by the morphology of our observed 
ATC arriving at the subcapsular sinus in the afferent lymph (SZAKAL et al. 1983), 
these cells may be of a monocytic lineage (TEW et al. 1984). In fact, phenotyping 
studies of ATC and FOC show the presence of cell surface markers such as 
intercellular adhesion molecule (ICAM)-1, FcyR I! , FCtORl!, F4/80, MOMA-2, and at 
least one of the isoforms of leukocyte common antigens (LCA) on the ATC/FOC 
group, all of which are typical markers of the myeloid lineage. The pre-FOC found 
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Fig. 1. A working model of the bone marrow derivation of follicular dendritic cells (FDC). The migratory 
pathway of pre-FOC from the bone marrow (bottom left) to the lymph node follicles (bottom right). Note 
the presence of pre-FOC (FOC-M 1 + cells) in the circulation and their entry into the connective tissue of 
the skin. where they bind the antigen in the form of immune complexes and leave the connective tissue 
via the lymphatics. These pre-FOC (veiled cells) enter the lymph node through afferent lymphatics and 
arrive in the subcapsular sinus of the lymph node. Via pores in the floor of the subcapsular sinus, pre-FOC 
antigen (Ag)-transporting cells (ATC) enter the cortex and transport the antigen into the follicle, where 
they mature and form the antigen-retaining reticulum or FOC- network. L, lymphocyte; DC, dendritic cell ; 
M. macrophage; LC, Langerhans cell 

in the dermis may also be related to precursors of Langerhans cells and dermal 
dendritic cells (DC). This relationship is suggested by the observation that, in 
immune mice when the footpad is injected with radiolabeled antigen, the antigen 
is localized in the epidermal Langerhans cells as well as in dermal mononuclear 
cells (J .G. TEw, unpublished observation) . This relationship is further supported by 
the M I DC-8 and N LDC-145 reactivity of ATC (pre-FDC) and FOC (see Table 1), two 
T cell-associated dendritic cell reagents. We attribute this ATC/FDC reactivity in 
the case of NLDC-145 to the reactivity reported in the periarteriolar lymphocytic 
sheath (PALS), where normally the FDC network is located. This was identified 
originally as NLDC-145 reactivity with non lymphoid cells 4 days after 900 rad 
irradiation (KRAAL et al. 1986). Another reason for this yet unclaimed reactivity with 
ATC and FDC of these T cell-associated dendritic cell reagents is the use of more 
sensitive methods than those used originally in the characterization of these 
antibodies (i.e ., frozen sections, reduced fixation: 30 s in acetone; longer 
incubation times with antibodies, plus use of a biotinylated secondary antibody 
amplification system; BREEL et al. 1987). 
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Pre-FOC may remain in the dermal connective tissue for a period to mature 
or perhaps even to replicate. The mobilization stimulus of these connective tissue 
pre-FOC (ATC) may be a Iymphokine, as suggested by the Band T cell 
requirements of FOC development (KAPASI et al. 1993). This Iymphokine release 
may in turn be stimulated by the presence of specific immune complexes, 
resulting in the migration of these veiled pre-FOC to the draining lymph nodes, not 
unlike the migration of Langerhans cells. En route, these precursors bind immune 
complexes to their surface via Fc and complement receptors and transport these 
complexes to follicles. When all immune complexes have been phagocytized or 
bound to ATC and cleared or transported from the connective tissue (e.g., 
dermis), some of these pre-FOC may still migrate to the follicles without 
transporting immune complexes. These immature cells may remain in a pre-FOC 
state. Such dormant ATC would be found, in transit in pores of the subcapsular 
sinus floor, ready to trap new immune complexes. Other ATC may become 
attached to reticular fibers or even local follicular capillaries until sufficient 
immune complexes are bound by them to induce their maturation to FOC. Thus, 
in situ development of FOC from pre-FOC may also be detected. 

We believe the radioresistance of FOC to be a significant problem in radiation 
chimeras constructed in past studies of FOC origin (HUMPHREY et al. 1984). This 
may be avoided by the use of SCIO mouse recipients which lack mature FOC. 
However, competition from FOC precursors must also be considered in view of 
the possible dispersed locations of intermediate forms of pre-FOC. We utilized 
this idea of pre-FOC dispersion in the construction of SCIO-rat bone marrow (or 
fetal liver) chimeras. Previous reports (OIJKSTRA et al. 1982, 1984; HOLMES et al. 
1984) showed that FOC or their precursors are first found in lymphoid tissues at 
about 3 weeks after birth. For donor FOC precursors to avoid competition from 
host FOC and their precursors, we selected newborn SCIO mice as recipients. 
We reasoned that this would prevent inhibition of donor pre-FOC migration to 
lymphoid organs by host FOC precursors found dispersed in the various tissues. 
We also believe that these dispersed precursors play an important role in antigen 
transport and repopulation of FOC networks in recipients, whether these are 
SCIO mice or radiation chimeras. For example, even if FOC precursors in the bone 
marrow are less radioresistant than mature FOC and their intermediate dispersed 
precursors, the pool of intermediate type pre-FOC could be large enough tosupply 
precursors for months of antigenic stimulation, resulting in the development of new 
FOC networks. 

Our future goals in testing and studying this working model of FOC origin 
will include the further characterization of FOC-M 1 /2.4G2+ circulating large mono
nuclear cells. In addition, pre-FOC population characteristics that must exist in the 
pathway between the circulating form of the precursor and those which have 
been characterized as ATC in the afferent lymph are of interest. With regard to the 
bone marrow, we will characterize the recently found FOC-M1-reactive cells and 
will isolate hemopoietic stem cells for construction of SCIO chimeras to 
determine whether these stem cells are of hemopoietic or stromal origin. 
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1 Introduction 

The human immune system is made up of one trillion lymphocytes. Although 
dispersed throughout the organism, these cells behave as if they belonged to a 
single organ. To attain this homeostasis, the lymphoid cells home to and 
are controlled in lymphoid tissues where, in specific microenvironments, they 
communicate with each other or with accessory cells and proliferate, mature, or 
die under stringently controlled conditions. The germinal center microenviron
ments are among those controlling the B cells which, during the T-dependent 
humoral immune responses, undergo important phases of their life cycles: 
activation, proliferation, the isotype switch, affinity maturation, deactivation, 
apoptosis, etc. The follicular dendritic cells (FOe) are major components of the 
germinal center microenvironments. Here, we examine their origin and their 
influence on B cells in the light of recent experimental data. 

Institute of Human Histology, University of Liege, rue de Pitteurs, 4020 Liege, Belgium 
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2 Origin 

Identifying the precursor cells which give rise to FDC is difficult, due to the fact 
that FDC live long, seldom divide, and change their morphology and phenotype 
during the humoral immune responses. 

Different approaches have been developed to determine the origin of the 
FDC, including morphological studies, ontogenic records, enzymology, immuno
labeling techniques, culturing, cell grafting, mRNA analysis, and immortalization. 
Recently, we reviewed the data relating to the origin of the FDC (HEINEN and 
BOSSELOIR 1994). 

Most electron microscope studies point to a fibroblastic origin: FDC are 
connected to fibroblasts and collagen bundles; when less differentiated, they 
resemble fibroblasts (HEUSERMANN et al. 1980; HOEFSMIT et al. 1980; DIJKSTRA et al. 
1982; IMAI et al. 1983; RADOUX et al. 1985a). Mature FDC differ from fibroblasts in 
that they bear a complex network of dendrites retaining an electron-dense 
material and possess desmosomal and adherent junctions. The perinuclear 
cytoplasm is thin and contains little ergastoplasmic reticulum. FDC are frequently 
bi- or multinucleate; their nuclei are indented and filled with euchromatin and are 
delineated by a thin rim of heterochromatin and a lamina densa. The single 
nucleolus is usually large. Due to their morphological features, FDC have also 
been called dendritic reticular cells (NOSSAL et al. 1965) or desmodendritic cells 
(I MAl et al. 1983). 

Their ontogenic development has been followed in rodents, mostly during 
the postnatal period when the cortex and paracortex differentiate in the lymph 
nodes. For WILLIAMS and NOSSAL (1966), FDC appear before the lymphoid cells, 
while for others, the lymph follicles develop prior to FDC differentiation (DIJKSTRA 
et al. 1982; NAMIKAWA et al. 1986). 

Enzymology supports the latter conclusion. Observing the histochemical 
enzyme pattern during transformation of fibroblastic reticulum cells to typical 
FDC, HEUSERMANN et al. (1980) found it to change: the cells became decreasingly 
alkaline phosphatase positive, and a positive alpha naphtyl acetate reaction 
occurred in the differentiated cells. Recently, BOSSELOIR et al. (1994a) observed 
prolyl 4-hydroxylase activity in the cytoplasm of human tonsillar FDC, both in situ 
and after isolation. This enzyme is considered a fibroblast marker and catalyzes 
the formation of 4-hydroxyproline from proteins containing certain amino acid 
sequences. RADEMAKERS et al. (1989)' studying alkaline phosphatase, proposed a 
parental relationship between FDC and pericytes. This is not surprising, since 
pericytes have features of mesenchymal cells. 

Immunolabeling experiments have disturbed this consensus that FDC derive 
from mesenchymal cells. Monocytes/macrophages and FDC share several 
antigens, i.e., CD11 b, CD14, CD16, CD31, major histocompatibility complex 
(MHC) class II (STEIN et al. 1982; GERDES et al. 1983; TSUNODA et al. 1982 PARWARESCH 
et al. 1983; HEINEN et al. 1984). Hence, a monocytic origin cannot be excluded, 
especially since PARWARESCH et al. (1983) found cells in the peripheral blood that 
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express an antigen (Ki-M4) also expressed by FOC. Critics have attacked this 
conclusion, doubting that certain antigens are truly expressed (C016, MHC class 
II). The situation has become even more complex with the discovery, on FOC, of 
antigens expressed by the lymphoid lineage (C019, C021, C03, C024, C037, 
etc.; JOHNSON et al. 1986; PALLESEN and MYRHE-JENSEN 1987) and with the finding 
that molecules synthesized by other cells can stick to FOC. Many consider ORC1 
antigen to be FOC specific, even though in their original paper, NAIEM et al. (1983), 
report some positivity among the lymphocytes of the corona. BOSSELOIR et al. 
(1994b) have demonstrated by cytophotometry that all blood and tissular B cells 
react with anti-ORC1, while T cells and other cell lineages are negative. Ruco e1 al. 
(1991) observed endothelial leukocyte adhesion molecule (ELAM) expression by 
FOC, a finding which points to an endothelial origin. WACKER et ,a I. (1991) also 
propose this origin because FOC and endothelial cells (but also monocytes) 
express the Ki-M4 antigen. SCHRIEVER et al. (1991; SCHRIEVER and NADLER 1992), 
however, exclude an endothelial origin, since FOC synthesize neither fibronectin 
nor platelet-derived growth factor (POGF) receptor-a or -po 

Functional studies have brought some clarification, but also confusion. When 
injected into animals, labeled immune complexes were retained on fully 
developed FOC, forming a crescent in the light zone, but also on precursor cells 
with a mesenchymal cell phenotype (HEINEN et al. 1986). In neonatal animals, they 
were found to attach first to fibroblast-like cells (IMAI et al. 1983; OIJKSTRA 
et al. 1984). Similar studies on invertebrates showed the existence of fibroblast
like cells which can retain immune complexes (VAN ROOJEN 1980). SZAKAL et al. 
(1988) described antigen-transporting cells as large, nonphagocytic cells with 
lobate or irregular euchromatin-containing nuclei and cell processes located in or 
near the subcapsular sinus or deeper in the cortex. These cells in or near the sinus 
looked like monocytes, while the cells near or inside the follicles were like FOC. 
Antigen transport may thus involve the migration of transporting cells with a 
concomitant maturation into FOC or transfer from one transporting cell to 
another, sedentary one. These authors thus favor an exogenous origin for 
immune complex-laden FOC (which would settle inside the follicles). We injected 
gold-labeled immune complexes either subcutaneously or intravenously and 
dissected, shortly after injection, the draining lymph nodes and spleen. At the 
ultrastructural level, we observed macrophages and lymphocytes in the 
subcapsular sinus with gold particles on their surfaces or inside endocytic 
vesicles. Between the sinus and the follicles, we found only lymphocytes with 
gold particles on their plasma membranes, migrating towards the germinal 
centers. The results obtained on the spleen were similar. In in vitro tests, we 
showed that immune complex-laden lymphocytes can contact FOC and transfer 
the complexes to them (HEINEN et al. 1986). Our results thus contradict the 
hypothesis of Szakal's group. Moreover, we found poorly differentiated FOC with 
mesenchymal features which had bound small quantities of immune complexes. 

Culturing FOC for longer periods of time is another way to probe the origin of 
FOC, since cells cultured in vitro readily dedifferentiate, reverting to their original 
morphology. TSUNODA et al. (1990) succeeded in culturing FOC for long periods 
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(over 150 days). Freshly purified FOC appear in round cell clusters containing both 
FOC and lymphoid cells. They readily attach to the culture substrate, then flatten 
and spread out. For the first few days, the lymphoid cells harbored by 
emperipolesis survive, but by day 5 they die out, so that only the FOC persist. The 
latter appear extremely flattened, with fibroblast-like extensions, and display no 
proliferative activity for long periods. They synthesize typical fibroblast vimentin 
filaments, but neither desmin nor cytokeratin. Ouring the first few days of culture, 
they cease to express the typical FOC phenotype. 

Cell grafting in irradiated animals is viewed as a means of indisputably 
determining the origin of FOC. Working with hybrid mice and allotypic markers, 
HUMPHREY et al. (1984), refuted a bone marrow origin. IMAZEKI et al. (1992), in an 
elegant spleen implantation study coupled with H-2 class I immunotyping, 
concluded that FOC come primarily from a stationary cell population, not from 
recirculating cells. KAPASI et al. (1994) presented data supporting the view 
that FOC are of hematopoietic origin. These authors used severe combined 
immunodeficient (SCIO) mice lacking FOC, reconstituting them with rat 
bone marrow, rat fetal liver cells, or bone marrow cells from F1 donors 
(BALB16 x C57B1/6). FOC, labeled with anti-E05 or anti-FOC-M1 monoclonal 
antibody (mAb), displayed donor class I molecules on their surface. Since KAPASI 
et al. used bone marrow or fetal cells, we can suspect transfer of undifferentiated 
stem cells, and thus also of mesenchymal cells, so these experiments do not 
indubitably prove a bone marrow origin for FOC. Very recently, YOSHIDA et al. 
(1994) obtained differentiation of FOC in SCIO mice by injecting lymphocytes. 
The latter induced complement receptor expression on cells of the reticular 
meshwork in the follicle; subsequent immune complex binding via complement 
receptors appeared to give the signal for Fc receptor synthesis. YOSHIDA et al. 
(1994) thus showed the mesenchymal origin of FOC and the influence of 
lymphocytes and immune complexes of FOC differentiation. 

Analysis of mRNA from purified FOC by the single cell polymerase chain 
reaction (PCR) has been published by SCHRIEVER et al. (1989; SCHRIEVER and NADLER 
1991, 1992). FOC apparently present a very peculiar RNA pattern with high 
expression of the C3d receptor (C021) -but no mRNA for C020, C045, C04, 
fibronectin, or PGOF receptor-a or -~. These authors thus view FOC as belonging 
to a unique lineage, rather than having a hematopoietic or fibroblastic origin. 

Many investigators have attempted to immortalize FOC using all possible 
approaches. LINDHOUT et al. (1993) exploited C021 expression to transform FOC 
with Epstein-Barr virus (EBV). They obtained very large, slowly duplicating 
cells with a fibroblast-like morphology but displaying a different phenotype 
(intercellular adhesion molecule-1, ICAM-1; C040; C075). These cells were 
able to bind nonautologous B cells, to perform emperipolesis, and to prevent 
apoptosis. 

Fully differentiated FOC do not divide. Reports of mitosis or of thymidine 
incorporation into FOC precursor cells are rare (EVERED et al. 1967; VILLENA et al. 
1983). We favor the hypothesis that during ontogeny of primary follicles or during 
the enlargement of the germinal centers, FOC differentiate from mesenchymal 
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cells (thus also pericytesl. which lose the capacity to synthesize matrix 
elements to begin producing adhesion molecules, receptors, FDC
specific surface antigens, etc. (F ig. 1). As increasing quantities of immune 
complexes are retained, imported by lymphoid cells or by other means, the 
surfaces of the FDC enlarge so that plicae and dendrites develop. Perhaps 
interactions with stimulated B or T cells also contribute to increasing the FDC 
membrane surface and to triggering the expression of certain molecules. When 
isolated FDC are incubated in the presence of gold-labeled immune complexes 
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Fig. 1. Hypothetical transformation of mesenchymal cells to fibroblasts or precursors of follicular 
dendritic cells (FOq. Fully developed FDC, in shedding membranes, may regenerate or recover the 
aspect of precursor cells 
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and the cells maintained for several hours at 3rC, aggregation of 
these complexes is observed, followed by their shedding along with the cell 
membranes (HEINEN et al. 1993). We suggest that fully mature FDC, during and at 
the end of the germinal center reaction, can release membranes and dendrites 
with attached material to undergo regeneration or to recover an original, less 
differentiated morphology and phenotype (Fig. 1). 

We have tentatively summarized this proposition in Fig. 1. Mesenchymal 
cells differentiate into fibroblasts, endothelial cells, and other cells, but also 
into FDC precursor cells capable of retaining small amounts of immune 
complexes (lMAI et al. 1983; DIJKSTRA et al. 1984; HEINEN et al. 1986). The 
induction signals leading to full maturation appear to be given to FDC 
precursors cells by immune complexes, complement factors, and the asso
ciated lymphoid cells. 

The retained immune complexes persist for long periods of time but can be 
renewed (TEW et al. 1979; HEINEN et al. 1983). FDC release immune complexes 
and cell fragments (HEINEN et al. 1993) which can take the form of beads 
(iccosomes, SZAKAL et al. 1988; TERASHIMA et al. 1991). In this way, they renew 
their cell surface or, at the end of the germinal center reaction, recover 
an undifferentiated, precursor cell aspect. Such intermediate forms between 
precursors and fully developed FDC as well as degenerative features (dark cells) 
have been described (RADEMAKERS 1992). As early as 1968, HANNA and SZAKAL 
noticed that when the germinal centers develop, preexisting FDC increase 
in size. 

FDC thus exhibit various morphological and phenotypic features according to 
their differentiation stages. This reflects different functional activities and gives 
rise to different compartments inside the germinal centers HEINEN et al. 1984; IMAI 
et al. 1986; TERASHIMA et al. 1991; RADEMAKERS 199'2; YOSHIDA et al. 1993; HARDIE 
et al. 1993). In the upper light zone, FDC are fully differentiated with abundant 
dendrites, huge numbers of C3b and Fc receptors with bound immune 
complexes. There, FDC strongly express CD21, CD40, CD54, CD71, and CD1 06 
(RICE et al. 1991; CLARK et al. 1992; HARDIE et al. 1993). Mouse FDC express high 
levels of Fc receptors inside the light zone (RADOUX et al. 1985b; YOSHIDA et al. 
1993). In the mantle and dark zones, FDC bear fewer receptors for antibody
antigen complexes and fewer adhesion receptors. B cell survival, activation, 
proliferation, differentiation, selection, etc., appear to occur in relation to these 
different microenvironments. The parameters of these microenvironments are 
influenced not only by the immune complexes, but by reciprocal interactions 
between FDC and B cells, FDC and T cells, T and B cells, and by external factors: 
hormones, the nutritional status, exogenous factors such as lipopolysaccharides 
(LPS) or superantigens (HEINEN et al. 1986, 1990; BRANDTZAEG et al. 1991). 

In the following parts of this review, we will consider different FDC functions. 
Some have been clearly established (effects on B cell proliferation, affinity 
selection, survival), and others are likely (B cell activation, chemotactism, isotype 
switch) or hypothetical (inhibition of terminal differentiation, induction of a given 
T cell phenotype, factor release). 
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3 Chemotaxis and Adhesion 

Lymph follicles are globular structures composed of densely aggregated cells. 
Chemotactism and intercellular contacts ensure this compactness. FOC attract 
and bind cells, thus playing a pivotal role in follicle assembly. 

Purified germinal center lymphoid cells, labeled and injected intravenously, 
home to the lymph follicles (OPSTELTEN et al. 1982). To analyze the chemotactic 
properties of FOC, we placed tonsillar FOC in the lower compartment of Boyden's 
chambers, with lymph cells deposited in the upper chamber. After 1-2 at 37°C, 
the lymphoid cells had penetrated further into the filter separating the chambers 
than when the lower compartment contained only the incubation medium or 
lymphoid cells. Supernatants taken from cultured FOC affected~lymphoid cells 
similarly. Dilution decreased this effect. The migrating cells were B or T cells. 
C05J+ T cells were attracted as well as C057- T cells (BOUZAHZAH et aI., to be 
published). 

In previous papers (LILET-LECLERCQ et al. 1984; HEINEN et al. 1989; LouIs et al. 
1990). we have shown that FOC and lymphoid cells are closely connected and 
that fluorescent lymphoid cells attach to isolated FOC upon incubation for only 
half an hour. After 1 and 2 days of culture, very large aggregates are found (HEINEN 
et al. 1991 a). Kosco et al. (1992) report similar clustering when these cells are 
cultured together; both Band T cells influence the level of cluster formation. Cell 
aggregation depends on the presence of divalent ions (Ca2+, Mg2+; SCHRIEVER et al. 
1989; LouIs et al. 1990) and on expression of lymphocyte function-associated 
antigen (LFA)-l, ICAM-1, vascular cell adhesion molecule (VCAM). (INCAM)-ll 0, 
and very late antigen (VLA)-4 (FREEDMAN and NADLER 1991; KOOPMAN et al. 1991; 
KOOPMAN and PALS 1992; PETRASCH et al. 1991 b; Kosco 1991 b; Kosco et al. 1992). 
Except for those bearing C3 fragments, immune complexes do not appear to 
influence this adhesion. Anti-ORC1 antibodies slightly reduce B cell adhesion to 
FOC (LouIs et al. 1990). 

Studies on the transfer of immune complexes to FOC have also revealed 
migration of lymphoid cells towards the lymph follicles. Band T cells bearing 
immune complexes bound via C3b and Fc receptors migrate towards FOC, make 
contact with them, and transfer the complexes to them (BROWN et al. 1973; HEINEN 
et al. 1984; BRAUN et al. 1987). After irradiation, immune complex retention in the 
germinal centers can be achieved only when the lymphoid cell populations are 
reconstituted (KROESE et al. 1986). 

Negative chemotactism, i.e., intercellular repulsion or inhibition of migration, 
may also exist at the level of the germinal centers, since many cell types (COW T 
cells, granulocytes, mastocytes) are absent or infrequent and the germinal 
centers are mono- or oligoclonal (KROESE et al. 1987). Besides positive or negative 
attraction and affinity selection, other mechanisms may control the cells compos
ing the germinal centers, e.g., tingible body macrophages may phagocytose 
certain cell types, activated B cells may exert dominance, T cells may change 
their phenotype, immigrated cells may die. 
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4 Antigen Presentation 

"Antigen presentation" is the term that designates the dynamic events preceding 
the recognition of oligopeptides inserted into M HC molecules by T cell receptors, 
a process leading either to activation or to tolerization of T cells. This concept is 
thus restricted to cellular immune responses. Theoretically, for B cells no presen
tation is required, since B cells recognize native antigen. Inside the germinal 
centers, however, a peculiar form of antigen presentation to B cells appears to 
occur: for long periods of time, FOC retain huge amounts of antigen-antibody 
complexes, bearing complement factors or not. This creates a special context in 
which germinal center B cells encounter antigen, a context not found elsewhere. 
These antigen-antibody complexes are highly immunogenic '{pHIPPS et al. 1984) 
and may exert their influence in different ways: the presence of antibody may 
mask antigenic determinants (TEW et al. 1980), Fc portions may give inhibitory 
signals (SINCLAIR 1969; MUTA et al. 1994), and the immunoglobulin (lg) isotypes 
may exert yet unknown biological actions. Complement split products induce 
opposite reactions (ERDEI et al. 1991). For example, C3b or C3d (g) inhibits cell 
growth when soluble, but stimulates it when immobilized. Since inhibitors of the 
complement cascade are present in the germinal centers (IMAI et al. 1986; 
LAMPERT et al. 1993), the B cells undego no deleterious action. 

When the antigen is densely arranged and ordered, it is stimulatory and 
tolerization is avoided (BACHMAN et al. 1993). FOC can thus be viewed as effecting 
a peculiar form of antigen presentation to B cells; this is especially important 
during affinity selection (see below). 

Ultrastructural observations based on the use of gold-labeled antigen or 
immune complexes have revealed that lymphoid cells are not in contact with all 
antigenic material, since much of it is inserted in deep FOC invaginations (HEINEN 
et al. 1983). FOC are thus reservoirs in which antigen is stored for long periods of 
time (TEW et al. 1979) in the light zone of germinal centers (KLAUS et al. 1980) 
populated essentially by centrocytes. Since most of these centrocytes become 
deactivated and transform into memory cells, a contradiction exists between 
antigen contact and B cell behaviour. The hypothesis of TEW et al. (1980) may 
provide an explanation: these authors suggest that antibody in excess may mask 
antigen determinants, thus preventing B cell activation. Otherwise, we must 
consider the possibility that contact with antigen in a given microenvironment 
may drive B cells towards deactivation. According to CELADA (1971), for instance, 
an excess of antibodies may be inhibitory. SZAKAl et al. (1989) have proposed the 
elegant iccosome (immune complex-coated beads) hypothesis, according to 
which FOC dendrites fragment into beads covered with immune complexes. 
These iccosomes would be taken up and processed by B cells for presentation to 
T cells. We do not agree with this hypothesis for several reasons (CEBRA et al. 
1991). First, formation of beads is not specific to FOC; they are observed in vitro 
with various cell types when dendrites or filopods are formed by retraction when 
cell extensions degenerate. Second, iccosomes are not frequently encountered 
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in vivo; we think they are part of the above-mentioned cell regeneration process 
in which differentiated FOC release membranes and receptors to renew their 
surfaces or to revert to an undifferentiated state. Third, B cells ca.n pick up antigen 
and process it, but they have so far not been shown to present antigen to germinal 
center T cells. We propose that germinal center B cells take up antigen retained 
by FOC, process it, and present it to T Cells located in the T-dependent zones 
annexed to the follicles. Such antigen uptake and migration before presentation in 
another tissular compartment is possible and has been demonstrated for 
dendritic cells: sessile intraepithelial Langerhans cells can mobilize and transform 
first into veiled ceils, then into interdigitating cells. The very attractive iccosome 
hypothesis, adopted by many immunologists, should thus be considered with 
caution. 

Antigen-antibody complexes retained by FOC serve to periodically 
restimulate B and perhaps T cells. They may also playa part in the Ig isotype 
switch and affinity maturation. Such complexes can become highly immunogenic 
as a result of their density, ordering, and association with complement split 
products, but interactions with Fe receptors can lead to deactivation (MUTA et al. 
1994). Consequently, FOC-mediated antigen presentation may be stimulating 
or suppressive, according to the Ig isotype, antibody concentration, and micro
environment. 

5 B Cell Activation 

Immune complex retention of FOC generally occurs several days after antigenic 
stimulation and parallels the transformation of FOC precursors to fully developed 
FOC. Whether FOC intervene during initial events of virgin B cell activation is thus 
questionable, since these events take place, according to most authors, in the 
T-dependent zone (see GRAY et al. 1986; GRAY and SKARVALL 1988; GRAY 1989; 
HEINEN et al. 1990). B cell activation takes several hours, required for the sequen
tial regulation of various genes, protein synthesis, and other events (ASHMAN 1984, 
1990). The final activation steps at least, i.e., those leading to cell proliferation, 
might possibly happen in contact with FOC after migration to the germinal 
centers. Oue to the high density of the immune complexes and to the presence 
of complement factors, optimal stimulation of B cells could occur. On this basis, 
VAN NOESSEL et al. (1993) have proposed a model for dual antigen recognition, in 
which aggregates composed of antibody-antigen complexes and C3dg induce 
multimerization on the cell surface by formation of bridges between membrane 
Ig (mig) and the C019-TAPA-1-C021 complexes. This multimerization allows 
cross-phosphorylation and subsequent activation of cytoplasmic enzymes (src
like protein tyrosine kinase, PTK, Iyn, and PTK72). Activated forms of these 
phosphotransferases may be directly or indirectly responsible for connecting the 
antigen-receptor complex to second messenger molecules via phosphorylation 
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of tyrosine residues present in the cytoplasmic regions of Iga, Ig~, and C019. 
FOC abundantly express various adhesion molecules (~1' ~2' ~3-integrins, VCAM-1, 
ICAM-1 and -2, C040; CLARK and LANE 1991; KOOPMAN and PALS 1992) on their 
extended cell surface. Ultrastructural studies have revealed intimate contact 
between FOC and lymphoid cells. One might speculate in two opposite direc
tions. First, receptor cross-linkings could improve B cell survival (CORMANN et al. 
1986a; LIU et al. 1989), enabling such B cells to proliferate better than unlinked B 
cells. Alternatively, when these receptor cross-lin kings are numerous and ex
tended over the whole cell surface, the B cells could be in a "frozen state" in which 
activation and proliferation are slowed down. The first situation could arise in the 
dark zone, where FOC send few cytoplasmic extensions between B cells. The 
second could occur in the light zone, where, by emperipolesis, the lymphoid cells 
(centrocytes) are surrounded by FOC extensions and are clearly less activated 
than centroblasts. Thus, according to their differentiation state, dictated by the 
local germinal center microenvironment, FOC might thus influence B cells in two 
opposite directions. Furthermore, the phenotype of FOC varies according to their 
location; in the light zone, for instance, the density of retained immune complexes 
is high. One should bear in mind that contact with FOC is not sufficient for 
activation or deactivation; other signals are necessary. RODRIGUEZ et al. (1992) 
have revealed that germinal center B cells inhibit mitogen-induced proliferation of 
mantle zone B cells. Thus, yet other parameters playa part in the activation or 
deactivation of follicular cells. 

Studying the activating capacity of FOC, KOSCO-VILBOIS et al. (1993) recently 
showed that B cells maintained in contact with FOC express more B7/BB1 
(C080) surface antigen and can better present antigen to T cells than B cells 
cultured alone. This interesting observation is somewhat puzzling. First, in 
primary follicles, FOC are intimately associated with resting B cells, which, in 
contrast to the above finding, remain in a quiescent state. Most mantle zone B 
cells appear as long-lived, IgM+ IgO+, and anergic (thus tolerized) cells (BEREK and 
ZIEGNER 1993). Second, T cells inside the germinal centers are not in an activated 
state (see below). Thus, antigen presentation as proposed by KOSCO-VILBOIS et al. 
1993 (see also Kosco et al. 1988; Kosco 1991 a, b; GRAY et al. 1991) does not occur 
in the germinal centers but outside, once the B cells have emigrated. Lymph 
follicles are always associated with T-dependent zones (HEINEN et al. 1990). so the 
antigen retained by FOC can serve not only to activate B cells but, when borne by 
B cells having had contact with FOC, to stimulate T cells. Interactions between 
T-dependent areas and follicles are not unidirectional (stimulation of virgin B cells 
before they enter the germinal centers). but bidirectional, since emigrating B cells 
export and present oligopeptides, thereby maintaining T memory cell clones. 
Third, interaction via MHC class II molecules can effect other signals. The MHC 
molecules also help transmit signals inside the B cells; for example, binding of 
anti-MHC II antibodies to B cells can block their multiplication and activation by 
increasing the intracellular cyclic adenosine monophosphate (cAMP) concen
tration (NEWELL et al. 1993). 
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In conclusion, FOC by themselves do not appear to stimulate virgin IgM+ IgO+ 
B cells, but rather sustain the activation of antigen-specific B cells preactivated in 
the T-dependent area. Oeactivation by FOC in the light zone can be suspected, 
since there centrocytes evolve into small B memory cells. 

6 B Cell Proliferation 

The link between B cell proliferation and FOC has long been known, since both 
are observed inside the germinal centers. CORMANN et al. (1986b) demonstrated 
this link by coculturing isolated FDC and lymphoid cells subjected to. different 
mitogenic challenges. Several authors have confirmed these results (TSUNODA 
et al. 1989; Kosco et al. 1988; PETRASCH et al. 1991a). Proliferating cells are 
associated with FOC: after isolation under mild enzyme treatment, FOC preserve 
their contacts with lymphoid cells, forming clusters (LILET-LECLERCQ et al. 1984; 
SCHMITZ et al. 1993); some of these lymphoid cells incorporate tritiated thymidine 
(CORMANN et al. 1989; Kosco et al. 1992). 

B cell proliferation occurs in the dark and, to a lesser extent. light zone. In 
the latter, FOC exhibit a peculiar phenotype (C021, C023, C054, calbinding, 
5-nucleotidase) and bear large amounts of immune complexes. According to their 
differentiation state, FOC can thus create a microenvironment that is favorable or 
not to B cell proliferation or differentiation into memory cells. FREEDMAN et al. 
(1992) cocultured FOC with B cells and observed an inhibitory action of FOC on 
B cell proliferation. In similar culture systems, BOSSELOIR et al. (1994) found the 
degree of B cell proliferation in the presence of FOC to vary according to the type 
of mitogenic stimulation. For example, B cells cultured alone but stimulated with 
Staphylococcus aureus proliferated better than cells grown in the presence of 
mitomycin C-treated FOC, whereas B cells stimulated with anti-Ig antibodies 
incorporated more tritiated thymidine when placed in contact with 
FOC; nonadherent lymphoid cells were used as controls (see Fig. 2). Thus, B cell 
multiplication may depend on the microenvironment created both by external 
influences and by phenotypically and thus locally different FOC types. 

Germinal centers derive from polyclonal founder cells, i.e., activated B cells 
expressing unmutated antibodies in the initial dark zone (KuPPERs et al. 1993). 
Among these cells, only one to six precursors will develop into dominant clones 
populating the germinal centers (KRoEsE et al. 1987). The clones can reach 
populations as large as 2000 cells having gone through more than ten generations 
(KuPPERs et al. 1993). 
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Fig. 2. Incorporation of tritiated thymidine into follicular dendritic cells (FOC) treated with mitomycin C 
(1), B cells cultured alone (2). mitomycin-treated FOC plus B cells (3). and B cells plus nonadherent 
mitomycin-treated cells (4). The cultures were maintained in RPMI-10% fetal calf serum containing 
either Staphylococcus aureus Cowan I (SAC; bottom) or anti-membrane immunoglobulin antibodies 
(anti-slg; top) 

7 Tolerance 

Most published works are devoted to analyzing the stimulatory functions of the 
immune system and thus deal with activation, proliferation, and differentiation. 
Yet to maintain homeostasis, the immune defense system comprises sup
pression and tolerization mechanisms, i.e., means of downregulating certain 
responses. 

The germinal centers are the theater of strong stimulatory processes. The 
curbing mechanisms have to be as strong to counteract this stimulation. Over, 
many potentially autoreactive B cell clones are produced there and must be 
tolerized. We must thus decipher these restraining and tolerizing systems in 
order to comprehend the physiology of the germinal centers. 
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After primary antigen injection, B cells go through a tolerization-sensitive 
window shortly after being stimulated by antigen, if they encounter that antigen 
is soluble form in the absence of concomitant T cell help (LINTON et al. 1991). 
Newly emerging memory B cells are highly susceptible to inactivation. For 
example, hapten-specific B cells can be blocked by recognition of a hapten on a 
carrier in the absence of T cells specific for oligopeptides of that carrier; the B cells 
consequently pass through a second tolerization-sensitive window (LINTON et al. 
1991). The germinal center T cell appear to play an important role, since 
elimination of T cell help by means of a tolerogen (soluble antigen) significantly 
reduces memory B cell numbers (NOSSAL 1994). 

The presentation of antibody-antigen complexes by FOC can lead to active 
suppression, since the cross-linking between Fc receptors and 19 produces the 
so-called Ig-dependent mouse B cell blockage (SINCLAIR 1969; PHILIPPS and PARKER 
1985; MUTA et al. 1994). This mechanism may tolerize lymphoid cells expressing 
certain Fc receptors and thus act when certain Ig classes are secreted. 

The idiotopic network (URBAIN 1986) may stimulate or inactivate. FOC can 
retain idiotype-anti-idiotype complexes (HEINEN, unpublished), so the germinal 
centers can be considered one of the sites where network regulation operates. 

Relationships between FOC and the mantle zone cells are not clear. Mantle 
zone B cells are quiescent; some are tolerized and thus anergic (BEREK et al. 1991; 
KROEMER et al. 1993). For example, in transgenic mice carrying both a rearranged 
anti lysozyme IgM/lgO transgene and a lysozyme transgene, tolerant Iysozyme
reactive B cells persist within the follicular mantle zones but are absent from the 
splenic marginal zones. Selective accumulation of such B cells within the follicular 
mantle zones suggests unique physiological roles for this lymphoid micro
environment (MASON et al. 1992). An open question is whether anergic B cells can 
present self-antigens to T cells, thereby rendering them tolerent. FOC are present 
in primary follicles and mantle zones and may thus playa part in the tolerization 
events occurring there. 

8 B Cell Survival 

WYLLIE et al. (1984) have described apoptosis as an autonomous, cell 
suicide pathway that helps limit cell numbers. Morphologically distinct and highly 
"ritualistic" processes lead to cell disappearance. Cells dying by apoptosis display 
membrane blebbing, volume contraction, nuclear condensation, and activation 
of endonucleases that cleave ONA into nucleosome-Iength fragments. 
Programmed cell death occurs during various physiological events. A ligand on a 
given receptor, for example, can induce apoptosis, as do corticoids to 
thymocytes. The absence of ligands for receptors can also lead to apoptosis (the 
absence of nerve growth factor results in nerve degeneration). The mechanisms 
of programmed cell death also serve to accelerate cell disappearance when cells 
are injured or starved. 
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In the germinal centers, all of these mechanisms may operate. After Ig 
hypermutation, for example, cells with decreased antigen affinity enter apoptosis 
(absence of ligand fixation). In the dark zone, where cells divide at a high rate, cell 
death can result from replication errors or from missed DNA rearrangements 
during the isotype switch. Numerous tingible body macrophages are found in the 
dark zone, indicating massive cell degeneration in this area. Situations inside the 
germinal centers where ligand binding actively induces cell suicide are not 
known, but such events are suspected since programmed cell death can be 
triggered in lymphoid cells, for example by treatment with anti-Fas antibodies. 
Conversely, a lack of Fas or its decreased expression in transgenic mice leads 
to defective apoptosis and to autoimmune conditions resembling lupus 
erythematosus (M!YAWAKI et al. 1992; AKBAR et al. 1993). Fas antigen/APO-1 
belongs to the family of cell surface proteins which includes the tumor necrosis 
factor (TNF) receptors, CD40, and the nerve growth factor receptor. Its 
expression is restricted on the one hand to activated T and B cells, but also to 
cells that harbor memory, such as CD45 RO+ T cells and surface Ig (slgD)-B cells 
(MIYAKAWA et al. 1992). Like TNF-a receptors I and II, Fas/Apo-1 induces apoptosis 
after binding of its ligand, in contrast to CD40 and the nerve growth factor (NGF) 
receptor, which ligand binding saves from cell death (TRAUTH et al. 1989). As with 
TNF, the biological responses triggered by the Fas/Apo-1 ligand may, in specific 
situations, promote activation, thus favoring life over death (ALDERSON et al. 1993). 

Bcl-2 protects from apoptosis. Lymphoid cells express BcI-2 abundantly, 
scarcely, or not at all (KORSMEYER 1992; AKBAR et al. 1993; LAGRESLE et al. 1993). This 
factor apparently functions as a homodimer. Interestingly, a homologous protein 
called Bax, also a homodimer, appears to stimulate entry into apoptosis (OLTVAI 
et al. 1993). Reduced Bcl-2 expression after immune stimulation may render cells 
prone to apoptosis. This could be a mechanism for controlling cell numbers by 
removing unwanted cells, for example after recovery from an infection or another 
stimulus (AKBAR et al. 1993). Overexpression of Bcl-2 in transgenic mice extends 
the secondary immune response and prolongs the survival of memory cells 
(NUNEZ et al. 1991). Such mice display numerous antibody-secreting cells 75 days 
after secondary immunization, by which time only baseline levels are detected in 
normal mice. Transgenic mice with BcI-2 Ig minigenes develop diffuse large cell 
immunoblastic lymphoma after a latency period characterized by higher 
proliferation and increased small resting cell survival (STRASSER et al. 1990; 
McDONNELL and KORSMEYER 1991). 

Inside the germinal centers, centroblasts and centrocytes located in the dark 
and lower light zones do not express BcI-2 (Llu et al. 1991 b; KORSMEYER 1992). 
These cells enter apoptosis when their affinity for antigen is lowered by Ig 
hypermutation (see above), but other inducer systems for B cell apoptosis act 
inside the germinal centers. The corresponding signals include stress hormones 
and decreased levels of growth factors or ligands due to competition between 
activated clones, suppressor cells, etc. 

Since, 1984, our group has highlighted the positive effect of FDC on the 
survival of germinal center lymphoid cells. In organ cultures of dissected tonsil 
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follicles, lymphoid cells show signs of degeneration very early. The mantle and 
germinal center cells die in large numbers, except those enveloped by FOC 
cytoplasmic extensions, which survive longer (CORMANN et aI.1986a). TSUNODA 
et al. (1990, 1992) and Kosco and GRAY (1992) have also observed survival of 
lymphocytes in contact with isolated FOC. They stressed that only emperipolesis 
ensures survival. According to KOOPMAN and PALS (1992), LFA-1/ICAM-1 inter
actions then prevent programmed cell death. 

After specific antigen stimulation outside the germinal centers, virgin B cells 
undergo a stepwise series of events enabling them to be activated, to proliferate, 
to hypermutate, to switch their isotype, and to express certain receptors. At each 
step, however, they are also subject to stringent environmental controls during 
which they risk elimination by apoptosis. FOC, by providing nonspegific antigenic 
signals, e.g., surface ligands, C023, IL-1 IX or specific ones (via retained immune 
complexes), play a determining role during this evolutionary process (Llu 
et a1.1989, 1991a, b). 

Germinal center T cells, through the interaction of C040 and C040L, also play 
a role in rescuing B cells from apoptosis. We (BOUZAHZAH et aI., to be published) 
have demonstrated the presence of mRNA for C040L in C04+ C057- cells from 
tonsillar follicles, and others (LEDERMAN et al. 1992; TSUBATA et al. 1993) report the 
ability of C040L effectively to block B cell apoptosis in germinal centers. 

The survival of memory B lymphocytes seems to require the continued 
presence of antigen arising from recurrent infections or from the antigen reservoir 
formed by the immune complexes retained of FOC (GRAY and SKARVALL 1988). 

9 Immunoglobulin Isotype Switch 

Specific immune responses are also called adaptive reactions, notably because Ig 
affinity and isotype switches increase during the primary responses. These 
switches produce the change of Ig classes and subclasses, thus optimizing the 
efficacy of their protective action. Roughly speaking, IgM act in the blood 
compartment, IgG in the blood and intercellular spaces, IgA in the extracorporal 
areas, and IgE at the surface of basophils, mast cells, and eosinophils. According 
to their capacity to activate the complement cascade or to bind to Fc receptors, 
these different Ig classes perform specialized tasks. In short, IgM are 
antimicrobial, IgG block toxins, IgA neutralize external agents, and IgE stimulate 
antiparasite defenses. 

The isotype switch phenomenon is not fully understood. It occurs as early as 
lymphopoiesis, after IgM expression in virgin cells for formation of IgO, but it 
functions mainly during immunopoiesis, thus after contact with antigen, and 
depends on environmental parameters, such as T cells, microbial products, and 
nature of the antigen. Literature on this topic abounds, and space is lacking here 
for a complete overview. Studies have especially underlined the role of T cells, 
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which control the Ig isotype switch via cytokines (BANCHEREAU et al. 1992) or by 
direct contact via CD40L (CALLARD et al. 1993; DURANDY et al. 1993; LANE et al. 
1994)' perhaps during B cell proliferation (FRIDMAN 1993). F~)f HOGKIN et al. (1994), 
the signal is given by cytokines before the start of DNA synthesis, but the isotype 
switch itself occurs during the S phase. 

Follicular B cells express the various Ig classes, but the latter vary according 
to the tissular location: in the lymph nodes and tonsils, germinal centers are 
mainly composed of IgG+ B cells; in mucosa-associated lymphoid tissue 
(MALT), they contain IgN cells (BUTCHER et al. 1982; MATTHEWS and BASU 1982. 
BRANDTZAEG 1989). It is unclear which specific environments promote isotype 
switching. BUTCHER et al. (1982) suggest it happens inside the folliCles, but 
other places have been proposed: the T-dependent zones during virgin B cell 
recruitment, the mucosa after settlement of B memory cells and during terminal 
differentiation to Ig-secreting cells. 

Participation of FDC in the Ig class switch has not been demonstrated, but it 
is likely since FDC retain immune complexes composed of various Ig classes. 
Immune complexes can act via Fc receptors on B, T, or other cells and are thus 
liable to induce opposite effects: Fc receptors on B cells generally transmit 
negative, blocking intracellular signals (SINCLAIR 1969; ABBAS and UNANUE 1975; 
PHILIPPS and PARKER 1985; RIGLEY et al. 1989; MUTA et al. 1994), while on T cells, Fc 
receptors are expressed only during activation (SANDOR and LYNCH 1993) and 
stimulate or suppress according to the bound Ig isotype. On mast cells, Fc 
receptors induce degranulation and, among others, IL-4 secretion, which induces 
formation of new IgE. On dendritic cells, Fc receptors promote antigen capture 
and presentation and hence T cell and then B cell stimulation followed by Ig 
secretion. On macrophages, Fc receptrors induce production of prostaglandins 
which inhibit T cells, etc. 

The nature of the immune complexes retained by FDC probably reflects the 
Ig composition in the circulating blood. In the blood, concentrations of the 
different Ig classes are maintained within narrow limits. The mechanisms 
controlling Ig secretion are unknown, but the complexes on FDC might playa part 
therein. WANG et al. (1994) demonstrated that T-independent antigens of type II 
are retained on FDC and induce a typical germinal center reaction, though without 
the classical Ig isotype switch. Thus immune complex retention does not 
automatically induce switching. 

10 Affinity Selection 

SISKIND and BENACERRAF (1969) postulated, in accordance with Burnet's clonal 
selection hypothesis, that antibody affinity increases in time because precursor 
cells have to compete for decreasing amounts of antigen, so that ultimately 
only cells with high-affinity receptors can capture enough antigen to be triggered. 
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This view has turned out to be partly correct. Connections between memory 
cell formation, germinal centers, and affinity selection were established notably 
after the observation that FDC retain antigens for long periods, even when 
antigen has disappeared from other areas (NOSSAL et al. 1965; TEW et al. 1979). 
We are beginning to understand the mechanisms underlying affinity selection. 
Among these, somatic hypermutation and decreased membrane Ig expression 
by germinal center B cells appear essential. 

Ig hypermutation and selection take place in the germinal centers (JACOB 
et al. 1993; BEREK and ZIEGNER 1993). Mutations are introduced into rearranged 
regions of transcriptionally active loci on the heavy and light Ig chains (SABLlTZKY 
et al. 1985), at the rate of 10-3 mutations per base pair, per cell, and per generation 
(CLARKE et al. 1985). These mutations preferentially accumulate around the first 
complementary determinant V region and are mainly single nuCleotide substi
tutions. Transitions are preferred to transversions, although deletions and 
insertions have been revealed (ALLEN et al. 1987; BEREK and MiLSTEIN 1987; MANSER 
et al. 1987; LEBECQUE and GEARHART 1990; BETZ et al. 1993). These mutations occur 
asymmetrically within a 2-kb pair region whose 5' boundary is defined by the Vh 
promoter sequence (LEBECQUE and GEARHART 1990). The mechanism of Ig 
hypermutation is unclear: mutations appear at random, but strand biases and 
mutational hot spots have been found; they differ from mutations arising during 
meiosis (GOLDING et al. 1987). The relative mutation frequency is highest in the 
complementarity-determining regions (CDR) that encode the paratope (CUMANO 
and RAJEWSKY 1986). Recurrent key mutations in Hand L chain V regions increase 
the affinity for the paratope (ALLEN et al. 1987; WEISS et al. 1992). Mutations that 
abolish or diminish the capacity of antibody to bind antigen are thought to result 
in apoptosis (Llu et al. 1989). JACOB et al. (1993) have analyzed the kinetics of V 
region mutation and selection in germinal center B cells: although germinal 
centers appeared by day 4 after immunization, mutations were not observed until 
day 8; thereafter, point mutations favoring asymmetrical transversions accumu
lated until day 14. During this period, the mutant B lymphocytes were subject 
to strong phenotypic selection, as inferred from the progressively biased 
distributions of mutations within the Ig variable region, the disappearance of 
crippling mutations, a decreased relative clonal diversity, and an increasingly 
restricted use of canonical gene segments. The same authors also conclude that 
the period of most intense selection on germinal center B cell populations 
precedes significant levels of mutation. It may represent an important 
physiological mechanism restricting the entry of the B cells into the memory 
pathway. According to this view, selection operates even before the mutation 
process is initiated, early after antigen administration. This underlines the fact 
that, besides Ig hypermutations, other bases for selection exist. Germinal center 
B cells, especially centroblasts in the dark zone, are reputed to express low levels 
of mig. They are much more prone to affinity selection than are other B cells 
expressing high levels of mig. This view is supported by the recent paper by 
GEORGE et al. (1993), who hypothesize that downregulation of mig following B cell 
activation has evolved to assist selection of B cell clones. ROES and RAJEWSKI 
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(1993), studying the role of IgO in transgenic IgO- mice, found that IgO are lost 
after activation. They suggest that this may be a part of the affinity selection 
mechanism. IgO do seem to improve the avidity of B cells for antigens, so their 
disappearance decreases the chances of survival of B cells with low-affinity mig. 
GEORGE et al. (1993) also conclude that T-independent antigens, usually large in 
size and multimeric, easily stimulate B cells by cross-linking mig, even when the 
density of mig is low. These antigens do not favor a form of affinity selection 
based on low membrane density. 

Other processes may be coupled to affinity selection. We hypothesize that 
B cells which have recognized antigen and escaped apoptosis may exert a 
dominance on other cell lines, rendering them unable to become activated in the 
same area. This cell dominance would also favour the oligo- or monoclonality of 
the germinal centers, a fact observed by several authors (KROESE 1987; Llu et al. 
1991 a, b). According to JACOB et al. (1993), the period of most intense selection on 
germinal center cell populations occurs between days 6 and 8 of the response; 
this coincides with the IgM-lgG switch in germinal centers and with the initiation 
of somatic hypermutation. Thus, perhaps someone will discover a relationship 
between affinity selection and the isotype switch, although MANSER (1989, 1990), 
has found no link between switch and mutation. 

Little is known about factors initiating and controlling Ig hypermutation. 
Mutations appear mainly within centroblasts, probably during the mitotic cycles, 
at the rate of one (BEREK and ZIEGNER 1993) or more (KUPPERS et al. 1993) mutations 
per two cell cycles. MANSER (1990), however, believes that mutations and mitoses 
proceed independently. Proliferation appears necessary but not sufficient. Both T 
cells and a germinal center microenvironment are further required to initiate 
and regulate the hypermutation process. Apparently, periods of rapid mutation 
alternate with periods of mutation-free growth (KEPLER and PERELSON 1993). 

Ig hypermutation starts after a 6-day latency period (JACOB et al. 1993). There 
may be a link between immune complex retention of FOC, mutation, and affinity 
selection. No direct action of FOC on Ig hypermutation in B cells has been 
demonstrated, but such action is imaginable, since mutations appear to be 
restricted to the germinal centers (BEREK et al. 1991; KEPLER and PER ELSON 1993) 
and the mutation process starts at about the same time as immune complex 
retention by FOC. The proposition that B cell activation in the T-dependent zone 
gives the starting signal for hypermutation is hardly tenable, since the mutations 
occur mainly after day 6. The link between immune complex retention and Ig 
hypermutation is strengthened by experiments performed by KUNKL and KLAUS 
(1981), in which hapten-specific B memory cells were induced by priming 
mice with soluble or alum-precipitated dinitrophenol-keyhole limpet hemocyanin 
(ONP-KLH) plus Bordetella pertussis or ONP-KLH-anti-ONP antibody complexes 
at equivalence. Cells from complex-treated mice gave a substantial adoptative 
IgG response 5 days after priming, whereas cells from mice treated with antigen 
and adjuvant gave no comparable response until day 14. The relative affinity of the 
adoptative secondary IgG response induced by priming with complexes was 
already maximal by day 6. In contrast, the response of memory cells from mice 
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given antigen in alum increased in affinity between day 6 and 23 after priming. 
These authors suggested that trapping of antigen-antidoby complexes induces 
the formation of germinal centers and that selective triggering of high-affinity 
precursor cells gives rise to functional B memory cells. 

FDC might participate in affinity selection at different levels. By creating 
an adequate microenvironment, they may induce homing of lymphoid cells 
engaged in hypermutation and favor initiation of this process. The role of the 
antigen-antibody complexes during clonal selection is widely accepted. One may 
object that these complexes are not all related to the stimulating antigen, since 
they are retained in a nonspecific manner (KLAUS et al. 1980; RADOUX et al. 1 ~84). 
However, this antigen diversity may be advantageous because it provides 
germinal center B cells with a very large spectrum of antigens. 

11 B Memory 

The best hallmark of a memory B cell may well be the somatically mutated 
immunoglobulin genes (MACKAY 1993). Other markers for memory are clonal 
enlargement, the Ig isotype switch, loss of Fc receptor, and changes in selectins 
(HEINEN et al. 1990). A connection between memory cell formation and the 
germinal center reaction was suggested early on by THORBEKE et al. (1962). The 
determining role that the immune complexes retained by FDC play in memory 
cell formation was shown long ago by PAPAMICHAIL et al. (1975) and KLAUS et al. 
(1977). These authors found a correlation between the absence of immune 
complex trapping after complement depletion by cobra venom and the absence 
of memory induction. Furthermore, periodical contact with antigen retained by 
FDC seems necessary for memory retention. When cells are transferred from an 
immune animal to a naive one in the absence of antigen, the memory cell 
population is lost within 12 weeks (GRAY 1988), but when antigen is provided and 
attaches to the FDC, the memory response is sustained much longer (GEORGE 
and CLAFIN 1992). 

The immune complexes retained on FDC can contain an excess of antigen or 
antibody. At the time the humoral immune response is initiated, one can suspect 
antigen to be in excess, whence the possibility of B cell activation. Later on, when 
antibodies are formed, free antibody will compete with the membrane-bound Ig 
on B cells and thereby diminish the intensity of the immune response. TEW et al. 
(1980) proposed that the cyclical variation of the antigen to antibody ratio 
regulates the germinal center reaction. One might also speculate the antibody in 
excess masks the antigen, thus curbing or stopping affinity selection, a part of the 
germinal center reaction. 

Several complement factors form bridges between FDC and B cells, thereby 
giving inhibitory or stimulatory signals (ERDEI et al. 1985; HEYMAN 1990; VAN ROOIJEN 
1991; VAN NOESEL et al. 1993). These contradictory data are rendered even more 
complex by the fact that immune complexes are also retained by Fc receptors on 
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mouse (RADOUX et al. 1985b) and human (HEINEN et al. 1984) FDC. Some authors 
contest the presence of Fc receptors on human FDC. YAMAKAWA and IMAI (1992) 
and YOSHIDA et al. (1993) found FDC to differ functionally according to differences 
in complement and/or Fc receptor expression. Thus nowadays no clear inter
pretation can be given as to the relative functions of antigen, complement, 
Fc regions, and the antigen to antibody ratio inside the germinal centers. 
Experiments based on the use of cobra venom can be misleading, since this 
product induces heavy complement activation followed by an overload of 
complement fragments capable of masking Fc and other receptors (ERDEI et al. 
1992). 

The nature of the germinal center precursor cells is hardly discussed. Virgin 
IgM+ IgD+ cells can populate germinal centers (ROZING et al. 1978; ENRIQUEZ-RINCON 
et al. 1984; BAZIN et al. 1985). B cells fractionated into IgD+ and IgD- populations 
gave rise, in each case, to germinal center precursors (SEIJEN et al. 1988; VON DER 
HEIDE and HUNT 1990). 

LINTON et al. (1991) suggest that these precursors may reside in the J 11 D
poor population. J11 D (CD24) appears as a cell adhesion molecule expressed on 
immature Band T cells (KADMON et al. 1992). According to TSIAGBE et al. 1992), the 
J11 D-rich cells may terminally differentiate into antibody-forming cells and thus 
never reach the centers. We have found (MANCINI et aI., to be published) germinal 
center cells expressing high J11 D, especially the dark zone. Since these cells are 
very sensitive to apoptosis and do not express homing receptors, they may 
degenerate during the experimental procedure or be unable to home to centers or 
to migrate because they adhere to other cells. Thus, we still need cell markers to 
clearly identify the germinal center precursors. 

12 Germinal Center T Cells 

Germinal centers develop in response to T-dependent antigens. Nu/nu 
or thymectomized mice exhibit practically no germinal centers (JACOBSON et al. 
1974; GROSCURTH 1980b; KROESE 1987). but FDC exist in their primary follicles in 
a poorly differentiated state (GROSCURTH 1980b). Since T cells are present in 
germinal centers (GUTMAN and WEISSMAN 1972) and establish contacts with FDC 
(HEINEN et al. 1989; LouIs et al. 1990), one might suspect reciprocal influences 
between the two cell types. COSGROVE et al. (1991) discovered a CD4+ T cell type 
in the lymph follicles of mice lacking MHC class II molecules, whereas the other 
peripheral lymphoid tissues were devoid of CD4+ cells. These quite specific cells 
are relatively large in size, T cell receptor a[3+, and express high levels of CD44. 

Germinal center T cells represent 5%-20% of the lymphoid cell popUlation; 
most are CD4+ cells and CD8+ cells are rare (RITCHIE et al. 1983; SI and WHITESIDE 
1983; KROESE et al. 1985; POPPEMA et al. 1989; TSUNODA et al. 1990). Among the 
CD4+ cells, a majority express the CD57 antigen (MORI et al. 1983; SI and 
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WHITESIDE 1983; OKADA et al. 1988) . These CD4+ CD5J+ cells constitute a peculiar 
cell type: they express T cell receptor-a and -~, CD45RO, and CD69 but not Leu8, 
CD45/RA, CEll1 b, CD25, CD71, or HLA-DR (PORWIT-KsIAZEK et al. 1983; PIZZOLO 
et al. 1984; SI and WHITESIDE 1983; VELARDI et al. 1986b). They are mainly located 
in the germinal centers (MORI et al. 1983; RITCHIE et al. 1983; SI and WHITESIDE 
1983), especially the light zone (BOUZAHZAH et al. 1993). Ultrastructural studies 
show that they are medium-sized cells with no or only small granules (BOUZAHZAH 
et al . 1993) and that they differ from typical NK cells even though they express the 
CD57 antigen . These CD4+ CD5J+ cells are not fully activated ce lls, being CD25-, 
CD71-, and HLA-DR-. They appear, rather, to be preactivated (CD69+) . 

In vitro tests have shown that CD4+ CD5J+ cells do not perform the us·ual 
functions of classical T or NK cells : they are not cytotoxic (SI and WHITESIDE 1983; 
VELARDI et al. 1986a; BOUZAHZAH et aI., to be published) ; they do not produce B cell 
growth factors (VELARDI et al. 1986a), IL-2, IL-4, interferon (lFN)-a,or TNF-a (BOWEN 
et al. 1991). or IL6 (BOSSELOIR et al. 1989); they do not support B cell proliferation 
or differentiation (VELARDI et al. 1986a; Fig . 3; BOUZAHZAH et aI., to be published), 
There are contradictory reports as to whether they produce IL-4: BUTCH et al. 
(1993) found mRNA for IL-4, whereas BOSSELOIR et al. (1991) did not detect this 
cytokine in germinal centers by in situ hybridization, data confirmed by 
histochemistry by HOEFAKKER et al. (1993). 

CD4+ CD5J+ cells do not divide immediately after isolation, and even the 
presence of FDC cells does not induce their proliferation (Fig . 4 ; BOUZAHZAH et al. 
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Fig. 3. Proliferation capacity of tonsillar B cells cultured in contact with C04' T cells. Tritiated thymidine 
incorporation was measured after 2 days of culture in the presence of phytohemagglutinin (PHA) . All T 
cells were treated with mitomycin C before coculturing to prevent them from multiplying. 1, B cells 
alone; 2, C057' T cells; 3, B ' CD 57- T cells; 4, B and unsorted C04' cells. The T to B cell ratio was 3:1. 
C04' C057' cells induced B cell proliferation but weakly in comparison to C04' C057- cells. cpm, 
counts per minute 
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Fig. 4. Proliferation test of C04' C057' and C04' C057- T cells. Purified tonsillar C04' T cells were 
separated into C057- and C057' populations and maintained in culture for 2 days before testing their 
capacity to incorporate tritiated thymidine. 1, Culture medium without mitogens; 2, phytohemagglutinin 
(PHA); 3, PHA and interleukin IL-2; 4, concanavalin A (ConA); 5, ConA and IL-2. Under all experimental 
conditions, C057-T cells proliferated better than C057' T cells. cpm, counts per minute 

1994). In migration tests, T cells, especially C04+ C057' T cells, are attracted by 
FOC or their culture supernatants (BOUZAHZAH et aI., to be published). In adhesion 
tests, they attach to the surfaces of FOC clusters as readily as B cells do. 

Since these cells do not function like classical T cells and since they are 
located in the light zone where centrocytes are present, we speculate that they 
play a role in the deactivation process through which centroblasts become 
centrocytes and the latter become small, recirculating, B memory cells. The 
relationship between FOC and C04+ C057' cells in such a process in unclear. 
Since FOC attract and bind these T cells (BOUZAHZAH et aI., to be published). they 
perhaps create a microenvironment favorable to them, to expression of their 
typical phenotype, and to the encounter between T and B cells. In rats, KROESE 
et al. (1985) detected a similar T cell subtype mainly located in the light zone and 
expressing the ER3 antigen, a marker of Ts/c cells . During the humoral immune 
responses, suppressor T cells appear and act; we suspect that the C057' T cell 
population might belong to this category of negative regulators . 

Classical C04+ C057- T cells occupy all the germinal center zones and also, 
to a lesser extent, the mantle zone. Their function and phenotype are less studied . 
Apparently, they are also nonactivated, nondividing T cells of medium size (LOUIS 
et al. 1989). On the basis of many experiments, Kosco et al. (1988, 1992; Kosco 
and GRAY 1992) have described T cells which exert a positive action on B cells 
cultured in the presence of FOC. Perhaps the cells they observed are the germinal 
center C057- T cells. According to GRAY et al. (1991), FOC do not express MHC 
class II molecules, but they can take them up from B cells and present antigens 
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to T cells. We do not hold this view, since germinal center T cells appear only in 
a preactivated stage and do not divide. We believe antigen retained on FOC can 
be picked up by B cells, processed, and presented to T cells located in the T
dependent area. 

Recent experiments carried out on transgenic mice overexpressing mouse 
CTLA4-human-u, protein shed light on the role of the germinal center T cells. In 
such animals, the germinal centers do not form and this correlates with impaired 
switching to the IgG isotype, reduced somatic mutation and selection, and 
reduced antibody production (LANE et al. 1994). These experiments make sense 
in the light of work done by MUNRO et al. (1994) showing that lymph follicles 
contain cells expressing either B7 or C028. Thus, contacts via surface molecules 
appear to control the cellular phenomena inside the germinal centers, where 
cytokines do not appear as key elements (HEINEN et al. 1991 b, c). 

13 Conclusions 

Many facts are known about FOC and their relationships with germinal center 
lymphoid cells. However, we cannot always discern causes form consequences. 
For instance, do FOC decide the course of B memory cell maturation or do 
lymphoid cells induce FOC to differentiate, thus laying the scene for a humoral 
immune response? 

To clarify the situation, we have tried to outline the chronology of a 
T-dependent immune response after primary antigen stimulation. This brief 
chronological description should be read with caution, as the published data on 
which it is based come from experiments which used different antigens and 
adjuvants and which differed in the sex, age, and species of the animals used 
(LENNERT 1978; KROESE et al. 1987, 1991; Kosco et al. 1989; BEREK et al. 1991; JACOB 
et al. 1993). Figure 5 tentatively summarizes the phenomena occurring during a 
germinal center reaction. For simplicity's sake, the case of a draining lymph node 
was chosen, but the events in lymph node germinal centers are similar to those 
of the spleen or MALT system: 

1. Antigen recognition by B cells. Circulating B cells enter the T-dependent zone 
via high endothelial venules and encounter native antigen imported by afferent 
lymph. Antigen-laden B cells apparently also enter via the afferent lymphatics. 

2. T cell activation. Antigen-presenting dendritic cells immigrate via the lymphatics 
and settle in the T-dependent zone, yielding interdigitating cells which 
activate T cells. 

3. B cell activation. B cells, stimulated by antigen and activated T cells, reach the 
lymph follicles, where they enlarge and appear as centroblasts gathered in 
small nodules, the first signs of germinal center formation. 

4. B cell proliferation. After a latency period, the centroblasts divide. This multipli
cation continues through the entire period of the germinal center reaction. 



Fig. 5. Chronological events of a primary germinal center reaction in a lymph node. For explanation see 
text 

5. Compartmentalization of the germinal centers. Several days after antigen 
injection, centrocytes appear at one pole, the light zone of the germinal 
centers, and drive back the centroblasts, which then form the dark zone. At 
the same time immune complexes are retained in a crescent in the upper 
light zone, along FDC located in the vicinity of the centrocytes. Further 
subdivisions have been described (HARDIE et al. 1993). 

6. Apoptosis. Concomitantly with the appearance of mitoses, pycnotic cells are 
observed and tingible body macrophages develop, especially in the dark 
zone. The reasons for apoptosis are multiple: missed rearrangements during 
the isotype switch, crippling somatic mutations, no repair during mitosis, etc. 

7. Proplasmoblast emigration. During the first few days of germinal center 
formation, proplasmoblasts seem to emigrate from the follicles and to enter 
the medullary zone. During this journey along blood vessels, these cells 
differentiate into typical plasma cells which accumulate in the medullary 
cords. This apparently only lasts a few days (SIMAR and WEIBEL 1979; Kosco 
et al. 1989). 

8. Isotype switch. The induction signal for the Ig isotype switch is given, according 
to some authors, during B cell stimulation in the T-dependent area. It appears to 
occur during multiplication inside the germinal centers. However, the switch 
might also happen outside the follicles, for example in the mucosa. 

9. Affinity maturation. Somatic mutations apparently occur in dividing centro
blasts by day 8 and accumulate until day 14 (JACOB et al. 1993); antigen 
selection concerns both centroblasts and centrocytes, and thus both 
populations exhibit survival or apoptosis. 

10. End of the germinal center reaction. Centroblasts stop dividing, the number 
of lymphoid cells decreases, and the centroblasts disappear before 
the centrocytes. 
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In this review we discuss the role of FDC at different levels: they can emit 
chemoattractants for Band T cells, allow selective cell attachment, and improve 
survival, proliferation, and positive selection. They apparently reduce the capacity 
of B cells to transform locally to plasma cells (CORMANN et al. 1986b), probably via 
the immune complexes they retain (KOlSCH et al. 1983). This retention is not 
required to initiate the development of germinal centers (KROESE et al. 1986, 
1991). As related to the Ig isotype switch and somatic mutation, the role of 
FDC is hypothetical. Other functions are suspected in normal or pathological 
conditions, e.g., B cell deactivation or retention of nonspecific activators (lipopoly
saccharides, superantigens, viruses); much work is needed to elucidate all.the 
functions of follicular dendritic cells. 
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The follicular dendritic cell (FOC) is a major constituent of the microenvironment 
of the lymphoid follicle. FOC have the characteristic and unique property of 
binding antigens in the form of antigen-antibody complexes and retaining 
these complexes, without ingestion, for long periods of time. The presence of 
antigen-antibody complexes, also called immune complexes, on FOC is believed 
to playa crucial role in the development of B cell memory and the affinity 
maturation of the antibody response against T cell-dependent antigens. 

In order to understand the role of immune complexes trapped by FOC in the 
establishment of the immune response, we have to understand the mechanism 
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of follicular trapping. This chapter focuses on the molecular and cellular require
ments of the trapping process and the role of immune complexes on FOC in the 
activation of B lymphocytes and the generation of memory. 

2 Immune Complex Trapping 

It has been known for a long time that antigen can persist in lymphoid tissues. 
Early studies demonstrated that this retention only occurred in preimn1unized 
animals (HUMPHREY and FRANCK 1967). suggesting that specific antibody was 
required and antigen was trapped in the form of antigen-antibody immune 
complexes. It was also shown that immune complexes were trapped and 
retained on the surface of specialized cells located in lymphoid follicles, and these 
were called FOC (NOSSAL and ADA 1968). The trapping of immune complexes by 
FOC in vivo has been studied by injection of antigen in actively and passively 
immunized animals and by injection of preformed immune complexes or aggre
gated immunoglobulins. Most of our knowledge on the trapping of immune 
complexes is derived from studies in rodents, but the phenomenon is also 
observed in birds (WHITE et al. 1975; EIKELENBOOM et al. 1983), fish (SECOMBES et al. 
1982), amphibians (COLLIE 1974), and reptiles (KROESE and VAN ROOIJEN 1983; 
KROESE et al. 1985). 

2.1 Immune Complexes 

Once an antigen is complexed to an antibody, it is called an immune complex. 
Therefore, if we are dealing with immune complexes in vivo, we are dealing with 
the effector functions of antibodies. These include: (a) activation of complement 
by either the alternative or classical pathway and (b) binding to Fc receptors. 

The main consequence of complement activation is that C3 fragments (i.e., 
C3b, C3bi, and/or C3d) become deposited on the immune complex. Therefore, in 
the body an immune complex is a combination of antigen, antibody, and 
complement. It should be noted that the route (i.e., classical or alternative pathway) 
and extent of complement activation are strongly dependent on the class or 
isotype of the antibody, and this will affect the amount of C3 fragments present 
in the immune complex. Thus, immunoglobulin (lg)M and IgA are poor activators 
of complement, whereas most IgG isotypes are good complement activators 
(KLAUS et al. 1979). This is highly relevant, since the ability of an immune complex 
to activate complement strongly correlates with its trapping by FOC and its ability 
to generate Bcell memory (EMBLING et al. 1978; KLAUS 1979; PHIPPS et al. 1980). 
As a matter of fact, the presence of complement in an immune complex is the 
most important ,and in many circumstances the only requirement for trapping by 
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FDC. This was initially shown using in vivo treatment with cobra venom factor 
(CoVF). which strongly inhibits, and often completely prevents, follicular trapping 
in mice (PAPAMICHAIL et al. 1975; KLAUS and HUMPHREY 1977; CHEN et al. 1978; TEW 
et al. 1979; PHIPPS et al. 1980; ENRIQUEZ-RINCON et al. 1984). rats (GRAY et al. 1984b; 
VAN DEN BERG et al. 1992), and chickens (WHITE et al. 1975). CoVF is a powerful 
activator of the alternative pathway of complement and thereby causes C3 
depletion from the circulation. In addition, we have shown that in vivo administra
tion of a monoclonal antibody against C3, which prevents complement activa
tion without affecting serum levels of C3 (or other complement factors), also 
abolishes trapping (Fig. 1 ; VAN DEN BERG et al. 1992). The fact that complemen1 can 
be the only requirement for follicu lar trapping is illustrated by the observation that 
the bacterial antigen levan and nonimmunogenic compounds such as colloidal 
thorium or carbon particles, all of which can directly activate complement in the 
absence of antibody, rapidly localize in follicles upon injection (KLAUS et al. 1980; 
GROENEVELD et al. 1983). The role of complement and complement receptors will 
be described in more detail in Sect. 2.3.1. 

The binding of immune complexes to Fc receptors is also dependent on the 
class or isotype of the antibody. For instance, IgM, which predominates during 
the early stages of a primary immune response, is unable to bind to Fc receptors . 
Thus, the only way for an IgM immune complex to bind to a cell is via complement 
activation and interaction with complement receptors on the cell surface. With 

Fig. 1a, b. The role of C3 in the trapping of immune complexes in vivo. Normal rats were treated with 
control monoclonal antibody (mAb) (a) or anti-C3 mAb ED11 (b). followed 2 h later by i.v. injection of 
rabbit peroxidase-anti-peroxidase complexes. Trapping was analyzed in the spleen 24 h after the 
injection of immune complexes. Anti-C3 treatment completely prevented trapping F, follicle; P, 
periarteriolar lymphocyte sheath; M. marginal zone; R, red pulp. (Reproduced from VAN DEN BERG et al. 
1992, with permission; x 200) 
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respect to follicular trapping, the Fc part of the antibody in an immune complex is 
important, but not crucial. The trapping of immune complexes with F(ab')2 
fragments can occur, but is much less than with intact antibody (KLAUS et al. 1980). 
Whether reduced binding is due to loss of complement activation by the classical 
pathway (F(ab')2 immune complexes are still able to activate complement by the 
alternative route), loss of the ability to bind to Fc receptors, or both, is not known. 
As will be discussed in Sect. 2.3.2, it seems probable that under particular 
circumstances Fc-mediated trapping does indeed occur. 

When considering the trapping of immune complexes by FOe, it is important 
to bear in mind that in vivo most (> 99%) immune complexes are rapidly ingested 
and degraded by phagocytic cells (i.e., macrophages and granulocytes). kupffer 
cells in the liver take up most immune complexes from the circulation. In the 
spleen and lymph nodes, most immune complexes are ingestea by macrophages 
of the marginal zone and marginal sinus, respectively. 

2.2 Transport of Immune Complexes 
to the Follicular Dendritic Cells 

In order to reach FOe located in lymphoid follicles, immune complexes have to 
migrate from either the blood or from the afferent lymph to the spleen and 
draining lymph nodes, respectively. There has been much discussion as to 
whether this transport is an active process, mediated by transporting cells that 
bind immune complexes and carry them to the follicles, or whether it is a passive 
process, that occurs by simple diffusion of immune complexes through the 
interstitial tissue fluid. 

2.2.1 Spleen 

Immune complexes from the circulation enter the spleen in the marginal zone, 
where they become associated with macrophages and marginal zone B cells. 
Most immune complexes are phagocytosed and degraded by macrophages, but 
some migrate to the lymphocyte corona and subsequently to the follicle, where 
they are trapped by FOe. Based on experiments with nonimmunogenic carbon 
particles, GROENEVELD et al. (1983) concluded that transport (and trapping) occurs 
by diffusion. However, since carbon particles are able to fix complement by the 
alternative pathway, complement-mediated transport cannot be excluded. It also 
seems clear that macrophages are not involved in the transport of immune 
complexes to the follicles, as macrophage depletion in vivo does not prevent 
follicular trapping (LAMAN et al. 1990). On this point we favor the hypothesis that 
B lymphocytes mediate the transport of immune complexes to the FOe for the 
following reasons: 

1. B cells preincubated with immune complexes are able to deliver them to the 
FOe in vivo (BROWN et al. 1970) or in vitro (HEINEN et al. 1986a). 
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2. Trapping is prevented by depletion of total lymphocytes using X-irradiation 
(KROESE et al. 1986; VAN DEN BERG et al. 1992), but can still occur in the absence 
of T cells (KLAUS and HUMPHREY 1977; MJAALAND and FOSSUM 1987). 

3. Trapping is prevented by selective depletion of marginal zone B cells by 
cyclophosphamide (GRAY et al. 1984a). 

It should be noted that the role of marginal zone B cells in immune complex 
transport can also in part explain the effects of lipopolysaccharide (LPS) on 
follicular trapping. LPS administration induces massive migration of marginal 
zone B cells to the follicles, and this results in the depletion of B cells from the 
marginal zone (GRAY et al. 1984b). Immune complexes injected early afterLPS 
show increased localization in the follicles, whereas trapping is inhibited after B 
cells have been depleted (VAN ROOIJEN et al. 1975; GRAY et al. 1984!}). On the other 
hand, LPS can also affect the FOC itself, as it results in the removal of immune 
complexes already trapped on FOC (GROENEVELD et al. 1983; VAN DEN BERG et al. 
1992) and inhibits the binding of immune complexes to FOC in vitro (OIJKSTRA 
et al. 1983; HEINEN et al. 1986b). Whether this is due to down regulation of 
receptors for immune complexes is not known. 

2.2.2 lymph Nodes 

Compared to the situation in the spleen, little is known about the mechanism of 
immune complex transport in lymph nodes. Immune complexes enter the lymph 
nodes via the afferent lymphatics, and the transport of immune complexes to the 
follicles has been described (KAMPERDIJK et al. 1987). Initially, immune complexes 
can be found associated with several different cell types, including macrophages 
and lymphocytes, but there is no direct evidence from in vivo experiments that 
these cells are involved in the transport of immune complexes to the FOC. SZAKAL 
et al. (1983, 1993) have shown that part of the antigen or immune complexes 
migrating to the follicles is associated with so-called antigen-transporting cells. 
These cells have morphological and phenotypical characteristics of macrophages 
and dendritic cells, and it has been suggested that they can transform into FOC. 
Whether these cells are related to the so-called Langerhans cells, which are 
known to transport antigens to the T-dependent areas of the lymphoid tissue, and 
whether they are indeed responsible for the transport of immune complexes to 
the FOC is not clear at present. 

2.3 Binding of Immune Complexes 
to the Follicular Dendritic Cells 

The interaction between immune complexes and FOC has been studied in 
several ways. In spite of the fact that FOC constitute only a small percentage of 
the cells in lymphoid tissues, HEINEN et al. (1985) and Kosco et al. (1986) have 
developed protocols for the isolation of these cells from human and mouse 
tissues, respectively, and have studied their immune complex-binding properties. 
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The main disadvantages of studying isolated FDC are that the possibility that the 
isolated cells only constitute a subpopulation of FDC can never be excluded and 
FDC are known to be heterogeneous. Furthermore, FDC can only be isolated 
from stimulated animals, and these may have different properties than FDC from 
unstimulated animals. We have studied the binding of immune complexes to 
FDC in frozen sections. Disadvantages of the frozen section technique are: (a) it 
is not possible to discriminate between cell surface and intracellular binding and 
(b) the cells have lost their metabolic activity. In this section, the role of the 
different receptors that have been implicated in the binding of immune com
plexes to the FDC will be discussed (summarized in Table 1). 

2.3.1 Role of Complement and Complement Receptors 

As described in Sect 2.1, the process of follicular trapping is strictly complement 
dependent. This raised the possibility that immune complexes are trapped via C3 
receptors located on FDC. In accordance with this, C3 fragments have been 
found in association with immune complexes on FDC (Fig. 2; GAJL-PECZALASKA 
et al. 1969; IMAI et al. 1986; HALSTENSEN et al. 1988;VANDEN BERG et al. 1989, 1992), 
and binding of opsonized sheep erythrocytes to B cell-depleted follicles (GRAY 
et al. 1984a) provided indirect evidence for the presence of C3 receptors on FDC. 

Several receptors for C3 fragments have been described, including comple
ment receptor 1 (CR1, CD35), complement receptor 2 (CR2, CD21), and comple
ment receptor 3 (CR3, CD11 b/CD18). The human CR1 and CR2 are composed of 
a number of short consensus repeat (SCR) units (30 and 15 or 16, respectively) 
characteristic of the regulation of complement activation (RCA) gene cluster 
(FEARON and AHEARN 1989). CR1 binds the complement components C3b and C4b, 
whereas CR2 recognizes C3d and the Epstein-Barr Virus glycoprotein gp350/220. 

Table 1. Receptors implicated in binding of immune complexes by follicular dendritic cells (FOC) 

Receptor Ligands Expressions Functionalb 

Complement receptors 
CRl (C035) C3b + + 
CR2 (C02l) C3d, EBV, IFN-a, C023 + + 
CR3 (CDllb/CD18) C3bi, ICAM-l, etc. +/-(human) n.t. 

- (mouse, rat) 
Fc receptors 
FcyRl (C064) Monomeric IgG 
huFcyRll (COw32) IgG, > IgG2 = IgG. > IgGa +/- n.t. 
muFcyRll IgG" IgG2a' IgG2b +subpopc + 
FcyRlll (C016) IgG" IgGa (human) +/- n.t. 
FceRIi (C023) IgE 

+subpopc + 

For references see text. 
n.t., not tested; +/-, controversial; EBV, Epstein-Barr Virus; IFN, interferon; ICAM, intercellular adhesion 
molecule; Ig, immunoglobulin. 
sExpression means that the indicated molecule has been detected (+) or not (-) on FOC by 
immunocytochemistry. 

bFunctional means that the indicated molecule is involved (+) or not (-) in immune complex binding, as 
indicated by antibody blocking studies. 

COnly on a subpopulation of FOC located in the apical light zone of the secondary follicle. 
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Fig. 2. Localization of C3 on follicular dendritic cells (FOC) in the rat spleen. Normal rat spleen stained 
with anti-C3 monoclonal antibody (mAb) E011, which demonstrates the presence of C3 on FOC in the 
follicles (F ) and on reticular elements in the outer periarteriolar lymphocyte sheath (P). M. marginal 
zone; R, red pulp. (Reproduced from V AN DEN B ERG et al. 1992, with permission; x 100) 

It has been established that FOC in human lymphoid tissues express high levels 
of CR 1 and CR2 (REYNES et al. 1985), and this has been confirmed using isolated 
cells (SCHRIEVER et al. 1989; SELLHEYER et al. 1989; PETRASCH et al. 1990). However, 
to date there is no direct evidence for the involvement of CRl and CR2 in the 
binding of immune complexes by human FOC. 

In contrast to human CRl and CR2, which are encoded by different genes, 
mouse CRl and CR2 arise by alternative splicing from a gene that is most closely 
related to the human CR2 gene (FINGEROTH et al. 1989; FINGEROTH 1990; KURTZ et al. 
1989; HOLERs et al. 1992). Compared to murine CR2, which is composed of 15 
SCR and binds C3d (> C3b), murine CRl contains an additional stretch of six SCR 
that exhibit C3b (> C3d) binding (KINOSHITA et al. 1988, 1990; MOLINA et al. 1992; 
PRAMOONJAGO et al. 1993). Recently, we have shown that binding of immune 
complexes to FOC in unstimulated animals can only occur in the presence of 
complement (Fig . 3) . A monoclonal antibody (mAb) (7G6) against a common 
epitope on mouse CRl and CR2 which blocks C3d binding is able to completely 
inhibit the binding of C3-coated immune complexes to FOC in the mouse spleen . 
An mAb against CR 1 (8C12) which blocks C3b binding was partly inhibitory 
(YOSHIDA et al. 1993). This shows that CRl and CR2 are indeed responsible for the 
binding of immune complexes to FOC, at least in normal animals . 



56 T. K. Van den Berg et al. 

I .", ": 1:·:.: '. 

-. 
. p .p 

f .' 

, . 
a b 

'-

Fig. 3a, b. Binding of immune complexes to follicular dendritic cells (FDC) in the normal mouse spleen. 
Serial spleen sections were incubated with mouse immunoglobulin G (lgG) peroxidase-anti-peroxidase 
complexes in the absence (a) or presence (b) of fresh mouse serum as a source of complement. 
Immune complex binding only occurs in the presence of complement. f, follicle; P, periarteriolar 
lymphocyte sheath. (Reproduced from YOSHIDA et al. 1993, with permission; x 100) 

There is only very little evidence to support a role for CR3 in the trapping of 
immune complexes by FOC. CR3, in the mouse known as the MAC-l antigen, is 
an integrin composed of the am-chain (COll b) and the noncovalently associated 
~2-chain (C018) . It can bind to C3bi, intercellular adhesion molecule (ICAM)-l, and 
extracellular ligands (ROSEN and LAW 1989). The expression of COll b on human 
FOC appears to be either weak (GERDES et al. 1983; REYNES et al. 1985; SCHRIEVER 
et al. 1989; PETRASCH et al. 1990) or absent (IMAI et al. 1986), whereas C018 is not 
detected (SCHRIEVER et al. 1989). Studies in mouse (Kosco et al. 1986; YOSHIDA 
et al. 1993) and rat (OAMOISEAUX et al. 1989; GRAY et al. 1984) indicate that CR3 is 
not expressed by FOC in these species . 

2.3.2 Role of Fc Receptors 

Several different types of receptors for IgG (FcyR) have been characterized, 
including FcyRl (C064)' FcyRll (COw32)' and FerRill (C016) . FcyRl is the high
affinity receptor for IgG and the only one that can bind monomeric IgG. This 
receptor is apparently absent from FOC (SELLHEYER et al. 1989). The expression of 
FcyRlll is controversial. One group has detected FcyRlll on isolated human FOC 
(PETRASCH et al. 1990)' although they did not provide evidence that it was 
functional, whereas others have claimed that FOC are FcyR11i negative (SCHRIEVER 
et al. 1989; SELLHEYER et al. 1989). 

We have recently characterized the role of FcyRll in the binding of immune 
complexes to FOC in the mouse using a frozen section assay (Fig . 4; YOSHIDA 
et al. 1993). Our results showed that, due to the absence of FcyRll from FOC in 
the spleen of normal (unimmunized) animals, there is no detectable Fc-mediated 
binding of immune complexes. However, antigenic stimulation induced the 
expression of FcyRll on a subpopulation of FOC located in the light zone of the 
secondary follicle and these FOC were able to bind immune complexes in 
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Fig.4a-d. Binding of immune complexes to follicular dendritic cells (FDC) in the spleen from sheep red 
blood cell (SRBC)-stimulated mouse in relation to the expression of Fer receptor II (FcyRlI) and 
complement receptors. Serial spleen sections were incubated with mouse immunoglobulin G (lgG) 
peroxidase-anti-peroxidase complexes in the absence (a) or presence of fresh mouse serum (c) as a 
source of complement. The distribution of FerRl1 (monoclonal antibody. mAb, 2.4G2) (b) and CR1 and 
CR2 (mAb 7G6) (d) is shown by indirect immunoperoxidase staining. Note that Fe-mediated trapping is 
restricted to the light zone (0, whereas complement-mediated trapping also occurs in the dark zone. M. 
mantle zone; P, periarteriolar lymphocyte sheath. (Reproduced from YOSHIDA et al. 1993, with 
permission; x 200) 

the absence of complement. This binding was prevented by an mAb against 
FerRl1. FerRI! is also expressed on FDC in draining peripheral lymph nodes of 
immunized animals (Kosco et al. 1986; MAEDA et al. 1992). and isolated FDC from 
stimulated peripheral lymph nodes are able to bind immune complexes in the 
absence of complement (BRAUN et al. 1987; HEINEN et al. 1986). The latter 
experiments also demonstrated that murine IgG,. IgG2a • and IgG2b complexes 
bound much better than IgM or IgG3 complexes. and this matches nicely with the 
specificity of FerRI I in the mouse (SEGAL and TITUS 1978). The presence of FcrRI! 
in mesenteric lymph nodes of unstimulated mice (MAEDA et al. 1992) does not 
necessarily contradict our finding that FDC in spleen from normal animals lack 
FcrRII. since mesenteric lymph nodes are suspected to be subject to a significant 
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degree of antigenic stimulation under conventional conditions. The same holds 
true for FOC isolated from human tonsils, which also exhibit Fc-mediated binding 
of immune complexes (HEINEN et al. 1985; SIMAR et al. 1984) and express FcyR11 
(PElRASCH et al. 1990). The fact that others did not detect FcyRll on isolated FOC 
(SCHRIEVER et al. 1989; SELLHEYER et al. 1989) might indicate that their FOC 
preparations only contained the FcyRII-negative subpopulation, which would 
explain the absence of IgG (SCHRIEVER et al. 1989) and C023 (SELLHEYER et al. 
1989). The induction of FcyR11 is stimulated animals may also account for the 
residual binding of in vivo injected immune complexes to FOC after CoVF 
treatment (TEW et al. 1979; PHIPPS et al. 1980) and for the trapping of colloidal gold
labeled immune complexes, which are unable to fix C3 (RADOUX et al. 1985), 
because all of these studies were performed with immunized animals. 

The trapping of IgE immune complexes is only poorly documented. 
Moderate amounts of IgE have been found in association with FOC in human 
tissues (lMAI et al. 1986). In contrast to other classes of antibody, it seems unlikely 
that complement receptors playa major role in the trapping of IgE complexes, 
because IgE complexes do not activate complement (FARKAS et al. 1982). FOC 
also lack the high-affinity receptor for IgE (FcERI) found on mast cells. However, 
human FOC in secondary follicles do express the low-affinity receptor FCERII 
(C023), and it seems likely that this is the main receptor for IgE immune 
complexes on FOC. Recent findings in the mouse indicate that this is indeed the 
case. There are only very low levels of FCERII on FOC from unimmunized animals, 
but their level is greatly enhanced by antigenic stimulation, and this correlates 
with increased binding of IgE. Treatment of these animals with anti-FcERII mAb 
prevented the trapping of IgE immune complexes by FOC, strongly suggesting 
that the FCERII does indeed mediate IgE immune complex binding to FOC. 

It also emerged from these studies that the regulation of FCERII expression 
on FOC was different from that on B cells, since it was also upregulated during a 
typical IgG response, whereas an increase in B cell FCERII was only detected 
after induction of an IgE response. The relevance of this is illustrated by IgE
hypersensitive patients that maintain high levels of circulating IgE, and have high 
levels of IgE and FCERII on their FOC (MIlANI et al. 1988). Another interesting point 
is that FCERII, like FcyR11 (COw32), appears to be restricted to the FOC located in 
the apical light zone of the secondary follicle (JOHNSON et al. 1986). Taken together, 
these findings indicate that during the germinal center reaction a subpopulation of 
FOC is induced to express FcyRll and FCERII, which allows trapping of immune 
complexes containing IgG and IgE, respectively. The significance of this in the 
regulation of the immune response remains to be established. One possibility is 
that Fc receptors mediate the long-term retention of immune complexes (MANDEL 
et al. 1981), and this would explain why carbon particles, which are probably only 
trapped via complement receptors, are more rapidly cleared from the follicles 
than antibody-containing complexes (GROENEVELD et al. 1983). Obviously, this will 
need further investigation. 
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2.3.3 Development of the Immune Complex Trapping Capacity 
of Follicular Dendritic Cells 

Ouring the ontogeny of the lymphoid tissue, the first immune complex trapping is 
observed on so-called fibroblastic reticulum cells localized in primary follicles as 
they develop (OIJKSTRA et al. 1982, 1983). and these soon differentiate into mature 
FOC. It seems likely that trapping by these cells is mediated via complement 
receptors (see Sect. 2.3.1). Severe combined immunodeficient (SCIO) mice lack 
the capacity to trap immune complexes in vivo (KAPASI et al. 1993; YOSHIDA et al. 
1994), and this is at least in part due to the fact that these animals lack FOC that 
express CR1 or CR2 (YOSHIDA et al. 1994). Reconstitution with lymphocytes 
induces the differentiation of (host-derived) FOC that express functional CR1 and 
CR2 and restores the capacity to trap immune complexes (YOSHIDA -at al. 1994). It 
seems that 8 cells, and not T cells, are responsible for this, as trapping can still 
occur in the absence of T cells (KLAUS and HUMPHREY 1977; MJAALAND and FOSSUM 
1987). This idea is also in line with the absence of follicular trapping and lack of 
mature FOC in animals that have been depleted of 8 oells by neonatal anti-lgM 
treatment (ENRIQUEZ-RINCON et al. 1984; MACLENNAN and GRAY 1986; CERNY et al. 
1988). Thus, 8 cells may not only play a role in the transport of immune 
complexes to the FOC (see Sect. 2.1), but may also be required for the 
differentiation of local precursor cells into mature FOC that express CR 1 and CR2, 
which thereby acquire the capacity to trap immune complexes. 

It should be mentioned that the origin of the "early" precursor of the FOC is 
still not clear. The original experiments by HUMPHREY and SUNDARAM (1984) using 
transfer of bone marrow cells into irradiated recipients demonstrated that, at least 
in adult animals, FOC are not bone marrow derived. We have recently confirmed 
this by reconstitution of adult SCIO mice (YOSHIDA et al. 1994), thereby ruling out 
the possibility that the failure to detect possible donor-derived FOC could be due 
to an extremely slow turnover of mature FOC. In addition to this, IMAZEKI et al. 
(1992), studying the regeneration of implanted spleen, provided important 
evidence for the local origin of FOC. The experiments carried out by KAPASI et al. 
(1993). however, indicate that transfer into newborn SCIO mice generates FOC of 
bone marrow origin. This may indicate that, early during postnatal development, 
a population of early precursor cells leaves the bone marrow to populate the 
lymphoid tissues (and/or other tissues), which will function as a local self
replenishing reservoir of fibroblast-like FOC precursors, which in turn, in the 
presence of 8 cells, will differentiate into mature FOC. 

3 Role of Immune Complexes in B Cell Activation 

As will be clear from the above, FOC retain antigen on their surface in the form of 
immune complexes, i.e., in physical association with antibody and C3 fragments. 
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This is important since B cells, in addition to their surface immunoglobulin (slg), 
also express Fc receptors and complement receptors CR1 and CR2. Therefore, 
interaction of B cells with an immune complex may bring these receptors in close 
proximity to slg in the plasma membrane and modulate signal transduction and 
the B cell response. 

3.1 Role of Fc Receptors 

It is well documented that specific IgG antibodies can suppress the primary 
antibody response and the development of B cell memory by a complement
independent mechanism (reviewed by HEYMAN 1990)' and it has been suggested 
that this is due to a direct effect on B cells by co-cross-linking of slg and FcR 
(SINCLAIR and PANOSKALTIS 1987). Essentially, all murine B cells carry FcrRII, which 
binds immune complexes of IgG 1, IgG2a, and IgG2b (OICKLER 1976). It has now 
become clear that co-cross-linking of slg and FerRI I on B cells in vitro causes 
abortive B cell activation. Compared to ligation of slg alone, it profoundly inhibits 
the proliferation induced via slgM or slgO, whereas the increased expression of 
major histocompatibility complex (MHC) class II is hardly affected (KLAUS et al. 
1984). In addition, co-cross-linking FerRI I to slg has been shown to cause an early 
shutdown of inositol3-phosphate (lP3) generation (BIJSTERBOSCH and KLAUS 1985), 
and this appears to be due to uncoupling of slg from their associated G protein 
(RIGLEyet al. 1989). On the other hand, the intracellular Ca2+ release and Ca2+ influx 
remained unaffected, suggesting that the short-term release of I P 3 is sufficient to 
induce the Ca2+ response (KLAUS et al. 1987), which in turn is believed to result in 
the increased expression of MHC class II. 

It should be noted that IgG-mediated suppression in vivo is only observed 
when particulate antigens are used that are able to cause sufficient cross-linking 
of FcR (HEYMAN 1990). Since particulate antigens are rapidly degraded and 
immune complexes on FOC probably contain particle-derived soluble antigens 
(ENRIQUEZ-RINCON and KLAUS 1984), which are known to enhance memory by a 
complement-dependent mechanism (HEYMAN 1990), it seems unlikely that 
IgG-mediated suppression occurs in the follicles. 

3.2 Role of Complement Receptors 

It is well established that complement factor C3 plays an important regulatory role 
in the immune response. In animals depleted of C3 by CoVF (PAPAMICHAEL et al. 
1975; KLAUS and HUMPHREY 1977) or in C3-deficient animals (BOTTGER et al. 1986), 
there is essentially no development of B memory cells, no class switching, and 
therefore no secondary antibody response. Similar results have been obtained by 
treatment of animals with soluble CR2 or the anti-CR1/2 mAb (HEBELL et al. 1991; 
HEYMAN et al. 1990; WIERSMA et al. 1991; THYPHRONITIS et al. 1991). Whether this is 
merely caused by the absence of follicular trapping of antigen or whether immune 
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complex-associated C3 fragments (localized on FDC or elsewhere) do indeed 
provide a secondary signal for B memory differentiation in vivo (DUKOR and 
HARTMANN 1973; KLAUS and HUMPHREY 1986), or both, remains to be established. The 
ability of polyvalent C3 fragments to enhance the proliferation of B cells in vitro has 
been demonstrated (MELCHERS et al. 1985; ERDEI et al. 1985; TsoKos et al. 1990). 

Essentially all B cells express complement receptors CR1 and CR2, and it 
has now become clear that ligation of these receptors, in particular CR2, is able to 
modulate B cell activation. The role of CR2 in the activation of human B cells is 
well documented. In co-cross-linking experiments, anti-CR2, but not anti-CR1, 
has been shown to synergize with suboptimal concentrations of anti-Ig in 
proliferation and Ca2+ mobilization (CARTER et al. 1988). It has recently become 
clear that part of the CR2 molecules are associated with other cOfT!ponents in the 
so-called CD19-CR2-TAPA-1 complex (reviewed by FEARON 1993), in which CR2 
functions as the receptor for extracellular ligands, whereas CD19 transduces the 
signals (CARTER et al. 1991; TUVESON et aJ. 1993; MATSUMOTO et al. 1993; UCKUN 
et al. 1993) and thereby allows the B cell to respond to extremely low doses of 
antigen (CARTER and FEARON 1992). It should be mentioned that there are several 
other ligands for CR2, including EBV gp350/220 (TANNER et al. 1987), interferon-a 
(DELCAYRE et al. 1991), and FCERII (CD23; AUBRY et al. 1992), but it seems likely 
that the C3d binding is the most relevant, because only immune complexes 
containing C3d can be expected to cause co-cross-linking of slg and the CD19-
CR2-TAPA-1 complex, which is essential for the induction of proliferation (CARTER 
and FEARON 1992) and which maintains the clonal specificity of the system. 

Our recent experiments have shown that also in the mouse anti-CR 1 and anti
CR1/2 synergize with suboptimal anti-lgM or IgD in the intracellular release of 
Ca2+ (VAN DEN BERG and KLAus, submitted). This suggests that the mouse CR1 and 
CR2 both have signaling properties similar to human CR2, which is compatible 
with their close homology to human CR2 (HOLERS et al. 1992). Interesting, the 
signal generated by coligation of slg and complement receptors is qualitatively 
different from that generated by slg ligation alone, since it is much less sensitive 
to feedback regulation by protein kinase C activation (VAN DEN BERG and KLAus, 
submitted), as was previously shown for human B cells (CARTER et al. 1991). 
Whether murine CR1 and CR2 are indeed associated with the murine homologue 
of CD19 remains to be determined. 

4 Role of Immune Complexes on Follicular Dendritic Cells 
in the Memory Response 

After the first administration of an antigen, a primary immune response is 
initiated. The first antibody-forming cells are observed in the T -dependent areas of 
the lymphoid tissues, and most of them secrete antibodies of the IgM class (VAN 
ROOIJEN et al. 1986). As soon as antibodies appear in the circulation, immune 
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complexes will be formed, and a small proportion of these are trapped on the 
surface of FOC in the follicles of the lymphoid tissues. About 1 week after antigen 
administration, the follicles develop small focal areas, called germinal centers, 
that contain rapidly proliferating B lymphocytes. Evidence suggests that immune 
complexes are not absolutely required for the development of the germinal 
center (KROESE et al. 1986). although they may accelerate their development 
(KUNKL and KLAUS 1981). On the other hand, the generation of the germinal center 
is strictly T cell dependent and it is known that B cells require preactivation, 
probably by interaction with T cells. This may occur in the T cell areas of the 
lymphoid tissues, where activated T cells interact with B cells and secrete 
cytokines, such as interleukin-4 and interferon-y, that are known to induce class 
switching (VAN DEN EERTWEGH et al. 1993). The B cells in the germinal center 
undergo somatic mutation in the variable region of their Ig genes, which 
generates a pool of cells bearing variant receptors with different affinities for 
antigen (JACOB et al. 1991). Whether this process of somatic hypermutation is 
also initiated in the T cell areas is not known. The variants with low affinity for 
antigen will go into apoptosis and will be ingested by the locally present tingible 
body macrophages, whereas high-affinity ligands will be selected and give rise to 
long-lived memory B Cells. These memory cells, upon secondary antigenic stimu
lation, will differentiate into antibody-secreting plasma cells. It is clear that the 
selection of high-affinity B cells requires antigen, and it seems highly likely that 
this occurs locally, i.e., by using the antigen that is presented by the FOC. It also 
seems that this antigen, which can be retained for a very long period, is used for 
periodical restimulation of memory B cells, as memory rapidly wanes in the 
absence of antigen (GRAY and SKARVAL 1988); this is important for the maintenance 
of the antibody response (TEW et al. 1980). 

The localization of an immune complex on FOC is not enough for memory 
induction. Thymus-independent antigens and nonimmunogenic compounds can 
also be trapped by FOC, but this does not result in memory formation (DRESSER 
and POPHAM 1979). This is because interactions with T-helper cells are required. 
Whether these only occur outside the follicles or whether interactions with T cells 
in the germinal center are also required is not known. Interestingly, activated T 
cells in both the T cell area and in the follicles express the ligand for C040 (VAN DEN 
EERTWEGH et al. 1993), and ligation of C040 in combination with slg triggering has 
been shown to rescue germinal center B cells from apoptosis in vitro (Llu et al. 
1989); this may be relevant for the selection of high-affinity B cell clones in vivo. 

The generation of memory is C3 dependent, but the exact role of C3 can only 
be explained in part. As will be obvious from the above, C3 is required for the 
trapping of immune complexes on the FOC, which is crucial for the selection of 
high-affinity B cell clones. Apart from this, C3 fragments associated with antigen 
may playa direct role in B cell activation. The fact that C3 depletion prevents the 
generation of germinal centers (WHITE et al. 1975) and that this is not simply due 
to the absence of antigen (KROESE et al. 1986, 1990) suggests that C3 in 
combination with antigen may function as a proliferation signal for germinal 
center B cells by co-cross-linking slg and the CR2-C019-TAPA-1 complex and 
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that this contributes to the efficiency of the affinity maturation process. This may 
be of particular importance at suboptimal doses of antigen, because then the C3 
dependence and the effect of anti-complement receptor antibodies is most 
pronounced (HEYMAN et al. 1988,1990; WIERSMA et al. 1991). 

5 Conclusions 

The follicular dendritic cell is a major constituent of the microenvironment of the 
lymphoid follicle. It has the characteristic property of trapping antigen in the form 
of immune complexes composed of antigen-antibody-C3 and to retain these 
complexes on its surface. CR1 and CR2 mediate the binding of immune 
complexes to the FOC in normal animals, whereas in stimulated animals the 
binding of IgG and IgE can also occur via FerRI I and Fc€RII respectively. The 
antigen trapped on the surface of the FOC plays a crucial role in the generation of 
B cell memory, by selecting high-affinity mutants from B cells undergoing 
somatic mutation in the germinal center. C3 fragments associated with immune 
complexes not only playa crucial role in trapping immune complexes by FOC, but 
can also act as an important costimulus for B cell proliferation in the germinal 
center by co-cross-linking surface Ig and complement receptors. 
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1 Introduction 

Follicular dendritic cells (FOC) are located in dynamic microenvironments that are 
essential for generating effective and complete humoral responses. These 
anatomical locations present features of either a primary follicular nodule or a 
secondary structure known as the germinal center. Ouring primary and secondary 
exposure to antigen, germinal centers develop within primary follicles according 
to a set time course (Fig. 1; COleo et al. 1983; TEW et al. 1992). The outcome of the 
complicated cellular interactions occurring in germinal centers is an increased 
frequency of antigen-experienced (i.e., memory) circulating B cells and pre
plasma cells that will finish their differentiation process elsewhere. The humoral 
response also matures during the germinal center reaction through the mecha
nisms of class switching, somatic mutation, and clonal selection (reviewed in 
Kosco and GRAY 1992; MACLENNAN 1994). 

The cellular and molecular components that give rise to each phase of the 
germinal center reaction appear to depend on cell surface receptor-ligand 
interactions as well as cytokine production and release. The role of FOC in these 
reactions is multifaceted, with new aspects continually being revealed. This 
chapter will attempt to describe those components that we have found to be 
attributable to FOC as well as to speculate on possibilities not yet confirmed. 
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Fig. 1. Kinetics of a germinal center response after primary immunization with a protein antigen (Ag) 
precipitated in alum and following the challenge immunization with the protein in soluble form 

2 Follicular Dendritic Cells as Long-Term Depots 
of Antigen and Pivotal Players 
in Maintaining Memory Responses 

During the 1970s, several laboratories investigated the possibility of eliciting 
spontaneous antibody responses after adoptive transfer of cells from immune 
animals to naive hosts. This led to the observation that cells from lymphoid organs 
that received antigen (i.e., via drainage of the immunization site) were much more 
effective in producing high titers of antigen-specific immunoglobulin (lg)G and IgE 
than the nondraining tissue. Since it had been shown that antigen-specific 
lymphocytes circulated throughout the lymphoid system, Tew and colleagues 
proposed that the antigen retained on FOe played a major role in the maintenance 
and regulation of the humoral immune response (TEW et al. 1980). Data and 
possible models for this concept have been extensively reviewed in two 
publications and will not be reexamined here (MANDEL et al. 1980; TEW et al. 1980). 

However, one experiment conducted by Tew and colleagues is particularly 
relevant to this review. This involved the surgical removal of draining versus 
nondraining lymphoid organs from a mouse in order to assess maintenance of 
specific antibody titers within the animal. Mice were primed and challenged with 
human serum albumin (HSA) in complete Freund's adjuvant in the front (group A) 
or hind (group B) limbs. Two months later, the inguinal and popliteal lymph nodes 
plus the spleen were excised from both groups. At 6-week intervals after surgery, 
anti-HSA serum titers were assessed. Their data demonstrated that removal of 
the tissues involved in antigen drainage and retention (group B) resulted in a 50% 
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decrease in specific antibody serum titers as compared to the mice in which only 
the nondraining tissues were excised (group A). While this relationship of unequal 
titers between the two groups was maintained throughout the length of the 
experiment (18 weeks), at no time did the specific anti-HSA level totally disappear 
from group B. This persistence of a lower but significant antibody titer may have 
been due to production by long-lived plasma cells in the bone marrow (Ho et al. 
1986) and/or the possibility that antigen drained to additional sites not removed 
during surgery (e.g., the para-aortic lymph nodes, see below). 

In addition to the influence on antibody titers, GRAY and SKARVALL (1988) 
published a study which linked the retention of antigen on FDC to the mainte
nance of memory B cell clones. This work, which has also been discussed at 
length in a review (GRAY and LEANDERSON 1990), demonstrated that when immune 
B cell populations were transferred to naive hosts, a significant-Decrease in the 
ability to mount a memory antibody response occurred within 6 weeks when no 
antigen was present. From this data, they proposed that, following an initial 
exposure, memory B cells need a periodic reencounter with antigen in order 
to persist. Contact with antigen would provide a survival signal that mayor may 
not also require a second signal from a T cell (GRAY and LEANDERSON 1990). 
Whether entry into cell cycle and subsequent proliferation is also required for 
survival is still to be determined (GRAY 1992). 

A study conducted recently in our laboratory was designed to address the 
following questions related to these observations: 

1. How long can antigen be detected within the draining lymphoid tissue and 
which lymph nodes are involved in the antigen persistence? 

2. If the first lymph node of the draining chain is surgically removed, will the 
decrease in antigen-specific IgG titers be significant? 

3. Will memory B cell clones be maintained in the absence of this draining lymph 
node? 

In these experiments, mice received a single subcutaneous injection of 
tetanus toxoid (TI) precipitated in alum in the left hind limb only; the anti-TI 
levels in the serum were measured at regular intervals (M.H. KOSCO-VILBOIS, 
D. SCHEIDEGGER, and I. ESPARZA, unpublished data). We chose to use a single 
injection given as an alum precipitate so that the amount of antigen would 
minimally diffuse along the draining lymphoid chain, yet be sufficient to provoke 
a reasonable antibody response. 

As can be seen in Fig. 2 A-D, at 5 weeks postimmunization, immune 
complexes containing TI could be detected extensively along the FDC network 
within the draining popliteal lymph nodes. In addition, antigen was detected in the 
para-aortic lymph nodes, albeit less abundantly (Fig. 2F). No antigen was found 
further along the left side of the mouse nor in any of the lymph nodes from the 
nondraining side (Fig. 2E). The draining and nondraining sets of popliteal, para
aortic, inguinal, brachial, axillary, cervical, and submandibular lymph nodes from 
individual mice were evaluated. 
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Fig. 2.A-F. Localization of tetanus toxoid in the immune complex-retaining reticulum of follicular 
dendritic cells (FOC) 5 weeks after primary immunization. Mice were immunized subcutaneously with 
50 I1g alum-precipitated tetanus in the left hind limb only. Five weeks later, all lymph nodes were 
collected and cryostat sections were processed for localization of antitetanus antibodies. A-D 
Numerous germinal centers containing antitetanus immune complexes were detected in the draining 
popliteal lymph node: low-level magnification of entire popliteal lymph node (A),higher magnifications of 
individual germinal centers (B,C)' and higher magnification of Fig. 2B detailing the FOC network within 
the light and dark zones of the germinal center (0). Plasma cells producing antitetanus antibodies were 
also visualized in this lymph node (very dark labeling cells outside of germinal centers; A,C). E In most 
other lymph nodes from the draining or nondraining side of the lymphatic chain, no retention of tetanus 
or tetanus-specific plasma cells was detected; left axillary lymph node shown here. F The exceptions 
were the three para-aortic lymph nodes, where one or two also had multiple sites of antigen retention 
as well as tetanus-specific plasma cells; para-aortic lymph node with three individual sites of tetanus 
localization and darkly labeling plasma cells shown here. Inset, higher magnification of one of the sites 
of tetanus retention 
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Fig. 3 A-D. Localization of tetanus toxoid in the immune complex-retaining reticulum of follicular 
dendritic cells (FDC) 5 months after primary immunization. Mice were immunized subcutaneously with 
50 ).1g alum-precipitated tetanus in the left hind limb only. Five months later, all lymph nodes were 
collected and cryostat sections were processed for localization of antitetanus antibodies. A-C, Various, 
peculiar morphological arrangements of the immune complex retention in three different draining 
popliteal lymph nodes. D Higher magnification of Fig. 3C detailing the architecture of the immune 
complex retaining network 

Figure 3 provides examples of the more tightly associated retention of 
complexes containing n observed on the processes of FOC 5 months after 
immunization. In all ten mice evaluated, one to three sites of n retention were 
observed per draining popliteal lymph node. In addition, at least one para-aortic 
lymph node contained an-positive FOC network in each mouse. 

The longest interval after a primary immunization at which we could 
confidently detect the retention of n (using light microscopy) was 14 months. 
Figure 4 demonstrates the visualization of either antitetanus antibodies 
(Fig. 4A,B) or the antigen itself (Fig. 4C, 0) in a left popliteal lymph node. Using the 
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Fig. 4 A-F. Localization of tetanus toxoid in the immune complex-retaining reticulum of follicular 
dendritic cells (FOC) 14 months after primary immunization. Mice were immunized subcutaneously with 
50 Ilg alum-precipitated tetanus in the left hind limb only. Fourteen months later, all lymph nodes were 
collected and serial cryostat sections were processed for localization of either the antitetanus 
antibodies, the tetanus itself, orthe FOC themselves. A Localization of antitetanus antibodies within the 
immune complex-retaining reticulum (dark area in the center of the photomicrograph) in the light zone 
of a germinal center. Also note the level of antibody that appears to be 'bathing" the entire tissue (i.e., 
light level of labeling in between cells as compared to Fig. 4C, 4E). B Higher magnification of Fig. 4A. C 
Localization of the antigen (i.e., tetanus) in the immune complexes in the adjacent serial section. D 
Higher magnification of Fig. 4C. E Confirmation that the localization of the antibody and antigen in the 
tetanus-specific immune complexes corresponds to the site where FOC reside. FOC were visualized 
using the rat anti-mouse FOC monoclonal antibody, FDC-M 1. F Higher magnification of Fig. 4E, but an 
intermediate magnification between Fig. 4A!C and 4B/0 
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rat anti-mouse FDC-specific monoclonal antibody, FDC-M1, the location of the 
FDC network was visualized (Fig. 4E, F), confirming that the tetanus-antitetanus 
immune complexes were indeed retained by FDC. _ 

Next, we attempted to address the relationship between retention of antigen 
on FDC and maintenance of serum antitetanus titers. For this, 5 months after a 
primary injection of n into the left hind limb (as described above), the draining 
popliteal lymph node was surgically removed. Total n antibody titers were 
determined after various intervals by an enzyme-linked immunosorbent assay 
(ELISA); the dilution at which the 50% maximum optical density reading was 
reached is reported in Table 1. As compared to the two sham-operated controls, 
four of the six mice whose popliteal lymph node had been removed maintafned 
comparable levels of specific antibody over the following 21 weeks. The 
remaining two mice gradually declined such that by 5 months-- their specific 
antibody titers were reduced to at least 50% of those in the sham-operated 
controls. 

The differences between our results (i.e., only two out of six mice 
demonstrated the 50% reduction) and those reported by TEW et al. (1980) could 
be attributed to the fact that the latter assessed maintenance of titers associated 
with a secondary response, while we evaluated titers obtained after a single 
injection. The levels of specific antibody generated following a single 
immunization are generally much lower as compared to a second dose. In 
addition, the antigen in their study was emulsified in complete Freund's adjuvant, 
which also increases the titer of antibody relative to an alum-precipitated antigen. 
Physiologically, it may require less antigen to maintain the low amounts of 
antibody obtained in our study, while keeping over 400 Jlg/ml requires a higher 
amount of retained antigen. Thus, the small amount of antigen detected at 5 

Table 1. Total antitetanus toxoid immunoglobulin titers 

1/Dilution of 50% maximum optical density" 
Mouse no. 

21 c/Od 22c/1 d 233/2d 32c/11 d 42c/21 d 

Sham 1· 132 151 201 120 150 
Sham 2' 138 97 81 151 100 

Pop.1b 98 76 111 136 100 
Pop.2b 120 85 107 120 120 
Pop.3b 133 114 131 124 130 
Pop.4b 96 76 99 71 <50 
Pop.5b 199 233 295 235 150 
Pop.6b 122 128 111 93 <50 

'Sham 1 and 2 refer to the two control mice who were immunized once with tetanus in alum and 
underwent the surgical procedure without removing the draining popliteal lymph node 5 months 
after priming. . 

bpop.1 - Pop.6 refer to the six experimental mice who were immunized once with tetanus in alum 
and underwent the surgical procedure to remove the draining popliteal lymph node 5 months after priming. 

cWeeks after immunization with tetanus toxoid. 
dWeeks aftger surgery to remove popiteallymph node. 
"As determined by a standard enzyme-linked immunosorbent assay (ELISA). 
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months in the para-aortic lymph node may have been enough to support the 
lower, but consistent levels, of specific antibody found in the mice in our 
experiments. 

In both studies, the data indicate that the antigen retained in unremoved 
lymphoid tissue appears to be adequate for maintaining specific antibody titers. 
Part of the mechanism for this appears to be the local induction of preplasma cells 
only in germinal centers that contain the FDe-retained antigen (DONALDSON et al. 
1986). Evidence for this was provided using an in vivo model in which immune 
mice were bled in order to remove half their volume of serum proteins. The sites 
at which the induction of new antigen-specific antibody cells (i.e., preplasma 
cells) occurred involved the lymph nodes where the antigen was localized. 

Next, the relationship between retention of antigen on FDe and maintenance 
of memory cells was assessed. For this, an experimental protocol shown in 
Fig. 5A was used to measure the ability to make a secondary response after 
adoptive transfer of cells into severe combined immunodeficient (SeID) mice. 
The results (Fig.,5B) indicated that the group whose popliteal lymph node was 
removed 4 months previously (group 4) showed a comparable response to that 
observed in the immune sham-operated mice (group 3). In addition, these 
responses were comparable to mice receiving a booster immunization 2 weeks 
after surgery (group 6). Finally, similar antibody titers were achieved whether the 
cells used for transfer were isolated from the draining or nondraining lymph nodes 
or the spleen (data shown only for the draining set). 

These experiments demonstrate that despite the removal of a sizeable 
amount of FDe-retained antigen, long-term antibody titers and circulating 
memory cells can be maintained by the small amount present in other lymph 
nodes. Maintenance of memory populations by cross-reactive antigens as re
cently discussed by MATZINGER (1994) may also contribute. However, the consist
ent finding of antigen in one of the para-aortic lymph nodes throughout our 
experiments supports the idea that antigen retained for very long times in 
seemingly small amounts is enough for the maintenance of the immune re
sponse. 

3 Role of Follicular Dendritic Cells in B Cell Activation 
During Germinal Center Responses 

The specific events leading to a germinal center reaction are not yet well defined. 
However, the response has been clearly shown to be dependent on not only FDe 
and B cells, but also on T cell help as well. Szakal, Tew, and colleagues described 
the cellular interactions that occur during the initial phase of the reaction (SZAKAL 
et al. 1989; TEW et al. 1989). This pathway involves the depositing of antigen on 
FDe and its subsequent uptake and processing by B cells (SZAKAL et al. 1988). 
During this process, the B cells acquire the ability to act as effective 
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Fig. 5 A,B. The ability to generate a secondary immune response in adoptive severe combined 
immunodeficient (SCID) mouse recipients following removal of draining lymphoid organs from the donor 
Balb/c population , A Experimental protocol used to generate tetanus toxoid (Tn-immune mice (50J.lg IT 
precipitated in alum, s'Jbcutaneously injected into left hind limb only) who were either sham operated 
or whose draining popliteal lymph node (pop LNJ was removed, Ab, antibody, B Level of immuno
globulin G (lgG) anti-IT titers 2 weeks after adoptive transfer of 107 spleen cells (Lv.) and 50 J.lg soluble 
IT (intraperitoneally) into one of five experimental SCID mice groups. Group 1 received only IT (no cells 
transferred); group 2 received IT plus cells from naive donors; group 3 received IT plus cells from sham
operated IT-immune mice (see A); group 4 received IT plus cells from IT-immune mice whose draining 
popliteal lymph node was removed 2 months after primary immunization in their left hind limb only and 
6 months prior to the adoptive transfer (see A);group 5 received IT plus cells from IT-immune mice 
whose draining popliteal lymph node was removed 2 months after primary immunization in their left 
hind limb only and 6 months prior to the adoptive transfer, who also received a secondary immunization 
with soluble IT 1 week after surgery (see A); group 6, level of anti-IT titers in group 4 at the time the 
animals were killed to obtain their cells for the adoptive transfer. The values represent the reciprocal of 
the dilution obtained by enzyme-linked immunosorbent assay (ELISA) at which a 50% optical density 
(00) reading was obtained over a dilution curve of the respective serum. Each group represents the 
titers of at least three mice ± the standard deviation value 

antigen-presenting cells, consequently eliciting the appropriate T cell help (Kosco 
et al. 1988). Our experimental approach has been to generate an environment in 
vitro that mimics the characteristics of an in vivo germinal center. In this manner, 
we have been able to isolate individual components contributing to a germinal 
center reaction. 

The initial studies involved displacing whole populations of germinal center 
cells from the tissue into single cell suspensions that formed clusters containing 
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FOC, B cells, and T cells during culture (Kosco et al. 1992). These experiments 
demonstrated that the adhesion/activation molecules intercellular adhesion 
molecule (lCAM)-1, lymphocyte function-associated antigen (LFA)-1, and C044 
were involved in cluster formation and B cell proliferation. We also attempted to 
block B cell proliferation or antibody production using combinations of neutralizing 
monoclonal antibodies directed against interleukin (I L)-1 to -6. However, using 
this strategy, any alteration from the control levels was difficult to achieve. This 
most probably was due to the close cell-cell contact, resulting in junctions that 
permitted the delivery of newly secreted cytokines to a receptor but excluded the 
exogenous antibodies present in the extracellular milieu. Anti-IL-4 was one 
exception in that adding this neutralizing antibody consistently lowered the 
amount of IgG, and IgE produced in these cultures (M. KOSCO-VILBOIS, G. LEGROS, 
and O. SCHEIDEGGER, unpubublished data). 

The second strategy pursued involved the isolation of individual cell types, 
i.e., FOC, B cells, and T cells, which were then added together for short-term cell 
culture assays. This facilitated the study of the initial events contributing to 
germinal center formation. For example, small, resting, recirculating B cells were 
obtained from transgenic mice and evaluated for the phenotypic changes that 
occurred following in vitro interactions with FOC (KOSCO-VILBOIS et al. 1993). These 
B cells, separated from activated B cells on the basis of buoyant densities, were 
found to be activated differentially by FOC in an antigen-independent versus
dependent manner. The independent signal involved an increase in size and 
complexity and also the level of major histocompatibility complex (MHC) class II 
expression. These parameters occurred whether or not the FOC carried immune 
complexes containing the antigen which could cross-link the B cell's immuno
globulin molecules. Possible candidates for eliciting these effects include the 
fragments of complement (e.g., C3b, C3d) present on the FOe's plasma mem
brane. It has been shown that receptors for these fragments expressed on B cells 
aid in the process of their activation (CARTER and FEARON 1989; MATSUMOTO et al. 
1991). Such possibilities are currently being explored. 

In addition to these changes, FOC also brought about the de novo expression 
of B7 by the resting B cells. This effect is particularly significant, since it has been 
shown to be an essential second signal for T cell activation (FREEDMAN et al. 1987; 
LINSLEY et al. 1990). In contrast to the other changes, though, the induction of B7 
expression was absolutely dependent on having the appropriate antigen on the 
surface of the FOC for cross-linking the B cell's immunoglobulin molecules 
(KOSCO-VILBOIS et al. 1993). 

The changes that occur after coincubation with FOC result in the capacity of 
B cells to present antigen. Thus, these experiments strongly suggest that in vivo 
small, recirculating B cells can encounter FOC and their retained antigen, become 
activated, and effectively present the antigen to T cells. The induction of higher 
levels of MHC class II and the costimulatory molecule B7 on potential germinal 
center B cells may be the earliest events required for producing a germinal center 
reaction. 
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In support of an early role for B7 in generating germinal center responses, 
an in vivo model was developed. For this, transgenic mice were generated that 
maintained in their circulation 10-30 Jlg/ml of a chimeri<:: immunoglobulin 
molecule that would effectively block B7-ligand interactions (LANE et al. 1994; 
RONCHESE et al. 1994). Using the higher affinity of the two known ligands which 
bind to B7, i.e., CD28 and CTLA-4 (LINSLEY et al. 1990, 1992), a CTLA-4-lg molecule 
was constructed of the extracellular portion of CTLA-4 (BRUNET et al. 1987) and the 
human IgG, constant domains. When CD4+ T cell priming was assessed in these 
transgenic mice, no impairment was found (RONCHESE et al. 1994). However, 
antibody responses to T-dependent antigens were significantly affected (LANE 
et al. 1994). While antigen-specific IgM levels were comparable to wild-type 
controls, all IgG isotypes were reduced at least tenfold. In addition, germinal 
center formation was absent in these mice even after multiple- immunizations 
with antigen. Using the antigen 4-hydroxy-3-nitrophenyl-acetyl chicken gamma 
globulin (NP-CyG)' a reduction in cells undergoing somatic mutation and selection 
could be documented. These observations of minimal somatic mutation and 
selection as well as impaired class switching correlated with the lack of germinal 
centers. From this model, it appears that the B7 costimulatory signal is required 
for effective cellular interactions leading to germinal center reactions. In the 
absence of this signal, effective humoral responses cannot be elicited. 

During our study of immune responses in CTLA-4-lg transgenic mice, 
several peculiar observations in relation to FDC were made. First, although FDC 
trapped and retained the chimeric construct, no evidence was found of trapping 
antigen-containing immune complexes following a primary or secondary immuni
zation of the transgenic mice (lANE et al. 1994). Second, immune complexes did not 
localize on FDC of transgenic mice following either passive immunization or 
using antibody aggregates in conjuction with immuno-histochemical techniques. 
This impairment could not be attributed to a lack of relevent receptors, since in 
situ FDC labeled with the monoclonal antibodies 2.4G2, 7E9, and 8C12. These 
reagents recognize the Fc receptor of IgG or complement receptors CR1 or CR2, 
respectively. Another observation was that the size of the FDC network was 
significantly smaller compared to wild-type controls. These observations provide 
additional evidence that FDC function is affected by impaired Band T cell 
interactions. 

Unfortunately, to date the nature of these mechanisms involving B or T cell 
induction of FDC function has been only minimally addressed. This has mainly 
been due to the difficulty in obtaining purified populations of isolated FDC. In 
addition, FDC most likely exist in different stages of maturation, which must also 
be defined and studied (RADEMAKERS 1992). It is clear, though, from studies 
involving the de novo induction of an FDC network in SCID mice, that both Band 
T cells contribute to achieve full FDC competence (KAPASI et al. 1993). Recently 
conducted experiments which begin to address these questions are dtscussed 
in this volume by G. GROUARD et a1., E. HEINEN et aI., J. TEW et aI., and T. VAN DEN 
BERG et al. New technologies such as transgenic mouse systems and the 
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establishment of FOC lines such as those recently reported (ORSCHESCHEK et al. 
1994; LINDHOUT et al. 1993) will also facilitate research into these areas. 

4 Is Interleukin-6 Produced by Follicular Dendritic Cells? 

Several laboratories have attempted to define the cytokines that are produced 
during germinal center reactions. The production of IL-6 has been of particular 
interest because of its influence on the terminal differentiation of B cells 
(KISHIMOTO 1989). The level of IL-6 gene expression by germinal center cells has 
been evaluated using two strategies providing varying results.Jn human tonsils 
obtained from children with recurrent throat infections, IL-6 gene expression 
detected by in situ hybridization was only found in extrafollicular areas (BOSSELOIR 
et al. 1989). Another study analyzed lymph nodes of patients suffering from 
Castleman's disease that contained numerous hyperplastic follicles (LEGER-RAVET 
et al. 1991). The FOC in these tissues were shown to express both IL-6 mRNA 
and protein as determined by in situ hybridization and immunohistochemistry. A 
recent study by ORSCHESCHEK and colleagues (1994) involving the generation of a 
human FOC-like cell line also addressed this issue. They reported that their 
immortalized FOC contained mRNA for IL-6 and further supported their findings 
by demonstrating IL-6 mRNA associated with FOC in frozen sections of human 
tonsils. However, two different laboratories have failed to detect IL-6 mRNA in 
FOC-enriched single cell preparations from human tonsils (BUTCH et al. 1993; 
SCHRIEVER et al. 1991). 

In the above studies, the inability to detect IL-6 may reflect the fact that the 
regulation of the gene is induced only during short intervals of the germinal center 
reaction. In mice rendered deficient for IL-6 by gene targeting, antibody 
responses and germinal center development were impaired (KOSCO-VILBOIS et aI., 
in preparation). While IgM levels were comparable to those in control mice when 
responding to a T cell-dependent antigen, IgG" IgG2a, IgG2b, and IgG3 were 
significantly lower in the IL-6-deficient mice. Interestingly, IgG, levels with time 
increased such that eventually they were equal to the controls, while the other 
IgG isotypes remained low or absent. Histochemical evaluation of the germinal 
center reaction revealed that small foci of peanut agglutinin (PNA)-binding B cells 
and FOC form within the primary follicles. However, enlarged dark and light zones 
did not develop. Using PNA binding as a marker for germinal centers (COICO et al. 
1983) in conjunction with morphometric analysis clearly documented a difference 
in size. While control mice produced maximum dimensions of 1.5-2.0 mm3 

between days 9 and 11 after primary immunization, at no time during the 
response was any individual PNA positive area in the IL-6-deficient mice larger 
than 0.4 mm3• These results strongly suggest that IL-6 is necessary for providing 
the appropriate number of B cells that can contribute to the germinal center 
reaction. In the IL-6-deficient mice, the impairment in achieving normal levels of 
cells within a germinal center translated into lower antibody titers. 
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The relevance of IL-6 production in germinal centers to this review is shown 
by our data demonstrating that preparations containing FDC express both IL-6 
mRNA and protein (M. KOSCO-VILBOIS, D. SCHEIDEGGER, and M. WILES, unpublished 
observations). By reverse transcriptase polymerase chain reaction (RT-PCR), 
lymph node isolates containing up to 40% FDC produced a strong IL-6 signal, 
while relatively pure populations of germinal center Band T cells obtained by 
fluorescence-activated cell sorting (FACS) did not. While we are currently striving 
to demonstrate this in vivo by in situ hybridization on frozen sections, the FDC and 
the tingible body macrophage are the two remaining candidates as the source of 
the IL-6. In light of the studies performed with human tissue, the data supp.orts 
the proposal that FDC produces IL-6 in particular situations. Verification of the cell 
producing IL-6 in germinal centers using the mouse system remains one of our 
major objectives. 
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1 Introduction 

Within secondary lymphoid organs, Band T lymphocytes are not randomly 
distributed but they specifically inhabit highly organized regions that contain 
areas where Band T cells are largely segregated and other areas where 
different populations of cells can interact and differentiate (THORBECKE et al. 1962). 
Specifically, in lymph nodes and tonsils, the majority of B cells localize to follicles, 
whereas most T cells are found in the paracortex (NIEUWENHUIS and FORD 1976). 
Following initial entrance into the interfollicular areas of secondary lymphoid 
tissues, it is not known what drives B cells to localize to follicles; however, the 
formation of follicles is an antigen (Ag)-driven process that requires the presence 
and participation of T lymphocytes. 

Primary follicles are largely composed of recirculating surface immuno
globulin (slg) M/D+ B cells, small numbers of CD4+ T cells, and small numbers of 
follicular dendritic cells (FDC) (MACLENNAN et al. 1990; STEIN et al. 1982). B cell 
blasts from the interfollicular areas migrate into primary follicles and initiate the 
formation of germinal centers (GC). It has been proposed that the function of the 
GC is to generate cells that are destined to secrete immunoglobulin (lg), the site 
of Ig heavy chain class switch, the production of memory B cells, and 
the maturation of antibody affinity (KLAUS et al. 1980; MACLENNAN et al. 1990; 
NIEUWENHUIS and KEUNING 1974; THORBECKE et al. 1962). During early GC formation, 
B cells are enveloped in a network of FDC. B cell blasts (centroblasts) occupy the 
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basal zone (dark zone) of the follicle, in which there are few associated FDC (less 
than 2% of the cell population). Another population of noncycling B cells develop 
at the opposite pole of the GC, referred to as the light zone. The B cells in this area, 
termed centrocytes, are associated with a dense network cif FDC (10%-20% of 
the GC volume). The secondary follicle later evolves to a structure in which there 
are small numbers of centroblasts associated with FDC. 

In normal GC, FDC playa pivotal role in the development of secondary 
immune responses (KLAUS et al. 1980; TEW et al. 1990). FDC are often most 
prominent in the light zone area of the GC. Developmentally, B cells in the light 
zone are cells at the junction of apoptotic cell death or differentiation into either 
memory B cells or antibody-secreting cells. Although Ag presentation bY'FDC to 
B cells is critical in this process, it is likely that cell-cell contact signals and/or 
cytokines are also important in B cell-FDC interactions. Resent studies have 
provided insight into the nature of the cell-cell interactions between B cells and 
FDC which may regulate B cell proliferation and the differentiation. In this review 
we will detail the nature of the adhesive interactions of FDC and B cells and the 
functional consequences of those interactions. 

2 B Cell-Follicular Dendritic Cell Adhesive Interactions 

The expression of cell surface Ag by FDC reflect their proposed function in Ag 
presentation to B cells and cell-cell adhesion (JOHNSON et al. 1986; PETRASCHET 
et al. 1990; SCHNIZLEIN et al. 1985; SCHRIEVER et al. 1989; SELLHEYER et al. 1989; 
SZAKAL et al. 1985). FDC present Ag to B cells in the form of immune complexes 
and have the capacity to retain these complexes on their surfaces for periods of 
weeks to months. Consistent with this ability to fix and express immune 
complexes, FDC express complement cleavage fragment (C3b, C3bi, and C3d) 
and Fc (lgE) receptors. The expression of cell adhesion molecules on FDC, e.g. 
intercellular adhesion molecule (lCAM)-1 and vascular cell adhesion molecule 
(VCAM)-1, reflect their role in cell-cell interactions through interaction with their 
respective ligands on lymphocytes, lymphocyte function-associated antigen 
(LFA-1) and very late antigen (VLA)-4. 

Insight into the adhesive interactions between FDC and B cells have come 
from in vitro adhesion assays. Several years ago we developed a tissue-binding 
assay to examine B cell-FDC interactions (FREEDMAN et al. 1990). This technique 
involved the use of normal splenic or tonsillar B cells cultured for 3 days with 
Staphylococcus aureus Cowan I (SAC) internally labeled with a fluorochrome, and 
then incubated at 25°C on rotated frozen sections of human tonsil. These cells 
adhered preferentially to GC, as demonstrated by combined fluorescence and 
brightfield microscopy. The distribution of cells adhering to GC was identical to 
the pattern of staining of a parallel section of tonsil with a monoclonal antibody 
(mAb) specific for FDC. Therefore it appeared that the applied cells were binding 
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to FDC. In contrast, unstimulated B cells demonstrated little to no binding to 
GC at 25°C. The binding of SAG-stimulated cells to the GC was essentially absent 
4°C. 

To identify the receptor-ligand pair(s) involved in B cell-GC adhesion, we 
examined several lymphoid cell lines with distinct cell surface phenotypic and GC
binding characteristics. We found that there was no clear relationship between 
GC binding and expression of known adhesion receptors. However, the B cell line 
Nalm-6 had a high-affinity binding to GC. The cell surface phenotype of Nalm-6 
cells was studied and we performed blocking studies with all positively reacting 
mAb to determine which, if any, of the cell surface Ag expressed by Nalm-6 were 
involved in GC binding. The adhesion of Nalm-6 to GC was blocked by anti-CD29 
and anti-CD49d (VLA-4, <x413,-integrin). Of the 13,-integrins, VLA-4 is unique since it 
can function as a cell-extracellular matrix and cell-cell adhesion receptor. VLA-4 
has two ligands, the FN-40 fragment of fibronectin and VCAM-1, a cell surface 
protein originally identified on cytokine-activated endothelium (ELICES et al. 1990; 
GUAN and HYNES 1990) that we knew from prior immunohistochemistry studies 
was also densely expressed on FDC. Using the frozen section binding assay, 
mAb against VCAM-1 blocked Nalm-6 binding by nearly 100%. Therefore, B 
lymphocyte binding to GC was the result of a direct interaction betwen VLA-4 on 
lymphoid cells and VCAM-1 expressed on FDC (FREEDMAN et al. 1990). These 
results have been confirmed and extended by Koopman et al. using isolated FDC 
and B cells from tonsil. By examining cluster formation of aggregates of B cells 
and FDC, it was found that mAb against VLA-4 as well as LFA-1 on the B cells and 
VCAM-1 and ICAM-1 on the FDC inhibited B cell-FDC adhesion (KOOPMAN et al. 
1991). This provided evidence for both 13,- and 132-integrin-mediated pathways in B 
cell adhesion to FDC. These results have been confirmed in murine systems, 
where FDC-B cell cluster formation was inhibited by mAb directed agianst ICAM-
1, LFA-1, and anti-kappa mAb (Kosco et al. 1992). The adhesion molecule CD44 
did not have effects in either human or murine systems on cluster formation. 
These studies are important to the regualtion of B cell proliferation, since FDC, in 
addition to presenting antigen, can regulate B cell activation through antigen
independent cell-cell interactions. . 

3 Follicular Dendritic Cell-B Cell Costimulation 

Based upon the in situ observations that FDC are present in GC, it has long been 
hypothesized that FDC provide costimulatory signals to B cells. In studies by 
Schnizlein and coworkers in both murine and human systems using only partially 
purified preparations of FDC, the addition of those cells to polyclonally activated 
B cells augmented B cell proliferation (SCHNIZLEIN et al. 1984). Further evidence for 
the growth-enhancing effect of FDC upon GC B cells stems from a study using 
cell suspensions. In these studies approximately 7% of cells were FDC and over 
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90% had the surface phenotype of GC B cells (CD19+/CD29-/lgDl The percent
age of cells clustered with the FDC staining positively with Ki67, a marker of 
activated proliferating cells, was significantly higher than the cells outside of the 
clusters. There was also evidence of more apoptotic cells outside of the FDC-B 
cell clusters than within (PETRASCH et al. 1991). More recently, techniques have 
been developed to enrich cell suspensions of lymphoid tissues for FDC to near 
homogeneity. Using more highly purified FDC, insight into the effects of FDC on 
B cell proliferation has become more clear. 

There is a body of evidence that GC (low-density) B cell proliferation is 
dependent on the presence of FDC. Kosco et al. (1992) demonstrated that 
clusters formed in vitro of FDC, T cells, and B cells contain proliferating-B cells. 
The formation of clusters is FDC and, to a lesser degree, T cell dependent. More 
importantly, depletion of T cells and FDC led to a marked decrease in proliferation 
of B cells. This FDC-dependent proliferation is highest during the first 4 days of 
culture, declining by days 7-11. In studies by BURTON et al. (1993), enriched FDC 
enhanced the proliferation of murine B cells as measured by thymidine in
corporation. This was observed with B cells activated through the Ag receptor, 
with anti-Il, as well as with lipopolysaccharide (LPS) activation. Little to no B cell 
proliferation was seen in the absence of the polyclonal B cell stimuli. The effect 
of FDC was maximal at 1-2 days of culture and declined thereafter, but persisted 
at 4 days. These cultures were also examined for cell viability, and it was 
observed that wells containing FDC contained significantly greater numbers of 
viable B cells than wells containing only B cells. Of interest, the enhancing effect 
of FDC did not require the presence of T cells. Similar findings have been reported 
using cultured FDC (CLARK et al. 1992). In those studies, purified FDC which had 
been maintained in culture with granulocyte-macrophage colony-stimulating 
factor (GM-CSF) were able to augment the proliferation of human tonsillar B cells 
which were costimulated with anti-human Ig, anti-CD40 mAb, and a combination 
of both. These studies support the role of FDC as costimulatory cells for B cells 
proliferation, recapitulating the in vivo finding of B cell proliferation in GC. 

In contrast to these reports, our laboratory observed that purified human FDC 
can inhibit B cell proliferation. We isolated homogeneous preparations of FDC 
from normal tonsil to begin to examine their effects in vitro on B cell proliferation 
(FREEDMAN et al. 1992). These FDC were isolated from the low-density fraction 
(35% interface of a Percoll gradient) of tonsil cell suspensions. FDC were then 
further enriched by cell sorting using the FDC-restricted mAb DRC-1 (> 80% 
FDC). When irradiated FDC were cultured with mitogen-stimulated B cells, B cell 
[3Hlthymidine uptake was inhibited by up to 80%. This was seen when FDC were 
added to previously activated B cells or when cocultured with mitogen and 
unactivated B cells. This inhibitory effect was not seen when paraformaldehyde
fixed FDC were added to B cell cultures, suggesting that the FDC needed to be 
metabolically active. Furthermore, supernatants from cultured FDC were able to 
partially inhibit B cell proliferation. This suggested that cell-cell contact signals 
which can be preserved by paraformaldehyde fixation may not be responsible for 
the observed effect. Alternatively, the critical cell-cell contact signals involved 
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may in fact be destroyed by fixation. Our result may also reflect the activation 
state of the B cells or the FOC, as well as the methods of isolation of the cell 
populations. These findings have been also observed by LINDHOUT et al. (1994). 
who found that freshly isolated FOC inhibited proliferation of tonsillar B 
cells which had been activated with anti-lgM or the combination of SAC plus 
interleukin (IU-2. The same effect on B cell proliferation was noted using FOC 
which had been transformed with Epstein-Barr virus (EBV). Moreover, the use of 
supernatants from the EBV-transformed FOC had inhibitory effects on polyclonal
activated B cell proliferation. These studies support the notion that the inhibition 
of proliferation may be an in vitro demonstration of the downregulation of 
proliferation which occurs in the light zone of GC. 

4 B Cell Apoptosis and Follicular Dendritic Cells 

In addition to serving as areas of intense B cell proliferation, GC are also sites of 
B cell death. This has been substantiated by the findings that GC B cells, when 
isolated, undergo apoptosis in culture. This apoptosis can be prevented by a 
number of exogenous stimuli, including combinations of anti-Ig and anti-C040 
mAb, as well as the combination of IL-1 and a soluble form of the C023 molecule 
(Llu et al. 1989, 1991). Several investigators have reported that GC B Cells, when 
clustered with FOC, remain viable, while B cells outsie of the clusters die by 
apoptosis (Kosco et al. 1992; LINDHOUT et al. 1993, 1994; KOOPMAN et al. 1994). The 
prevention of apoptosis had been shown to be dependent upon cell-cell adhesion 
between B cells and FOC, since mAb which inhibit those interactions, specifically 
directed against C049d-C0106 (VLA-4-VCAM-1) and C011 a/18-C054(LFA-1-
ICAM-1). leads to apoptosis of the B cells (Kosco et al. 1992; LINDHOUT et al. 1993; 
KOOPMAN et al. 1994). Moreover, there is evidence for the hypothesis that 
signaling through these adhesion molecules is critical to the prevention of 
apoptosis. Soluble forms of C054 (lCAM-1) and C0106 (VCAM-1) were able to 
partially prevent apoptosis of GC B cells (KOOPMAN et al. 1994). This effect was 
enhanced by the presence of anti-lgM. Other studies have shown that, 
although they do not affect B cell-FOC adhesion, mAb against CO 44 and major 
histocompatibility complex (MHC) class II inhibited FOC augmentation of B cell 
proliferation (Kosco et al. 1992). 

5 Signaling to B Cells Through Very Late Antigen-4 

Recent studies have demonstrated that integrins are involved in the transduction 
of signals into cells (HYNES 1992). The mechanisms by which integrins initiate 
signal cascades are unknown, but they probably employ intermediary signaling 
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proteins, since integrins themselves contain no identified intrinsic enzymatic 
activity. Cross-linking of integrins on a variety of cell types with mAb or natural 
ligands induces tyrosine phosphorylation of major substrates of 115-130 kOa 
(FERRELL and MARTIN 1989; GUAN et al. 1991; HAMAWY et al. 1993; HUANG et al. 1993; 
HYNES 1992; KORNBERG et al. 1991; NOJIMA et al. 1992; SCHALLER et al. 1992). One 
of these Tyr-phosphorylated proteins is a protein Tyr kinase (pp 125FAK) which has 
been shown to localize to cellular focal adhesion areas in chicken embryo cells 
(SCHALLER et al. 1992). With the evidence that signaling through integrins is critical 
to cell growth and survival (FRISCH and FRANCIS 1994; MEREDITH et al. 1993; 
MORTARINI et al. 1992; SUGAHARA et al. 1994), studies of signaling through VLA-4 
may provide important insights into the interactions of normal and neoplastic B 
cells with ligands present in their microenvironment (JULIANO and VARNER 1993; 
SCHWARTZ 1993). 

A critical step towards understanding the role of VLA-4-mediated adhesion in 
B cell function would be to examine B cell stimulation through VLA-4. We have 
examined the effect of ligation of VLA-4 on protein Tyr phosphorylation (FREEDMAN 
et al. 1993; Manie et aI., unpublished). Ligation of VLA-4 on normal B cells and B 
cell lines (Nalm-6, SB) by cross-linking with mAb or natural ligands induces Tyr 
phosphorylation of proteins of 110-130kOa, as determined by anti-phospho
tyrosine immunoblotting (Fig 1). The 11 O-kOa protein pp 110 is the major species 
observed which undergoes increased Tyr phosphorylation. The increased Tyr 
phosphorylation of this protein was also seen in an EBV-transformed B cell line 
(SB) and normal tonsillar B cells. An increase in Tyr phosphorylation of pp 110 
was seen 1 min after cross-linking of VLA-4, was maximal after 5-10 min, and 
persisted at 60 min. pp11 0 protein was not the ~l-chain of VLA-4, as shown by 
immunoprecipitation studies. In an attempt to identify the nature of pp11 0 we 
have determined by western blotting and/or immunoprecipitation that it is not 
vinculin (120 kOa), a-actinin (100 kOa), phosphatidylinositol (PI)-3 kinase (11 O-kOa 
subunit), AFAP-11 0 (actin filament-associated protein, pp60src substrate), p120GAP, 

JAK - 3 (110 kOa), or the focal adhesion-associated Tyr kinase pp125FAK• 

We identified one of the 120- to 130-kOa proteins as pp125FAK, as detected by 
immunoprecipitation following by western blot using anti-pp125FAK mAb. The 
increased phosphorylation of pp125FAK in vivo has been correlated with an 
increase in its kinase activity in vitro (GUAN and SHALLOWAY 1992). Furthermore, we 
have observed that pp125FAK isolated from VLA-4-activated Nalm 6 cells 
demonstrate augmented Tyr phosphorylation in in vitro immune complex kinase 
assays (Fig. 2). This is likely to be due to the autophosphorylation kinase activity of 
pp125FAK (HILDEBRAND et al. 1993). Thus pp125FAK is different from pp11 0 and, in 
Nalm-6, pp125FAK is one of the Tyr kinases whose phosphorylation is stimulated 
by VLA-4 ligation. 

Several lines of evidence suggest that integrin-stimulated Tyr kinases are 
associated with the integrin-induced organization of the cytoskeleton. One of the 
most relevant observation is that cytochalasin 0 pretreatment, which prevents 
elongation of newly formed F-actin and disrupts actin filament organization, can 
block integrin stimulation of the Tyr phosphorylation of pp125FAK and other 
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Fig. 1. ~, Integrin ligation induces Tyr phosphorylation of multiple protein subtrates. Nalm-6 cells were 
preincubated for 1 h at 37°C with media alone (a). 111M nocodazole (b). or 111M cytochalasin D (c). Cells 
were then incubated for 20 min at 4°C with media alone (a-c) or anti-~,-integrin monoclonal antibody 
(mAb) (a'-b'). followed by a 15-min stimulation at 37°C in the presence of rabbit anti-mouse antibodies 
(RAM). NP-40 cell Iysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). transferred to nitrocellulose. and probed with anti-phosphotyrosine mAb (4G10) which 
was detected by the ECl system (Amersham, USA) 

PP125 FAK 

a b c 

Fig. 2. ~,-Integrin ligation stimulates Tyr phosphorylation of 
pp 125FAK in in vitro immune complex kinase assays. NP-40 
Iysates from unstimulated Nalm-6 cells (a) and Nalm-6 cells 
stimulated by ligation of ~,-integrin (b) or ligation of CD19 (c) 
were prepared. Cells Iysates were then immunoprecipitated 
with anti-pp 125FAK monoclonal antibody (mAb) (1 F7). In vitro 
kinase assays using ly"Pl ATP (adenosine triphosphate) were 
performed on immune complexes and subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE). After alkali treatment, the gel was dried and auto
radiographed 

proteins (HUANG et al. 1993). We examined Tyr phosphorylation of pp11 0 and 
pp125FAK in Nalm-6 cells treated with cytochalasin D prior to VLA-4 cross-linking. 
The enhanced Tyr phosphorylation of both pp125FAK and pp110 following ~,
integrin cross-linking (Fig.1, lane a') is completely inhibited by pretreatment of 
cells with cytochalasin D (Fig.1, lane c'). In contrast, pretreatment of cells with 
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nocodazole (which depolymerizes the microtubule network) is only partially 
effective in inhibiting VLA-4-induced Tyr phosphorylation (Fig.l, lane b'). These 
results suggest that folowing VLA-4 cross-linking on B cells, the reorganization of 
the cytoskeleton appears to function as a foundation for the building of a signaling 
transduction complex. Moreover, pp125FAK and ppll0 are components of a 
common signal transduction pathway which is dependent on the integrity of the 
action cytoskeleton. 
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1 Introduction 

Follicular dendritic cells (FDC) are accessory cells found in association with B 
lymphocytes in the follicles of stimulated secondary lymphoid tissues. Accessory 
cells are known to collaborate with lymphocytes and enable them to carry out 
their essential functions. FDC present antigen (Ag) to B cells and facilitate B cell 
functions; they may be thought of as B cell-associated accessory cells. In 
contrast, other dendritic cells, including Langerhans cells, interdigitating cells, and 
veiled cells, interact primarily with T lymphocytes. These dendritic accessory 
cells, collectively referred to as dendritic cells (DC) in vitro, present antigen to T 
cells and may be thought of as T cell-associated accessory cells (TEW et al. 1992a). 
Data supporting the accessory activities of most accessory cells, such as DC and 
macrophages, have been collected using in vitro experimentation. In contrast, 
most of the data available on FDC has been collected using in vivo models. We 
have reviewed these in vivo data on murine FDC in a number of recent articles. 

'Department of Microbiology/Immunology, Medical College of Virginia, Virginia Commonwealth 
University, P.O. Box 980709, Richmond, VA 23298, USA 
'Anatomy Division of Immunobiology, Medical College of Virginia, Virginia Commonwealth University, 
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The major topics and references to these reviews are listed in Table 1. Primary 
data relevant to items C and E in Table 1 was recently published in a report by 
KAPASI et al. (1993) describing cellular requirements for reconstitution of FOC in 
severe combined immunodeficient (SCIO) mice. Similarly, a recent data set 
relevant to item G is provided in a report by MASUDA et al. (1994) describing FOC 
function in murine acquired immunodeficiency syndrome (MAIDS). In view of 
these recent articles, we will concentrate on the recent in vitro data; we recom
mend the articles in Table 1 to the reader interested in the in vivo data. 

The Ag retained on FOC is believed to interact with and stimulate B cells 
through specific immunoglobulin (lg) receptors and thereby function in the 
induction and maintenance of humoral immune responses. In addition to specific 
Ag, FOC have other associated molecules which appear to be either costimu
latory or are apparently capable of delivering activation signals-to B cells directly 
(BURTON et al. 1993; Kosco-VILBols et al. 1993). Methods for working with FOC and 
the FOC-derived immune complex-coated bodies (iccosomes) in vitro have been 
developed relatively recently (HUMPHREY and GRENNAN 1982; LILET-LECLERCQ et al. 
1984; SCHNIZLEIN et al. 1985), including very recent modifications (Kosco et al. 
1992; BURTON et al. 1993). Some of this in vitro data is new, and numerous 
unpublished observations will be cited. The fact that these data are new and in 
some cases preliminary should be borne in mind by the reader. 

Compared with other accessory cells, the data available on FOC functions are 
limited. Inour judgement this is not because FOC are not important; rather, we 
attribute this lack of information to the fact that FOC are rare, fragile, and 
challenging to work with in vitro. However, we believe the data reviewed here 
support the hypothesis that FOC are critical for B lymphocytes to function fully 

Table 1. Topics covered in recent reviews with emphasis on mirune Follicular Dendritic Cells (FDC) 

Major topics reviewed 

A. Cardinal features which distinguish FDC 
from all other cells 

B. FDC ultrastructure and iccosome formation 

C. "The alternative Ag pathway": Ag transport to FDC, 
iccosome formation, endocytosis, and 
processing of Ag by B cells 

D. FOC involved in production of Ab and B 
memory cells: first Ab-forming cells and 
then B memory cells are produced 

E. FDC accessory activities and germinal center formation 
F. Potential of Ag targeted to FDC as a vaccine strategy 

G. Effects of murine retroviruses on FDC and FDC function 
H. Methodology for isolating and working with FDC in vitro 
I. Origin of FOC 

Ag, antigen; Ab antibody 

Review references 

TEwetal. (1990,1991, 
1992a) 

SZAKAL et al. (1989) 
TEW et al. (1989) 

TEwetal. (1989m 1990,1991) 
SZAKAL et al. (1992) 
SZAKAL TEW et al. (1992) 

TEW et al. (1992b) 
BURTON et al. (1994) 

TEW et al. (1990) 
SZAKAL et al. (1991 a) 

BURTON et al. (1994) 
SZAKAL et al. (1991b, 1992) 
TEW et al. (1994) 
SZAKAL et al. (this volume) 
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and appropriately. In short, we submit that an appreciation of the role of FDC in B 
cell functions is important to a full understanding of humoral immunity. 

2 Accessory Activities of Follicular Dendritic Cells 
In Vitro 

The accessory activities of FDC in vitro are listed in Table 2. Parts A and B describe 
the effects of FDC on B cells given a primary signal by mitogens. In this situation 
the B cells cluster around the FDC, and the FDC provide a costimulatory signal or 
signals which amplify the primary signal from the mitogen. The-TDC alone are 
inactive or only poorly active in driving proliferation or eliciting antibody production 
by themselves. Parts C and D of Table 2 represent the effect of Ag-bearing FDC 
on proliferation and antibody (Ab) production by Ag-specific memory Band T cells. 
It should be appreciated that the primary signal in models A and B is delivered by 
a polyclonal activator, the system involves large numbers of B cells, and is 
comparatively simple. In contrast, in C and D the FDC provide both the primary 
signal (via specific Ag) and the costimulatory signal(s). In the C and D models only 

Table 2. Accessory activities of follicular dentritic cells (FOC) in vitro 

Accessory activity 

A. FOC increase mitogen-induced B cell 
proliferation-FOC are active but 
iccosomes are not 

B. FOC increase IgG production stimulated 
by B cell mitogens for up to 4 weeks 

C. Ag-bearing FOC stimulate Ag-specific B 
cells to proliferate (in vitro germinal 
centers) 

O. Ag-bearing FOC elicit specific IgG and IgE 
production; the specific IgG is produced 
for at least 2 months 

E. Iccosomes bearing the appropriate Ag are 
potent stimulators of specific IgG production 

F. FOC stimulate B cells to become responsive 
to chemotactic agents 

Experimental approach 

FOC or iccosomes were cultured with B cells 
stimulated with LPS or anti-Il plus IL-4 and [3Hl 
thymidine uptake monitored 

FOC cultured with B cells plus LPS; Ab measured 
in cell culture supernatant fluid 

Ag-bearing FOC were added to Ag-specific 
memory Band T cells and [3Hlthymidine uptake 
was monitored. 

Ag-bearing FOC were added to Ag-specific 
memory Band T cells and specific Ab in the 
supernatant fluid was monitored 

Iccosomes added to memory Band T cells; 
iccosomes prepared by sonicating FOC or by 
shaking FOC over a filter with a larger pore size 
and specific Ab in the supernatant fluid monitored 

FOC were cultured with resting B cells; 
the ability of B cells to chemotax after culture was 
assessed using Boyden chambers 

Ig, immunoglobulin; Ag. antigen; LPS. lipopolysaccharide; IL. interleukin; Ab. antibody 
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the Ag-specific Band T cells are going to be stimulated by specific antigen and 
repond. This is a more complicated system, but it reflects what is going on in vivo 
during an immune response. Parts E and F of Table 2 describe the ability of 
iccosomes to induce specific Ab and the ability of FOe to promote B cell 
chemotaxis. Each of these topics (A-F) will be covered in sequence in this review 
and the pertinent results discussed. 

2.1 Follicular Dendritic Cells Increase 
Mitogen-Induced B Cell Proliferation
Iccosomes Are Not Active 

Germinal centers are found in secondary lymphoid tissues and-are characterized 
by foci of rapidly proliferating B cells surrounding Ag-bearing FOC. The germinal 
center reaction appears to be dependent of FOC and C04+ T cells (TEW et al. 1990, 
1993). In preliminary work, it appeared that FOC were able to provide Ag
independent signaling needed for optimal proliferation of B lymphocytes 
(SCHINZLEIN et al. 1984). We reasoned that lymphocytes would cluster around FOC 
and form a germinal center-like cluster in vitro if high-density resting B cells were 
activated by mitogens and cultured with FOC. This simple system facilitated 
study of the signals provided by FOC. In these studies lipopolysaccharide (LPS)
or anti-Ig-stimulated syngeneic or allogeneic B cells were cultured with FOC. The 
B cells clustered around the FOC and a two- to threefold increase in the level of 
proliferation was obtained (BURTON et al. 1993). This costimulatory signal was 
dose dependent and could be ablated by removing the FOC. Interestingly, not 
only was proliferation increased but lymphocyte viability also appeared to be 
improved. 

Recently we examined the effect of FOC on T cells, since these cells are also 
found in the germinal center microenvironment. We reasoned that although Ag 
retained on FOC are in large part unprocessed, FOC do possess Major histo
compatibility complex (MHC) class II (Kosco et al. 1986) and might present Ag to 
T cerls. We further reasoned that since germinal center B cells are potent antigen
presenting cells (APC) to T cells (Kosco et al. 1992), the FOC might provide 
accessory signaling to T cells activated via Ag presentation by germinal center B 
cells. When murine T cells were activated with concanavalin A and cocultured 
with FOC, costimulation was readily detected as evidenced by increased T cell 
proliferation. When FOC were removed, the increased proliferation was ablated 
(G.F. BURTON and O. GIN, unpublished). Interestingly, FOC costimulation of T cells 
was not species restricted, since human FOC could costimulate mitogen
activated murine T cells and murine FOC could costimulate mitogen-activated 
human T cells (G.F. BURTON and O. GIN, unpublished). These results may be 
important to human immunodeficiency virus (HIV) pathogenesis since early after 
infection, virus becomes localized on FOC in lymphoid follicles (ARMSTRONG and 
HORNE 1984; TENNER-RACZ et al. 1991; PANTALEO et al. 1993). Presumably C04+ T 
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cells coming in contact with activation signals in the germinal center would be 
further stimulated by FDC signaling. In addition, the FDC would provide not only 
a source of costimulatory signals, but also represent a source of HIV for infection 
of the T cells under ideal circumstances (i.e., a high degree of activation). 

The costimulatory signaling mediated by FDC appears complex. Supernatant 
fluid derived from cultures of FDC show variable effects on B cell proliferation. If 
the B cells are activated using anti-Ig and interleukin (ll)-4, augmentation of 
proliferation has been observed using the supernatants. In contrast. if the B cells 
are activated by LPS, no such increase is observed (BURTON et al. 1993). The 
costimulatory activity for the anti-Ig and IL-4 system could be recovered from 
supernatant fluids harvested every other day for 2 weeks. However, if the FDC 
were fixed with 1.5% glutaraldehyde, no costimulatory activity could be found in 
the supernatant fluid and the fixed FDC per se could not provide costimulatory 
activity (D. GIN et al. unpublished). These data imply that costimulatory activity in 
the supernatant requires normal functioning of FDC and can be produced 
continuously for at least 2 weeks. 

We know that immune complex-coated bodies (iccosomes) can be formed 
and released by FDC after antigen stimulation. Iccosomes have close contact 
with adjacent lymphocytes in vivo, and released iccosomes may be engulfed 
by adjacent lymphocytes (SZAKAL et al. 1988, 1989). This intimate relationship 
between iccosomes and lymphocytes led to the hypothesis that the iccosomes 
might have costimulatory activity and might be responsible for the costimulatory 
activity in supernatant fluids. To test this hypothesis, iccosome preparations were 
prepared in two ways. First, FDC were sonicated to release iccosomes and make 
iccosome like fragments. The iccosomes were subjected to ultracentrifugation 
(100 000 9 for 2 h) and the pellet was resuspended and used as the iccosome 
preparation. Second, enriched FDC preparations were put onto a transwell with 
3.0-f..lm pore size and shaken at 4°C for 3 days. This period of shaking allowed the 
iccosomes to separate from the FDC and to fall through pores in the transwell 
membrane into the lower chamber. Then the iccosome containing fluid was 
collected from the lower chamber of the transwell and ultracetrifuged. The pellet 
was resuspended and used as second source of iccosomes (J. Wu et aI., 
unpublished). We feel these iccosomes are more physiologically relevant than 
those created by sonication because the sonication kills the cells and releases all 
cellular constituents. Our two iccosome preparations were put into different B 
cell cultures, together with anti-f..land IL-4, and B cell proliferation was monitored. 
The results showed that neither sonicated FDC nor the iccosomes prepared from 
the transwells provided costimulatory activity. In fact. both iccosome prepa
rations tended to inhibit B cell proliferation in the anti-f..l and IL -4 culture system (D. 
GIN et aI., unpublished). 

The costimulatory activity found in the supernatant fluid after culture of FDC 
was also further investigated using the anti-Ig and IL-4 system. We reasoned that 
if the costimulatory activity in the supernatant were attributable to iccosomes, 
then the activity should be removed by ultracentrifugation (100 000 9 for 2 h). 
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However, the activity was in the supernatant fluid and not in the pellet (containing 
the iccosomes) after ultracentrifugation (0. OIN et aI., unpublished). This implies 
that costimulatory activity comes from soluble molecules and not iccosomes. 
However, when an active supernatant fluid was filtered through a membrane with 
a 1 O-kOa cutoff (Centricon 10)' the costimulatory activity did not pass (0. OIN et aI., 
unpublished). This indicates that the molecular mass of the costimulator found in 
the supernatant fluid is greater than 10 kOa, but it is clearly not the complex 
iccosomes. 

2.2 Follicular Dendritic Cells Increase 
Immunoglobulin G Production 
Stimulated by B Cell Mitogens for up to 4 Weeks 

Since FOC can increase B cell proliferation, we reasoned that FOC might also 
enhance antibody production. To begin testing this hypothesis, FOC were 
cultured with mitogen (LPS-Salmonella typhit)-stimulated lymphocytes. These 
cultures were followed for up to 2 months and IgG production was measured in 
the supernatant fluid taken from the cultures at various times. After 10 days of 
culture, wells with lymphocytes, mitogen and FOC demonstrated higher levels of 
IgG production (two- to ninefold increases) compared to control wells lacking the 
FOC (E. HAHN, unpublished). Furthermore, we were able to detect significant IgG 
production (>100 ng/ml) between days 17 and 24 in culture. Similarly, some 
cultures containing FOC continued to produce detectable antibody through a 1-
month culture period (over 70 ng IgG/ml produced between days 24 and day 30; 
(E. HAHN, unpublished). In contrast, the amount of IgG in the control wells 
(lymphocytes only, lymphocytes and mitogen, FOC and mitogen) were very low 
to undetectable after 24 days of culture and the cells were virtually all dead 
(E. HAHN, unpublished). These data are consistent with the hypothesis that FOC 
enhance the initial burst of antibody production (measured at day 10). Further
more, it appears that FOC may also play an important role in allowing the 
Iymphocytes/AFC to survive and maintain antibody production in the long term. 

2.3 Antigen-Bearing Follicular Dendritic Cells Stimulate 
Antigen-Specific B Cells to Proliferate 

FOC are believed to provide important signals for the generation and 
development of germinal centers (TEW et al. 1993). Germinal center formation 
leads to the production of B memory cells (TSIAGBE et al. 1992) and in secondary 
responses it leads to the production of Ab-forming cells (AFC) (TEw et al. 1992b). 
By use of FOC in vitro, it has been possible to reconstruct germinal centers 
in vitro. A requirement for FOC in germinal center development comes from 
studies of germinal center reactions in vitro. Using the basic technique developed 
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by our laboratory to isolate FOC (SCHNIZLEIN et al. 1985), a mixed population 
containing 85%-90% B cells, 3%-10% FOC, and 1 %-5% T cells is obtained. 
This combination of cells forms small clusters of 20-50 lymphocytes per FOC 
within hours of culturing at 3JOC. Adding [3HI-thymidine at various intervals 
demonstrated that cells continue to proliferate for at least 5 days. Immuno
cytochemistry in conjunction with autoradiography revealed that the majority of 
cells undergoing proliferation were of the germinal center B cell phenotype 
(Kosco et al. 1992). The necessity of FOC and T cells was assessed by depleting 
these populations from the isolated cells using magnetic beads coated with FOC
specific or T cell-specific monoclonal antibodies (Kosco et al. 1992). When FOC 
were depleted, cell cluster formation was minimal and incorporation of (lHI_ 
thymidine was dramatically reduced. Removal of T cells similarly resulted in the 
formation of smaller clusters and markedly decreased proliferation (Kosco et al. 
1992). The lymphocytes tend to cluster around the Ag-bearing FOC, and the B 
cells in the clusters proliferate (Kosco et al. 1992). Augmented B cell proliferation 
may also be observed with human FOC (HEINEN et al. 1988; PETRASCH et al. 1991, 
1992). However, there is a report of human FOC inhibiting B cell proliferation 
(FREEDMAN et al. 1992), suggesting that the FOC are capable of delivering multiple 
signals. Using an Ag-specific system, Kosco-VILBols et al. (1993) found that murine 
FOC provided a primary signal to specific B lymphocytes which resulted in 
upregulation of their MHC class II and B7 molecules as well as Ag-presenting 
capability. This ability of FOC to regulate B cell proliferation and upregulate B cell 
molecules could be critical to the development of germinal centers in vivo. 

2.4 Antigen-Bearing Follicular Dendritic Cells Elicit 
Specific Immunoglobulin G and E Production 

Within a few days after secondary immunization, a population of AFC have been 
observed in developing germinal centers in vivo (SZAKAL et al. 1989; Kosco et al. 
1989). These cells leave the germinal center and large numbers of them migrate 
to the bone marrow, where the vast majority of Ab in secondary responses is 
produced (BENNER et al. 1981; TEW et al. 1992b). Furthermore, there is consider
able evidence that the Ag retained on the FOC plays a major role in the long-term 
maintenance of serum antibody levels (TEW et al. 1990). In view of these results, 
it seems reasonable that the Ag on FOC should be able to induce IgG production. 
Experimental support for the involvement of FOC and persisting Ag in the 
maintenance of the immune response includes the "spontaneous induction" of 
IgG, which is defined as Ab production in the absence of added exogenous Ag. 
This spontaneous specific Ab production occurs when secondary lymphoid 
tissues or cells are moved from an Ab-rich environment (in vivo) into an Ab-poor 
environment (in vitro). In immune rabbits, such spontaneous IgG responses were 
elicited in cell cultures from draining lymph nodes (GREENE et al. 1975; TEW et al. 
1973). In rabbits, IgG spontaneous responses were obtained in vitro as late as 18 
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months after immunization (STECHER and THORBECKE 1967), and spleen cells of 
mice immunized 7 months earlier spontaneously began producing IgG upon 
adoptive transfer into normal irradiated recipients (MiTCHISON 1969). Furthermore, 
these spontaneous IgG responses were localized to cultures prepared from 
draining lymph nodes (which include FOe with persisting specific Ag). When cells 
from draining lymph nodes are transferred into irradiated recipients (low circu
lating specific Ab levels), specific IgG is induced without administration of 
exogenous Ag (TEwand MANDEL 1978; PHIPPS et al. 1980). However, cells trans
ferred from nondraining lymph nodes (contralateral to the site of immunization 
with no specific Ag) induced little, if any, specific IgG in the absence of added Ag 
(TEW and MANDEL 1978). 

In vitro, fragments of murine lymph nodes containing Ag-bearing FOe 
spontaneously produced specific IgG, confirming the adoptive transfer studies 
(TEwand MANDEL 1978). Feedback inhibition was demonstrated in vitro through 
the addition of specific Ab to the culture (TEW et al. 1976). From these and other 
studies, it appears that Ag-bearing FOe are critical to the maintenance phase of 
IgG (TEwetaI.1980, 1990). 

Given data implicating FOe in the long-term maintenance of serum IgG 
(reviewed above), we reasoned that FOe may playa role in the maintenance and 
regulation of IgE. To test this, mice were immunized with low doses (5-1 0 ~g) of 
Ag with alum to enhance IgE responses (VAZ and LEVINE 1970). The following 
results from a number of experiments were obtained. First, like IgG (TEW and 
MANDEL 1978), specific IgE was spontaneously induced (in the absence of 
exogenously added Ag) in lymph node fragment cultures derived from 
immunized animals (HELM et al. 1994). Secondly, like IgG (GREENE et al. 1975; TEW 
and MANDEL 1978)' a spontaneous specific IgE response was elicited in vitro using 
cells from the draining lymph nodes (ipsilateral to the site of immunization) of 
immunized animals, but not from the nondraining lymph nodes (contralateral to 
the site of immunization) of these animals (HELM et al. 1994). Third, like IgG 
(STAVITSKY et al. 1974), the specific IgE response elicited by Ag-bearing FOe 
required specific Band T memory cells (HELM et al. 1994). In these experiments, 
enriched preparations of Ag-specific FOe were combined with appropriate, 
inappropriate, or nonimmune Band T memory cells and cultured. Only cultures in 
which appropriately matched FOe and Band T memory cells were combined was 
specific IgE produced. Fourth, the specific IgE response was dependent upon 
FOe bearing Ag (HELM et al. 1994). FOe were deleted from preparations through 
use of an FOe-specific monoclonal Ab (mAb) bound to magnetic beads which, 
when cultured with FOe preparations, eliminated Ag-bearing FOe from the 
preparations. Using these preparations and appropriate Band T memory cells, the 
specific IgE (as well as IgG) response was ablated (HELM et al. 1994). Finally, 
although no real attempt was undertaken to determine the length of time a 
spontaneous IgE response persisted, like IgG (TEW et al. 1980), spontaneous IgE 
persisted for months after the final Ag challenge (up to 5 months; HELM et al. 
1994). Interestingly, like the mitogen system discussed in Sect. 2.2 above, the B 
and T memory cells cluster around the FOe and Ab production can be detected for 
at least 2 months (D. GIN, unpublished). In short, the results discussed here 
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support the concept that the FOC are important accessory cells involved in 
maintaining serum IgG and IgE. 

2.5 Iccosomes Bearing the Appropriate Antigen Are Potent 
Stimulators of Specific Immunoglobulin G Production 

We know that iccosomes can be formed and released by FOC after Ag stimu
lation. Furthermore, iccosomes have close contact with adjacent lymphocytes 
in vivo, and released iccosomes may be engulfed by adjacent lymphocytes 
(SZAKAL et al. 1989). We reasoned that the iccosomes might be involved in the 
elicitation of specific Ab production in vivo. To test this hypothesis, iccosomes 
were prepared in two ways, as described in Sect. 2.1 above. Our two iccosome 
preparations were cultured with memory T and B cells from the spleens of 
ovalbumin (OVA)-immunized BALB/c mice. The culture supernatants were moni
tored at 6 and 12 days for anti-OVA IgG production using a modified enzyme
linked immunosorbent assay (ELISA). When memory T and B cells were cultured 
alone, only a low background level of anti-OVA IgG was recovered in their 
supernatant. In contrast, when either iccosome preparation was added to the 
culture system anti-OVA IgG production was markedly higher (J. Wu et aI., 
unpublished). Interestingly, iccosomal Ag was much more potent that the 
same amount of free Ag (OVA) or preformed immune complex (OVA-anti-OVA). 
Other controls included iccosomes bearing irrelevant Ag which failed to induce 
IgG-anti-OVA production and placing FOC on a transwell with a O.l-l1m pore size 
which would not allow iccosomes to come through (J. Wu et aI., unpublished). 
These results provide support for the hypothesis that iccosomes may play an 
important role in stimulating B cells to produce specific Ab. However, it appears 
that their function is more than simply providing Ag, since free Ag or Ag-Ab 
immune complexes failed to produce comparable responses. 

2.6 Follicular Dendritic Cells Stimulate B Cells 
to Become Responsive to Chemotactic Agents 

The bulk of Ab production in mammals occurs in the bone marrow, yet Ag 
stimulation of B cells occurs in secondary lymphoid tissues (BENNER et al. 1981; 
TEW et al. 1992b). We believe that during the early phase of the germinal center 
reaction (days 1-5 after administering Ag), germinal center B cells receive the 
signaling needed to develop into AFC and then migrate from the germinal center 
through the lymph and blood to the bone marrow, where they terminally 
differentiate and secrete specific Ab (BENNER et al. 1981; TEW et al. 1992b). We 
further reasoned that if the germinal center-derived AFC were chemotactically 
active, it would aid in migration from the blood vasculature in the bone marrow 
into the bone marrow proper. As These AFC travel through the vasculature, they 
may be able to recognize adhesion molecules/molecular addressins present on 
endothelium and adhere to these sites (TAVASSOLI and HARDY 1990; Kupp et al. 
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1991). Once bound to the addressins, they could respond to chemotactic signals 
present in the microenvironment and travel up this gradient into the bone marrow 
to perform their effector function (i.e., Ab secretion). We have made a number of 
observations which support this model: 

1. Ouring the early phase of the germinal center reaction, AFC with the charac
teristics of germinal center 8 cells (e.g., blasting phenotype, PNAHi, 8220+) can 
be observed in apparent migration from germinal centers. 

2. Germinal center 8 cells capable of spontaneous Ab secretion can be found in 
the peripheral blood and lymph 3 days after Ag challenge but not at later times. 
Furthermore, these cells secrete Ab specific for Ag retained on FOC in draining 
lymph nodes (OILoSA et al. 1991; TEW et al. 1992b). 

3. Adoptive transfer of germinal center 8 cells isolated 3 days after Ag challenge 
(but not at 10 days) results in homing to the bone marrow (TEW et al. 1992b). 

4. Germinal center 8 cells isolated from draining lymph nodes during the early 
phase of the germinal center reaction are chemotactically active and will 
chemotax toward factors produced in bone marrow cultures (Kupp et al. 1991; 
TEW et al. 1992b). 

Since the signaling required for generation of AFC appeared to be occurring 
in germinal centers, we reasoned that FOC might provide signals to help germinal 
center 8 cells to become chemotactically active. To test this, FOC were 
cocultured with non-migrating, high-density 8 cells in the presence or absence of 
activation signals (anti-Ig and IL-4). Following culture, the 8 cells were examined 
for their ability to respond to chemotactic signals. After 3 days of coculture with 
FOC, 8 cells demonstrated both chemotaxis and chemokinesis. This response 
did not require preactivation by anti-Ig and/or IL-4, nor could it be augmented by 
any combination of these agents. Induction of 8 cell chemotaxis occurred within 
6 h of culture with FOC and reached a peak after 2 days. Removal of FOC ablated 
the inductive event, confirming that FOC were responsible. Furthermore, the 
FOC could not induce 8 cell chemotactic ability through a transwell, indicating 
that FOC-8 cell contact is probably required. FOC from athymic (nude) or 
euthymic mice induced equivalent responses, indicating that functional T cells 
were not required (G. 8URTON, unpublished). These findings support the concept 
that FOC-mediated signals to 8 cells not only activate these cells and increase 
their proliferative potential, but also help facilitate dissemination of these cells to 
sites where full effector function can be developed. 
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1 Introduction 

Follicular dendritic cells (FOC) represent a unique cell type (NOSSAL et al. 1968; 
SZAKAL and HANNA 1968) within the B cell follicles of the secondary lymphoid 
tissues. Ouring T cell-dependent humoral immune responses, B cells undergo 
proliferation, somatic mutation, isotype switching, positive selection, and differ
entiation into memory B cells and plasma cells within the FOC networks (BEREK 
1992; Kosco and GRAY 1992; KROESE et al. 1987; Llu et al. 1992; MACLENNAN 1994; 
NOSSAL 1992). The close physical contact between FOC and B cells that occurs 
when B cells undergo dramatic phenotypic and genetic changes suggests that 
FOC may be directly involved in all these events. Based on the histological 
observations depicted in Fig. 1, follicular B cell response can be divided into three 
distinct stages, in which different B cell events occur: 

1. Exponential growth of germinal center precursor cells within the primary 
follicles. Germinal center reaction is initiated by the rapid proliferation of about 

Schering-Plough, Laboratory for Immunological Research, 27 chemin des Peupliers, B.P. 11, 69571 
Dardilly Cedex, France 
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three precursor cells (KROESE et al. 1987; LIU et al. 1991; JACOB and KELSOE 1992), 
giving rise to a germinal center containing about 1.4 x 104 cells after 4 days of 
immunization (Llu et al. 1991). 

2. A fully developed germinal center has a dark zone and a light zone. Centroblasts 
in the dark zone proliferate and mutate (BEREK et al. 1991; JACOB et al. 1991; 
KOPPERS et al. 1993; McHEYZER-WILLIAMS et al. 1993). They give rise to non
proliferating centrocytes in the light zone. The high-affinity centrocytes are 
positively selected (WEISS et al. 1992) by antigens deposited on FDC and 
differentiates to either memory B cells (McHEVZER-WILLIAMS et al. 199.1; SCHIITEK 
and RAJEWSKY 1992; WEISS and RAJEWSKY 1990) or plasma cells (Kosco et al. 
1989). The low-affinity centrocytes which have failed to be selected die by 
apoptosis (Llu et al. 1989). 

3. After 3-4 weeks of immunization, fully developed germinal centers are re
placed by small follicular foci which consist of a few antigen-specific B blasts 
associated with immune complex networks (Llu et al. 1991). These foci may 
represent the chronic stimulation of memory B cells, which are fundamental for 
the maintainance of serum immunoglobulin (Ig) level (TEW et al. 1980) and long
lived memory B cell clones (GRAY and SKARVALL 1988). 

Evidence also suggests that FDC increase in cell number (SZAKAL et al. 1985) 
and change their phenotype during germinal center reaction. When a follicular 
reaction develops into a full germinal center, two subsets of FDC can be 
identified: CD23+ FDC in the apical light zone of germinal center and CD23- FDC 
in the basal light zone and apical dark zone of the germinal center (HARDIE et al. 
1993). Later, when germinal center reaction decreases in size and is replaced by 
chronic foci of a few proliferating B blasts, fewer FDC can be identified. In 
addition, antigen-specific CD4+ CD45RO+ CD40 ligand+ T cells (FULLER et al. 1993; 
LEDERMAN et al. 1992) and tingible body macrophages are also recruited into the 
germinal centers. 

Thus, the germinal center reaction represents a dynamic multicellular event. 
To understand the molecular mechanisms of germinal center reaction, we have 
followed two major approaches: 

Fig. 1. Three distinct stages of follicular B cell activation (Llu et al. 1991). Induction phase: germinal 
center precursor cells were generated in the T cell (I ) and interdigitating cell zones during the activation 
of immunoglobulin (lg)D+ CD 3a- naive B cells (B). About three precursor cells colonize a follicle and 
undergo exponential growth within the follicular dendritic cell (FDC) network for about 3 days. These 
proliferating cells might have a IgD+ CD38+ phenotype in human tonsils. Selection and somatic mutation 
start at this stage (Y.-J. liu et aI., manuscript in preparation). Germinal center stage: fully developed 
germinal centers can be recognized at about 4 days after immunization in carrier-primed rats. 
Centroblasts (CB) in the dark zone of the germinal center continue to proliferate, mutate, and undergo 
selection. They give rise to nonproliferating centrocytes (CC), forming the light zone of the germinal 
centers. They undergo affinity selection based on their binding to antigens retained on FDC. Only high
affinity centrocytes survive, preferentially expand, and finally differentiated into memory B cells or 
plasma cells. Somatic mutation, isotype switching, and selection may operate simultaneously and 
continuously before high-affinity centrocytes leave the germinal centers. Chronic phase: germinal 
centers are replaced by chronic foci of antigen-specific B cell proliferation within the follicles. This may 
continue to give rise to memory B cells (M) and plasma cells (LZ, light zone; DZ,. dark zone) 
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1. Isolation of naive B cells, germinal center precursor cells, germinal center B 
cells, and memory B cells. These different B cell subsets may respond differently 
to signals from FOe. 

2. Study of the effect of T cell-derived soluble cytokines and membrane-bound 
molecules on FOC-dependent B cell activation . 

This paper represents a brief review on our progress. 

2 Anti-Immunoglobulin D and Anti-CD38 Double Staining 
Identifies Four Major Tonsillar B Cell Subsets 

On tonsil sections, anti-lgO stains naive B cells in the follicular mantle, while anti
C038 stains germinal center B cells and plasma cells (Fig. 1). When total tonsillar 
B cells were analyzed by anti-lgO-phycoerythrin(PE) and anti-C038- fluorescein 
isothiocyanate (FITC) double staining (Fig. 2). IgO+C03S- naive follicular mantle B 
cells and IgO- C038+ germinal center B cells were clearly identified. In addition, 
an IgO- C038- double negative subset and an IgO+ C03s+ double positive subset 
was identified. These two additional subsets of B cells may represent the 
memory B cell subset and germinal center precursor cell subset. respectively 
(Llu et aI., in press). 

r.::\~ 
~ 

FM GCP 

Germinal 
center 

i 
0 
S!' 

t 
......-- CD38 ~ 

GC Memory 

Fig. 2. Identification of immunoglobulin (/g) 0 ' C038- naive B cells, IgO' C038' germinal center (GC) 
precursor cells, and IgO- C038+ germinal center B cells, and IgO- C038- memory B cells. FM. follicular 
mantle; GCP, germinal center precursor 
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3 Immunoglobulin D- CD38- B Cells Are Memory B Cells 

The IgO- C038- B cell subset can be isolated from total tonsil B cells by negative 
magnetic beads depletion of IgO+ B cells and C038+ B cells. Detailed phenotypic 
fluorescence-activated cell sorter (FACS) analysis shows that IgO- C038- double 
negative B cells do not express the follicular mantle B cell markers IgO and C023 
or germinal center B cell markers C038, COlO, and con (Table 1). They express 
high levels of C039, C044, and surface IgG (Table 1). This phenotypic charac
teristic suggests that IgO- C038- B cells might be memory B cells rather than 
germinal center precursor cells, since most of these cells have undergone iscitype 
switching. Accordingly, these IgO- C038- cells have undergone somatic hyper
mutation in their IgV genes of both IgM and IgG transcripts, demonstrating their 
germinal center origin (PASCUAL et al. 1994); they are resting cells which express 
BcI-2 protein and are resistant to apoptosis in vitro, suggesting that they have 
been selected within germinal centers; in addition, they have the ability to 
produce specific antibody to tetanus toxoid after polyclonal stimulation. Finally, 
in situ double staining with anti-lgO+ anti-C038 (blue color) and anti-C020 (red 
color) showed that IgO- C038- C020+ memory B cells were located mainly within 
the intraepithelial areas of mucosal surface (Llu et aI., submitted). 

4 Immunoglobulin D+ CD38+ DoubJe Positive B Cells 
Are Germinal Center Precursor Cells 

Three-color FACS analysis allows us to characterize the detailed phenotype of the 
IgO+ C03s+ double-positive subset of B cells. They have all the features of 
germinal center centroblasts, except that they express surface IgO (Fig. 3): (a) 
they express germinal center markers COlO, C038, C071, and con; (b) they are 

Table 1. Phenotypic and genetic analysis of the four tonsillar B cell subsets 

FM GCP GC Memory 

CD23 30%+ 
CD39 + ? + 
CD44 + Low Low + 
CD10 + + 
CD71 + + 
C077 50%+ 40%+ 
IgM + + 10%+ 5%+ 
IgG + + 
BcI-2 + + 
fas + + 
Ki67 + + 
Somatic mutation 70%+ + + 

Ig, immunoglobulin; FM, follicular mantle; GCP, germinal center precursor; GC, germinal center. 



110 G. Grouard et al. 

cpm 

4000 

3000 

2000 

1000 

o 

• B 
o B+FDC 

Days 

3 5 

Fig 3. Kinetics of B cell proliferation cultured with and without follicular dendritic cells (FOC). A total of 
105 autologous B cells were cultured with 2000 FDC clusters (2000 rad irradiation) for 1, 3, and 5 days; 
1/1 Ci(3HI-thymidine was added 8 h before cell harvesting. The thymidine incorporation was expressed 
as counts per minute (cpm) ± S.D. of triplicated wells. The control thymidine incorporation by irradiated 
FDC was 298± 12 

cycling cells as determined by intracellular Ki-67 staining and Hoechst 33342 
staining; and (c) they do not express survival gene bcl-2, but express death gene 
fas. During in vitro culture, IgD+ CD38+ double-positive cells undergo rapid 
apoptosis, as do IgD- CD38+ germinal center B cells. Sequence analysis of their 
IgV genes shows that 50% of both IgM and IgD transcripts were mutated. By 
double anti-lgD and anti-CD38 staining on tonsil section, IgD+ CD38+ B cells were 
located mainly in the dark zone of germinal centers. The above experimental data 
indicate that IgD+ CD38+ double-positive B cell subsets may represent germinal 
center precursor cells which initiate germinal center reaction within the FDC 
network (Y.-J. Llu and S. LEBECQUE, manuscript in preparation). 

5 Human Follicular Dendritic Cells Can Enhance 
B Cell Proliferation 

FDC have been shown to have a stimulatory effect on B cells in both human and 
mouse systems by many groups (CORMANN et al. 1986; Kosco et al. 1992; BURTON 
et al. 1993; PETRASCH et al. 1991). In contrast, the experiments by FREEDMAN et al. 
(1992) demonstrated that FDC inhibit human B cell proliferation. Our recent data 
in human system shows that FDC clusters from human tonsils promote 
moderate and short-term autologous B cell proliferation (Fig. 3), which can be 
blocked completely by removing FDC by FDC-specific monoclonal antibody 7D6 
generated in the laboratory (Fig. 4c; G. GROUARD et aI., manuscript in preparation). 
The experiments by PETRASCH et al. (1991) showed that the proliferating B cells in 
FDC-dependent culture were always in close contact with FDC. Whether the 
stimulatory signal from FDC represent soluble factors or membrane molecules is 
presently unknown. The adhesion of B cells onto PDC was shown to be mediated 
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Fig. 4. iH: The effect of soluble cytokines on follicular dendritic cell (FOC)-dependent B celf proliferation. 
The control thymidine uptake by irradiated FOC with interleukin .(IL}-2 was 247±52. GM-CSF, 
granulocyte-macrophage colony-stimulating factor; TNF, tumor necrosis factor; IFN, int€rferon . b IL-2 
(10 units/mi) and IL-10 (1 OOng/mi) have an additive effect on FOC-dependent B cell proliferation. The 
control thymidine uptake by irradiated FOC with IL-2 and IL-TO is 224±40. c FOC-dependent B cell 
proliferation in the presence of IL-2 was completely abolished by depleting FOC with monoclonal 
antibody (mAb) 706 and anti-mouse immunoglobulin (Ig)-magnetic beads 



112 G. Grouard et al. 

by adhesion molecules very late antigen (VLA)-4, vascular cell adhesion molecule 
(VCAM)-l, lymphocyte function-associated antigen (LFA)-l, and intercellular adhe
sion molecule (lCAM)-l (FREEDMAN et al. 1990; KOOPMAN et al. 1991; Kosco 1991). 

6 Interleukin-2 Enhances Follicular Dendritic 
Cell-Dependent B Cell Proliferation 

Whether FOC provide unique proliferation signals for germinal center B cells or 
only provide survival signals for the proliferating cells is an important question to 
address. A recent study by LINDHOUT et al. (1993) provides direct evidence in vitro 
that FOC rescue germinal center B cells from apoptosis. The FOC-derived survival 
factors may include antigens (Llu et al. 1989), complement fragments (BONNEFOY 
et al. 1993)' and adhesion molecule ICAM-1 (KOOPMAN et al. 1994). To achieve 
significant FOC-dependent B cell proliferation, BURTON .et al. (1993) added T cell 
cytokine interleukin (ll)-4 plus anti-lgM or lipopolysaccharide (LPS) into the cell 
culture, and Cormann et al. added anti-lgO and phorbol myristate acetate (PMA) 
into the culture. The experiment by Kosco et al. (1992) showed that the spon
taneous B cell proliferation within the FOC clusters can be totally blocked by 
depleting T cells. Taken together, these experiments suggest that T cells may 
playa key role in FOC-dependent B cell proliferation. 

Accordingly, we have demonstrated the presence of T cells within the FOC 
clusters (G. GROUARD et aI., manuscript in preparation). We have screened a wide 
range of soluble cytokines on their effect on FOC-dependent B cell proliferation. 
Figure 4a shows that IL-2 is the only cytokine which gives consistently moderate 
enhancement of FOC-dependent B cell proliferation. IL-2 and IL-10 have some 
additive effects (Fig. 4b; G. GROUARD et aI., manuscript in preparation). However, 
the limited FOC-dependent B cell proliferation cultured with IL-2 or IL-2 plus IL-1 0 
suggests that additional signals are required to mimic the intense germinal B cell 
proliferation. 

7 CD40-CD40 Ligand Interaction Is Important 
for Germinal Center Reaction 

Anti-C040 antibody was initially recognized by its strong costimulatory effect for 
B cell proliferation with anti-lgM, phorbol ester (CLARK and LEDBETIER 1986; 
LEDBETIER et al. 1987; VALLE et al. 1989)' or IL-4 (GORDON et al. 1988). Interestingly, 
anti-C040 antibody G28.5 was found to deliver the strongest signal to prevent 
germinal center B cells from apoptosis (Llu et al. 1989). In 1991 BANCHEREAU 
et al. found that anti-C040 antibody presented by mouse L cells transfected with 
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human FcyRII/CD32 gene plus IL-4 could permit human B cell growth for 5 weeks 
with 1000-fold expansion in cell number. It was then suggested that this in vitro 
culture system might partially mimic germinal center reaction (BANCHEREAU and 
ROUSSET 1991). It was also suggested that the ligand for CD40 antigen might be 
within the germinal centers (CLARK 1990). Molecular cloning established that 
CD40 ligand is a member of the tumor necrosis factor (TNF) cytokine superfamily 
and is expressed on early-activated T cells. 

The direct evidence that CD40-CD40 ligand interaction is important for 
germinal center reaction has been provided very rapidly by several groups: 

1. In human tonsil sections, CD40 ligand is mainly expressed on germinal cehter 
T cells (LEDERMAN et al. 1992), thus providing direct in vivo evidence that 
CD40-CD40 ligand interaction does occur within the human germinal centers. 
CD40 ligand has also been detected in T cell zones when humoral immune 
responses are initiated (VAN DEN EERTWEGH et al. 1993) 

2. Hyper-lgM patients display mutations in CD40 ligand genes; their T cells cannot 
express functional CD40 ligand. The secondary lymphoid tissues of these 
patients lack germinal centers (ALLEN et al. 1993; ARUFFO et al. 1993; DISANTO 
et al. 1993; FULEIHAN et al. 1993; KORTHAUER et al. 1993). 

3. Hyper-lgM syndrome has been reproduced in mouse models by disrupting CD40 
genes (KAwABE et al. 1994) or by injecting anti-CD40 ligand antibodies to block 
CD40-CD40 ligand interaction in vivo during T cell-dependent immune responses 
(FoY et al. 1994). Germinal centers cannot be identified in these mice. 

8 CD40 Ligation Is Essential for Maximal Follicular 
Dendritic Cell-Dependent B Cell Proliferation In Vitro 

We have studied the direct effect of CD40 ligation on FDC-dependent B cell 
proliferation. Figure 5 shows that anti-CD40 antibody G28.5, in combination with 
IL-2, IL-3, IL-4, IL-10, and IL-13, significantly potentiates FDC-dependent B cell 
proliferation. Maximal proliferation was obtained with the combination of anti
CD40, IL-2, and IL-1 0 or anti-CD40, IL-4, and IL-1 O. Proliferation peaks at day 3 of 
culture (GROUARD et aI., manuscript in preparation). 

9 Conclusion and Future Prospects 

Anti-lgD and anti-CD38 double staining permits isolation of IgD+ CD38- naive B 
cells, IgD+ CD38+ germinal center precursor cells, IgD- CD38+ germinal center 
precursor cells in the dark zone of the germinal center are found to undergo 
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Fig. 5. Maximal follicular dendritic cell (FDC)-dependent B cell proliferation was observed when anti
CD40 plus interleukin (lL)-2 plus I L-1 0 and anti-CD40 plus I L -4 (50 units/ml) plus I L-1 0 were added to the 
culture. A total of 0.5 x 105 B cells were cultured with 2000 FDC; 1 I1g anti-CD40 antibody G28.5/ ml (a 
kind gift from Dr. E. Clark) was used in the culture. The thymidine uptake by irradiated FDC cultured with 
anti-CD40 plus IL-4 plus IL-10 was 703±376. GM-CSF, granulocyte-macrophage colony-stimulating 
factor; TNF, tumor necrosis factor; IFN, interferon 

proliferation, apoptosis, and somatic mutation. Thus the study of the interaction 
of this B cell population with follicular dendritic cells and T cells may provide 
important information regarding mechanisms of the induction of germinal center 
reaction. Large numbers of IgD- CD38- memory B cells are also isolated. We will 
therefore compare the reactivities of IgD+ CD38- naive B cells and IgD- CD38-
memory B cells with FDC in vitro. 

We have confirmed earlier reports that FDC could stimulate B cell prolifera
tion, but in a limited fashion. Further ligation.of CD40 antigen in combination with 
IL-2 and IL-l0 or IL-4 and IL-l0 is essential for maximal FDC-dependent 
B cell proliferation in vitro. Together with the data derived from hyper-lgM 
patients and CD40-knockout mice, this strongly suggests that cognate B 
cell-FDC-T cell interaction within the follicles is requied for germinal center 
reaction. Whether FDC can provide unique proliferation signals or only provide 
survival signals for the proliferating B cells is an open question that we are 
currently addressing. 
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1 Introduction 

Follicular dendritic cells (FOe) have been noted as one of unique immunological 
accessory cells. They are localized within lymphoid follicles as an intricate cellular 
meshwork that helps to maintain follicular structure. FOe also have the capability 
to trap and retain antigens in the form of immune complexes on their surface for long 
periods, providing unprocessed antigens to germinal center B cells in the form of 
iccosomes (immune complex-coated bodies), In this chapter, the morphological 
features and the cytochemical and immunological phenotypes of FOe are reviewed 
and discussed within the context of recent topics and controversial issues. 

2 Microscopic Features: 
Light and Ultrastructural Levels 

The anatomical localization, light microscopic morphology, ultrastructural fea
tures, and cytochemical properties of FOe are summarized in Table 1. FOe are 
characterized by their intricate, entangled, and arborizing cytoplasmic processes, 

Department of Pathology, Yamagata University School of Medicine, 2-2-2 lida-Nishi, Yamagata, Japan 
990-23 
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Table 1. Morphological features of follicular dendritic cells (FOC) 

Anatomical localization 

Light microscopic 
morphology 

Ultrastructure 

Cytochemistry 

Feature 

Within lymphoid follicles (primary and secondary 
follicles), especially in the light zone of germinal centers 
Nucleus: oval-shaped or elongated, often with irregular 
corners or angular; clearly defined nuclear membrane; a 
medium-sized prominent nucleolus; sometimes 
binucleated (26%) and rarely trinucleated 
Cytoplasrn: weakly staining cytoplasm: No active 
phogocytic activity 
Nucleus: coarser chromatin, markedly condensed in a 
narrow zone along the inner nuclear mernbrane 
(euchromatic); central solitary nucleolus 
Cytoplasrn: extrernely narrow around the nucleus; 
well-developed smooth endoplasmic reticulurn; no acid 
phosphatase-positive lysosomes; no phagosomes; very 
fine interwoven processes that form reticular network 
with other FOC; Oesmosomal junctions connecting cell 
projections 
Nonspecific esterase: moderate (+), a-Naphthyl acetate 
esterase: moderate (+), 5'-Nucleotidase: strongly 
positive or negative (controversial reports) 
ATPase: weak or rnoderate (±) 
Acid phosphatase: negative (-) 
Alkaline phosphatase: negative (-) 
~- glucuronidase: negative (-) 
diphenylaminopeptidase IV: negative (-) 

ATPase, adenosine triphosphatase. 

Reference 

LENNERT (1978) 
IMAI et al. (1983) 
LENNERT (1978) 
PETERS et al. 
(1984) 

NOSSAL 
et al.(1968) 

LENNERT (1978) 

IMAI et al.(1983) 

RADEMAKERS 
(1992) 
MOLLER
HERMELINK 
(1974) 
LENNERT (1978) 
HEINEN et al. 
(1985b) 
PARMENTIER 
etal.(1991) 

the frequent desmosomal junctions that connect the cell processes, and their 
euchromatic, angular nucleus. Sometimes they have a binucleated appearance. 
The frequent desmosomal junctions occurring between cell processes of FDC 
themselves or with adjacent germinal center cells demonstrate the intimate 
cellular contacts and functional adhesions FDC maintain with each other and with 
surrounding germinal center lymphocytes. The diversity of FDC morphology has 
recently been described by RADEMAKERS (1992), and seven different FDC subtypes 
have been proposed on the basis of ultrastructure (see SCHUURMAN et aI., this 
volume). 

In a suspension of isolated FDC, the above-mentioned features are also 
exhibited (LILET-LECLERCQ et al. 1984). Scanning electron microscope (EM) 
observations revealed distinctive morphology, as described by SZAKAL et al. 
(1985). Human FDC have been mainly isolated from tonsils. FDC appeared as 
cellular clusters enveloping several lymphocytes (six to 12 cells; TSUNODA and 
KOJIMA 1987; ENNAS et al. 1989). When FDC were isolated initially as single cells, 
they would readily form clusters with cocultured lymphocytes in vitro (TSUNODA 
et al. 1993). 

Cytochemically, FDC do not reveal detectable acid and alkaline phosphatase 
or nonspecific esterase activities. FDC appear to exhibit relatively strong 
5'-nucleotidase activity on their surface membrane, although this is somewhat 
controversial (MOLLER-HERMELINK 1974; LENNERT 1978; HEINEN et al. 1985b; 
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PARAMENTIER et al. 1991). These cytochemical features distinguish FOC from 
monocytes and macrophages. 

3 Surface Molecule Distribution 
on Follicular Dendritic Cells 

As summarized in Tables 2-7, the immunological phenotypes of human, rat, and 
murine FOC have been investigated in a number of studies. These accumulated 
results suggest and support certain biological properties and immunological 
behavior for FOC. However, there are still many discrepancies and controversial 
issues concerning the definitive functions of FOC. 

3.1 Specific Markers for Follicular Dendritic Cells 

Several monoclonal antibodies specific for human, rat, and murine FOC have 
been developed (Table 2). Unfortunately, most of these are not entirely specific 
and have cross-reactivity to some other types of cells. Among these, R4/23 and 
Ki-M4, E05 and Ki-M4R, and FDC-M 1 (Fig.1) are especially useful in defining FOC 
in human, rat, and mouse tissue, respectively. 

3.2 Complement Receptors 

It is generally accepted that FOC bear a large amount of complement receptors, 
especially CR1 (C3b receptor; C035) and CR2 (C3d receptor; C021) (Table 3). In 
addition, SCHRIEVER et al. (1991; SCHRIEVER and NALDER 1992) demonstrated using 
single cell polymerase chain reaction (PCR) techniques that FOC contained high 
levels of mRNA for CR2. These molecules are thought to involve the constitutive 
trapping and retention of immune complexes by FOC. 

CR3 (C3bi receptor; C011 b) is known to be expressed on the surface of cells 
of the monocyte-macrophage lineage. Previous reports were conflicting as to the 
expression of CR3 by FOC. Recent observations using isolated cells from tonsils 
(SCHRIEVER et al. 1989; SELLHEYER et al. 1989; PETRASCH et al. 1990)' however, 
confirmed that FOC actually bear CR3, at least in the human system (Table 3). 

3.3 Fc Receptors 

Previous reports, with one exception (SELLHEYER et al. 1989), indicated that the 
low-affinity Fc receptor for immunoglobulin (lg)E (Fc£RII; C023) was detectable 
on the surface of FOC (see Table 3). Interestingly, several reports mentioned that 
only a fraction of FOC (not all FOC) bore this molecule (MASUDA et al. 1989; 
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Table 2. Monoclonal antibodies relatively specific for follicular dendritic cells (FOC) 

Human FOC 

R4/23 (ORC-1) 
(NAIEM et al. 1983) 

Cross-reaction with some 
B lymphocytes 

KiM4 
(PARWARESCH et al. 1983) 
Cross-reaction with peroxidase
positive mononuclear cells in 
blood and U937 cells 

BU -10 
(JOHNSON et al. 1986) 

Ki-FOC1p 
(T ABRIZCHI et al. 1990) 

X-11 
(WORZBER et al. 1991) 
Recognizes C9-related 
antigen 

OF-ORC1 
(manufacturer's instructions 
from Sera-Labo Inc. Sussex, 
England) Recognizes a 50-kOa 
molecule 

Rat FOC 

MRCOX-2 
(McMASTER and WILLIAMS 
1979;BARKLAY 1981) 

Cross-reaction with 
endothelial cells, sinus lining 
cells, etc. 

E05 
(JEURISSEN and OIJKSTRA 
1986) 
Cross-reaction with reticular 
fiber 

KiM4R 
(WACKER et al. 1987) 
Cross-reaction with endothelial 
cells of HEV and sinus lining 
cells, etc. 

E011 
(VAN DEN BERG et al. 1989) 
Recognizes C3 

TBM, tingible body macrophage; HEV, high endothelial venules. 

Mouse FOC 

FOC-M1 
(Kosco et al. 1992; 
MAEDA et al. 1992b) 

Cross-reaction with 
TBM and some endothelial 
cells 

PETRASCH et al. 1990). suggesting possible heterogeneity among FOC. In addition, 
our experimental data in mice using the monoclonal antibody B3B4, which 
recognizes the mouse equivalent of human C023, indicated a clear expression by 
FOC at EM level (Fig. 2). This expression could be inducible by certain stimuli such 
as Nippostrongylus brasiliensis infection or exogenous antigenic challenges 
(MAEDA et al. 1992). Recently RIEBER et al. (1993) demonstrated that FOC could be 
induced by interleukin (lL)-4 to express membrane-bound FceRIl and to release a 
soluble form of this molecule. Also, FOC could be shown to contain mRNA for a 
selected isoform of FCeRIl (C023b). Although the actual functions of the 
molecule on FOC are still being investigated, our experiments suggested that this 
molecule be involved in the trapping and retention of IgE immune complexes by 
FOC and might possibly contribute certain IgE-mediated immune responses or 
allergic reactions (MAEDA et al. 1992a). This molecule is considered to be an 
important factor not only for binding to IgE or IgE immune complexes, but also for 
induction of B cell proliferation, differentiation, and rescue of germinal center B 
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Fig. 1. An electron micrograph demonstrating the reactivity of FDC-M 1 in the germinal center of actively 
immunized mouse (BALB/c) lymph node. A follicular dendritic cell (FDC) cell body is apparent with the 
typical euchromatic nucleus and dendritic processes emanating among surrounding lymphoid cells. The 
electron-dense (black) labeling on the plasma membrane of cell body and their cytoplasmic processes 
indicates the binding of FDC-M 1. (Not counterstained. x 10 500) 

cells from apoptosis. Future investigations on the regulation and kinetics of this 
molecule should elucidate the correlation of C023 expression and its essential 
role in FOC in germinal centers. 

In the murine system, it was demonstrated experimentally by HUMPHREY and 
GRENNAN (1982) and RADOUX et al. (1985) that FOC bore Fc receptor on their 
surface. In addition, Kosco et al. (1986) and MAEDA et al. (1992a, b) also reported 
that the monoclonal antibody 2.4G2, which recognizes murine low-affinity Fcy 
receptors (FcyRll), labeled FOC very intensely in murine lymph nodes (LN). These 
observations were then confirmed at the EM level (Fig . 3). Recently, YOSHIDA et al. 
(1993) reported that 2.4G2 could partially inhibit the binding of immune complex 
to FOC in vitro, and they argue that FcyRll are partially involved in the trapping and 
retention of immune complexes by FOC. 

In contrast, conflicting observations have been reported for human FOC 
regarding the expression of Fcyreceptors. HEINEN et al. (1985) have reported that 
human tonsillar FOC expressed Fc receptors on their surface. In addition, 
PETRASCH et al. (1990) have described a positive reaction between FOC isolated 
from human tonsils and lymphoma tissues and monoclonal antibodies directed 
against FcyR11 (COw32) and FcyRlll (C016). In contrast, several reports involving 
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Table 3. Surface phenotype of follicular dendritic cells (FOC); complement receptors (CRI. FC receptors (FcyR, 
FCERl.major histocompatibility complex (MHC) class I and II, and related molecules 

Reference 

Source 

CR 
CR1 (C035) 

CR2 (C021) 
CR3 (C011a) 

C019 

FcyR 
FcyRI(C064) 
FcyRII(C032) 
FcyRIII(C016) 

FCER (C023) 

MHC class I 

MHC class II 

Human FOC 

GERDES 
et al. (1983) 

Frozen tissues 
and suspended 
cells of tonsils 
and lymphoma 
tissues 

Pan C3R+++ 

CR1 (T05) ++++ 
CR3(OKM-1)+/-

W6/32HL ++ 

T022. 
T035, 
T039 (+)/+ 

VAN DER VALK HEINEN 
et al. (1984) et al. (1984) 

Frozen tissues Isolated cells 
of LN, spleen, from tonsils 
and tonsils 

Anti-CR1 CR1 (T05)+++ 
serum ++ 

CR3(OKM-1)-

++ T035 + 

WOOD JOHNSON SCHRIEVER 
et al. (1985) et al. (1986) et al. (1989) 

Frozen tissues Frozen tissues Isolated cells 
of LN, skin, of LN, skin, from tonsils 
spleen, tonsils, spleen, tonsils, 
liver, etc. lymphoma 

tissue, etc. 

CR1 (543)+ 

CR2 (BL13)++ CR2 (B2)+ 
CR3 (M01)+ 

B4 ++ B4+ 

C016(Leu11 b) 

C032(1V-303) 

MHM6+ Blast-2 
(subset) + 

W6/32 + + W6/32 + 

L203 + 6/7 + 

LN, Lymph nodes; PLP, periodate-Iysine-paraformaldehyde solution for immunoelectron microscopy; EM, electron 
microscopy; LM, light microscopy. 
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Mouse FDC 

SELLHEYER PETRASCH PARMENTIER Kosco MAEDA 
et al. (1989) et al. (1990) et al. (1991) et al. (1986) et al. (1992a, b) 

Isolated cells Isolated cells Frozen tissues Isolated cells Frozen and 
from tonsils from tonsils, and isolated and frozen PLP-fixed 

LN, and cells from tissue of LN tissues of LN 
lymphoma tonsils (LM and EM) (LM and EM) 
tissues 

CR1 (T05)+++ CR1 (T05)+ CR1++ CR1 (8C12)+++ 
CR1/CR2 (7E9)+++ 

CR2 (2G7)+++ CR2 (B2)+ CR1/CR2 (7G6)+++ 
CR3(M01)++ CR3 (M01)+ 

HD37-

FcyRl FcyRll FcyRl FcyRll FcyRll 
(10.1) - (40kdFcR) (32.2) (2.4G2) (2.4G2) 

FcyRll + ±/- + +++ 
(IV.3, FcyRlli FcyRll 

2E1,2, (Leu11b) (lV.3) 
CIKM5)- + ±/-
FcyRlll FcyR II I 
(BW209/2, (gran 1) 
CLB-FcGranl, ±/-
Leu11a, 
Leu11b)-

Blast-2, Ki-B1+ B3B4 ++ 
MHM6, T01 (50% of FOC) 

W6/32HL ++/+++ 11-4.1 
(H2-K)+ 

T035 ++1+++ HLA-DR + J0103 + MRCox4, I-A++ 
14-4.4, 
10-2.16, 
MK-D6 + 
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Fig. 2. An electron micrograph demonstrating the reactivity of monoclonal antibody B3B4, which 
recognize mouse FCERII (CD23). in the germinal center of an actively immunized mouse's (C3H/He) 
lymph node. A cell body typical of follicular dendritic cells (FOq and their intricately entangled 
cytoplasmic processes is clearly labeled with this antibody. (Not counterstained, x 8500) 

the reactivity of FOC isolated from tonsils with a panel of antibodies could not 
confirm these results. They included monoclonal antibodies against FcyRl (C064); 
FcyR II, and FcyR III (SCHRIEVER et al. 1989; SELLHEYER et al. 1989; PARAMENTIER et al. 
1991). These discrepancies might be explained by differences in isolation proce
dures of FOC, the antibodies employed, functional or biological phases of FOC, 
instability of the surface molecules, and/or heterogeneity of FOC. Further inves
tigations, especially using molecular biological methods, may be able to resolve 
these inconsistencies, elucidating more precisely the mechanisms of antigenic 
capture by FOC. 

3.4 Major Histocompatibility Complex 
Class I and II Molecules 

Whereas all reports concurred that FOC express MHC class I molecules on the 
surface, their expression of class II MHC molecules was controversial. HUMPHREY 
and GRENNAN (1982) reported that FOC did not have MHC class II molecules . In 
contrast, many authors have described the presence of these molecules on FOC 
in both human and mouse tissues (GERDES et al. 1983; SELLHEYER et al. 1989; 
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Fig. 3. An electron micrograph demonstrating the reactivity of 2.4G2, which recognize mouse FcyRlI, 
in the germinal center of an actively immunized mouse's (C3H/He) lymph node. A follicular dendritic cell 
(FDC) cell body is apparent with the characteristic binucleated euchromatic nucleus and dendritic 
processes entangled intricately. The electron-dense (black) labeling on the plasma membrane of the cell 
body and the cytoplasmic processes indicates the binding of 2.4G2. (Not counterstained, x 8500) 

SCHRIEVER et al. 1989; PETRASCH et al. 1990; Kosco et al. 1986; MAEDA et al. 1992; see 
Table 3) . Recently, GRAY et al. (1991) offered new explanations for this dis
crepancy on the basis of experiments using chimeric mice. They concluded that 
FOC did not synthesize MHC class II, but acquired MHC molecules shed from B 
lymphocytes. Thus far it has not been proved that FOC present antigens to T cells 
directly in vivo. However, MHC class II molecules might playa key role in the 
cellular relationship between FOC and T cells. 

3.5 Immunoglobulins and Complement Components 

Most of the reports concerning the immunoglobulins present on FOC were 
consistent in their observation that FOC bore all isotypes of immunoglobulins 
except for IgO (see Table 4). These immunoglobulins are regarded as a 
constituent of the immune complexes trapped and retained by FOC. IgM was 
especially detected in most cases, and this immunoglobulin isotype might playa 
significant role in eliciting germinal center reactions. Our preliminary examina
tion using monoclonal antibodies against subclasses of human IgG and IgA 
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Table 4. Surface phenotype of follicular dendritic cells (FOC) on the immunoglobulins (lg) and complement 
components 

Reference Human FOC 

GERDES VAN DER VALK HEINEN IMAI HALSTENSEN 
et al. (1983) et al. (1984) et al. (1984) et al. (1986) et al. (1988) 

Source Frozen tissues Frozen tissues Isolated cells Frozen tissues Frozen tissue 
and cell sus pen- of LN, spleen, from tonsils of LN, thyroid, of LN, spleen, 
sion of tonsils and tonsils synovium, etc. and tonsils 
and lymphoma 
tissues 

IgG ++ + ++ or +/- ++ 

IgM +++ ++ ++ +++ 

IgA ++ ++ or- + 

IgO 

IgE - or +++ 

Light K +++ K+ 
chains A +++ A+ 

Complement C3b ++ C1q ++, C3d + 
Components C3c +, C5 + 

C3d +++, TCC + 
C4 +, 
C5+,C6-, S-protein 
C8-,C9-, 
properdin +, + 
C3act -, 
C3blNA +, 
~1H-

LN, Lymph nodes; PLP, periodate-Iysine-paraformaldehyde solution for immunoelectron microscopy; TCC, ter
minal complement complex; EM, electron microscopy; LM, light microscope. 
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Rat FDC Mouse FDC 

SCHRIEVER SELLHEYER ZWIRNER PARMENTIER VAN DEN" BERG MAEDA et al. 
etal. (1989) et al. (1989) et al. (1989) etal. (1991) et al. (1989) (1992a, b) 

Isolated cells Isolated cells Frozen tissues Frozen tissues Frozen tissues Frozen and 
from tonsils from tonsils of LN, thymus, and isolated of LN, spleen, PLP-fixed 

and tonsils cells from thymus, Peyer's tissues of 
tonsils patch, etc. LN (LM and EM) 

+++ +/- ++ IgG1++, 
IgG~a++, 
IgG2b++, 
IgG3++, 

+ ++/+++ +++ ++ ++ 

++/+++ ++/+ 

±/-

++/-

K+ 
A-

C1q +/±, C1q ++, C3 
C1r±, C1s±, C3b + (ED11) 
C2-, ++ 
C3d +++, 
C3c +/-, 
C4a-, 
C4c ±/-, 
C4d +++, 
C5 ++/-, 
C9 +/-, 
C4bp ++/-, 
factorS -, 
factorH -, 
properdin -
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Table 5. Surface phenotypes of follicular dendritic cells (FOC) on the molecules restricted to Band T lym-
phocytes 

Reference 

Source 

C01 

CO2 

C03 

C04 

C05 

C08 

Other T cell 
markers 

C09 

C010 

C020 

C022 

C024 

CD25 

C030 

C037 

C038 

C040 

C045 (LCA) 

C045R 

Other B cell 
markers 

C056 

C071 

Human FOC 

GERDES 
et al. (1983) 

Frozen tissue 
and cell 
suspensions 
of tonsils and 
Iymohoma tissues 

OKT6 -
NA1/34 -

OKT11 -

OKT4 -

Leu1 -

OKT8 -

VIL-A1 +/-

VAN DER VALK HEINEN WOOD CARBONE 
et al. (1984) et al. (1984) et al. (1986) et al. (1988) 

Frozen tissues Isoloated cells Frozen tissues Frozen tissues 
of LN, spleen, from tonsils of LN, spleen, of LN, tonsils, 
and tonsils tonsils skin, etc. and spleen 

OKT6 - Leu6 -
NA1/34 -

Leu3a - Leu3a + 

Leu1 -

Leu2a -

TA1 - Ti.i1 + or-

BA-2 + BA-2+/-

T015/54 -

BA-1 -

L3B12 ++ 

LN, Lymph nodes; PLP, periodate-Iysine-paraformaldehyde solution for immunoelectron microscopy; LCA. 
leukocyte common antigen; EM, electron microscopy; LM, light microscopy. 
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Mouse FOC 

SCHRIEVER SELLHEYER PETRASH PARMENTI ER Kosco MAEDAet al. 
et al. (1989) et al. (1989) et al. (1989) etal. (1991) et al. (1989) (1992a, b) 

Isolated cells Isolated cells Isolated cells Frozen tissues Isolated cells Frozen and 
from tonsils from tonsils, from LN, and isolated and frozen PLP-fixed 

tonsils, and cells from tissues of LN tissues of 
lymphoma tonsils (LM and EM) LN (LM and EM) 
tissues 

CD1a(T6) - OKT6 -
CD1 b(T009) -
CD1c(T024) -

T11 - T11-

T3 - Leu4 -

T4 - OKT4- Leu3a ± L3T4 -
T310 - ADP336 ± 

ADP302 ± 
ADP359 ± 

T1 - Leu1 - Ly1.1- Ly1 -
Ly1.2 -

T8 - T0102 - Leu2a - Ly2.1 - Lyt2 -

CD6(2H1) - Thy1.2 -
CD7 (T159) -

J2 -

J5 -

B1 - B1+ 

G28-7 - T015 ++ 
HD39 -

HB8 - OKB2 + 
(50% of FDC) 

IL-2R - J0101-

RSC1 - Ki-1 -

G28-1 + IOB-1 ± 

OKT10 + 

G28-5 + 

T200 - 2B11 & M1/9.3 + T200 -
PD7/26 + 

2H:4 - B220 -

B5 -, B7-, 
PCA-1 -

NKH-1 -

L01.1 + 
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Table 6. Phenotype of follicular dendritic cells of (FDC) on the molecules restricted to myelo-macrophages 
and related cells 

Reference Human FDC 

GERDES 
et al. (1983) 

Source Frozen tissue 
and cell sus-
pensions of 
tonsils and 
lymphoma 
tissues 

CD11b 

CD11c 

CD14 

CD13 

CD15 T09 +/-

CD33 

CD34 

CD38 

CD39 

Lysozyme 

a,-AT ++ 

a,-ACT + 

S-100 
protein 

Others Antimonocyte-1 
++ 
Antimonocyte-2 
+ 
T05 -, 
T06 -

VAN DER VALK 
et al. (1984) 

Frozen tissues 
of LN, spleen, 
and tonsils 

Antihuman 
monocyte-1 + 

HEINEN 
et al. (1984) 

Isoloated cells 
from tonsils 

- or + 

WQOD CARBONE 
et al. (1985) et al. (1986) 

Frozen tissues Formalin-
of LN, spleen, fixed, paraffin 
tonsils, skin, embedded 
liver, etc. tissues of 

lymphoma 

++ 

+ 
S-100a ++ 
S-100~ +/-
(TANAKA 1986) 

63D3 ++ 
61D3 ++ 

a,-AT, a,-antitripsin; a,-ACT, a,-antichymotripsin; LN, lymph nodes; PLP, periodate-Iysine-paraformaldehyde 
solution for immunoelectron microscopy; EM, electron microscopy; LM, light microscopy. 



SCHRIEVER 
et al. (1989) 

Isolated cells 
from tonsils 

Mo2 + 

My7 -

My9 -

12-8 -

5D2 -

G28-8 -

63D3+ 

SELLHEYER 
et al. (1989) 

Isolated cells 
from tonsils 

SHCI3 -

MEM15 
++1+++ 

LeuMl 

Ber-MAC3 

MAC387 -
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PETRASCH 
et al. (1990) 

Isolated cells 
from tonsils 
LN and 
lymphoma 
tissues 

Mol + 

LeuM3 + 

PARMENTIER 
et al. (1991) 

Frozen tissues 
and isolated 
cells from 
tonsils 

EBMll ± 

Rat FDC 

VAN DEN BERG 
et al. (1989) 

Frozen tissues 
of LN, thymus, 
spleen, etc. 

++ 
(COCCHIA 
et al. 1983) 

ED10 -
EDll ++ 
ED12 -
ED13 -
ED14 -
ED15 -

Mouse FDC 

HUMPHERY and 
GRENNAN (1982); 
Kosco et al. 
(1986); MAEDA 
et al. (1992a, b) 

Isolated 
cells and frozen 
and PLP-fixed 
tissues of LN 
(LMand EM) 

Mac-l 
(Ml/70) 

Mac-2 
(M3/38) -
Mac-3 
(M3/84) -
F4/80 -
MAS 034-
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demonstrated the presence of IgG2, IgG3, IgG4, and IgAl on FOC, but no signi
ficant presence of IgG l and IgA2 • In addition, distinctive retention of IgA immune 
complexes on FOC in tonsils of IgA nephropathy patients and IgE immune 
complexes in the regional lymph nodes of Kimura's disease (eosinophilic 
Iymphofolliculoid granuloma with hyper-lgE) have been reported (KUSAKARI et al. 
1994; OEGAWA et al. 1994; MASUDA et al. 1989) and the presence of these particular 
immune complex isotypes associated with FOC suggests the pathological or 
pathogenetical roles of FOC in the diseases. 

Several reports have indicated that components of the complement system 
are present in the germinal centers of human lymphoid tissues. With little 
variations, almost all complement components have been detected in asso
ciation with FOC. These components are considered to also be components of 
the immune complexes trapped and retained by FOe. An interesting question is, 
then, why in the presence of these activated complement components FOC and 
germinal center structures are not destroyed. The answer is still unresolved, but 
it has been suggested that S-protein (vitronectin) or decay accelerating factor 
(OAF; C055), which have been reported to be present on FOC, might protect the 
cells from complement-mediated cellular destruction (HALSTENSEN et al. 1988; 
LAMPERT et al. 1993). 

3.6 Molecules Restricted to T Lymphocytes 

As shown in Table 5, FOC did not express most T cell-restricted markers. Some 
authors have described the expression of C04 by human FOC (WOOD et al. 1985; 
CARBONE et al. 1988). C04 expression by FOC has been given special attention in 
relation to the peculiar follicular lesions in human immunodeficiency virus (HIV) 
infections and related lymphadenopathies. However, other groups were not able 
to confirm the expression of this molecule in human or mouse system. 

3.7 Molecules Restricted to B Lymphocytes 

FOC share some similar molecules thought to be exclusively distributed on B 
cells, especially C020, C022, C024, C045, and L3B12 (see Table 5). These 
observations, however, are not confirmed by all, and most of them are contro
versial. Immunohistochemically or immunocytologically evaluating cell markers 
on FOC is quite difficult because FOC are so closely associated with B cells, even 
in single cell suspensions. Thus, caution is required in making a final decision. 

3.8 Molecules Restricted to Myelo-Macrophages 

As shown in Table 6, FOC have been reported to share some antigens distributed 
on the cells of the myelo-macrophage lineages. Several reports confirmed that 
FOC bore C014 and 6303 on their surface. Some authors argued that FOC may 
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be possibly derived from myelo-macrophages or related cells based on these 
observations (GERDES et al. 1983; PARWARESCH et al. 1983). Most of these molecules, 
however, are not perfectly restricted to myelo-macrophages and are known to be 
distributed on a variety of cell lineages. Consequently, further molecular or 
experimental evidence will be necessary to define the cellular origin of FOe. 

In rat, FOC react intensely with anti-S-100 protein (COCCHIA et al. 1983; IMAI 
et al. 1991). In addition, some reports indicated human FOC are also positive 
for the antibodies, especially for monoclonal antibody against S-100a subunit 
(CARBONE et al. 1986; TANAKA 1986). Our observations confirmed these results. In 
contrast, murine FOC did not react with similar antibodies, even though peripheral 
nerve bundles were positive in the tissues (MAEDA et al. 1992). Investigating the 
different reactivity of FOC to S-100 protein among species is quite interesting 
phylogenically, and such approaches may contribute to resolving the problems 
concerning the origin and life cycle of FOC. 

3.9 Molecules Involving Cellular Adhesion 

Recently, extensive investigations have been performed to elucidate the 
distribution of adhesion molecules on FOC. They have contact with numerous 
cells, and the cellular adhesions between FOC and adjacent cells should be an 
essential component of the cellular interaction within germinal centers. Thus far, 
FOC have been shown to express many adhesion molecules on their surfaces 
(see Table 7). In particular, intercellular adhesion molecule (lCAM)-1 (C054; ligand 
for lymphocyte function-associated antigen-1, LFA-1) and vascular cell adhesion 
molecule (VCAM)-1 (C0106: inducible cell adhesion molecule, INCAM-110, 
ligand for very late antigen-4, VLA-4) were found to be important for cell-cell 
interactions. 

Finally, precise and careful analysis of the phenotype of FOC has provided 
significant insights into the molecular mechanisms of FOC functions, the cellular 
relationships of FOC and other cell types, their cellular origin, and pathological 
behavior. Further analysis will be needed to completely understand FOC biology; 
we hope this review will be helpful for future approaches involving the analysis 
of FOC. 

Acknowledgment. The authors wish to thank Dr. Marie H. Kosco-Vilbois at the Basel Institute for 
Immunology for her review of our manuscript and her helpful suggestions. 
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1 Introduction 

Since the discovery of the human immunodeficiency virus type 1 (HIV-1) as the 
cause of the acquired immunodeficiency syndrome (AIDS), careful attention has 
been paid to the preference of the virus for specific cells. However, the 
preference of H IV-1 for specific host tissues or tissue compartments such as 
germinal centers (GC) of the lymphoid tissue was often overlooked. Application of 
electron microscopic, immunohistochemical, and nucleic acid hybridization tech
niques to the study of lymphoid tissues led to the demonstration that GC are 
infected by HIV-1 and improved our understanding of the pathogenesis of AIDS. 

The concept that in the disease caused by H IV-1 GC represent permanently 
infected foci in which HIV-1 persists even during clinical latency (TENNER-RACZ et al. 
1986, 1988a) has slowfy gained widespread acceptance. Recent studies with 
highly sensitive techniques such as DNA and RNA polymerase chain reaction 
(PCR) clearly show that peripheral blood insufficiently reflects the virological 
events during HIV infection. Simultaneous analyses of CD4+ lymphocytes from 
blood and lymph nodes by DNA PCR demonstrated that the infection rate is of 
higher magnitude in the node than in the circulation (SCHNITTMAN et al. 1991; 
PANTALEO et al. 1993a, b; SCHMITZ et al. 1994; TAMALETet al. 1994). 
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The alterations of the follicles as a consequence of persisting GC infection 
also contribute to the severe immune defect seen in HIV disease. The major 
immunologic abnormality is the C04+ lymphocyte depletion, but the complex and 
slowly progressing impairment of the immune system is not due solely to the 
selective loss of this T cell subset. Functional impairment of antigen-presenting 
cells and natural killer cells also occurs. Polyclonal B cell activation and impaired 
humoral response to immunization are manifest in the majority of infected 
persons long before the depletion of the C04+ lymphocytes (rewieved by 
ROSENBERG and FAUCI 1993). 

GC playa key role during differentiation of B cell response. They develop 
transiently in response to T-dependent antigenic challenge and are sites of heavy 
chain class switching, affinity selection of B cells, and generation of B cell 
memory (reviewed by MACLENNAN et al. 1990, GRAY et al. 199,.,. LEANDERSON et al. 
1992). These events are critically dependent on antigen trapping and retaining 
function of follicular dendritic cells (FOC). It has also been suggested that antigen 
held on the surface of FOC could be involved in the maintenance of T cell memory 
(GRAY and MATZINGER 1991). 

The function of FOC in the immune response and the origin and phenotype of 
these cells will not be stressed in the present review, because these subjects are 
fully discussed in other chapters of this volume. We will focus on the patho
morphologic changes and the role of these cells in HIV disease. The observation 
that FOC handle H IV-1 as antigen shed new light on the pathogenesis of H IV 
infection. Over the past decade, a large number of data has been accumulated 
that makes a review of the role of FOC in this disease particularly timely. 

2 Persistent Generalized Lymphadenopathy 

HIV-l evokes profound functional and morphologic changes of the immune 
system. Persistent generalized lymphadenopathy (PGL) often develops in 
individuals who are infected by HIV-1. The morphologic and immunoarchitectural 
changes of lymph nodes are complex and involve the follicles, the paracortical or 
interfollicular T cell regions, and cells of the sinuses. It is beyond the scope of this 
chapter to recapitulate all of these histologic features. A comprehensive review of 
this topic has recently been published (KNOWLES and CHADBURN 1992). Because 
HIV-1 replicates and persists in the GC, the histopathologic changes in this 
compartment of the lymphoid tissue should be summarized briefly. 

The morphologic and immunoarchitectural changes of GC represent a 
spectrum of alterations ranging from follicular hyperplasia to complete loss of the 
follicles. Examination of sequential biopsies clearly indicates that the changes in 
the follicles are progressive over the course of HIV disease and correlate with 
clinical stages (for review see KNOWLES and CHADBOURN 1992). I n exuberant 
follicular hyperplasia, the number and size of the follicles are markedly increased. 
They are present not only in the cortex, but also in the paracortical or even in the 
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medullary zone. Not seldom do follicles coalesce, giving rise to large, oddly 
shaped follicles. The mantle zone is often attenuated or absent. 

The zonation of the GC is usually present, but the light zone containing 
centrocytes and T cells may be narrow. Generally, the dark zone with many 
centroblasts and tingible body macrophages predominates. Mitotic figures are 
abundant. Immunostaining with monoclonal antibody Ki-67 reveals a high prolif
eration rate. Plasma cells, sometimes in substantial numbers, and immuno
blasts may be present. Clusters of small lymphocytes or invaginations of the 
extrafollicular parenchyma may break up the follicles into fragments. 

The number of intrafollicular C04+ T cells is either unchanged or slightly 
decreased when compared to follicular hyperplasia not attributed to HIV infection. 
The phenotype of these cells, i.e., C045RO+ and up to 50% also C05J+, is 
unchanged. Characteristically, the number of C08+ lymphocytes aiso expressing 
the C045RO antigen (JANOSSY et al. 1991; RACZ et al. 1992) is markedly increased. 
They are diffusely scattered throughout the follicles and clustered around the 
vessels. 

The FOC network shows significant modifications. The expression of the 
low-affinity Fc-Immunoglobulin (lg)E receptor (C023) on FOC, normally restricted 
to FOC of the apical light zone (L1 U et al. 1991). is upregulated and expands into 
the basal light zone (JANOSSY et al. 1991). Sometimes C023+ FOC virtually fill the 
whole GC. 

The meshwork of FOC exhibits a variable degree of damage. This has been 
visualized by electron microscopy (TENNER-RAcz et al. 1985, 1989; RACZ et al. 1986; 
PIRIS et al. 1987, RADEMAKERS et al. 1992) and by immunohistochemistry (reviewed 
by RACZ et al. 1989). The usual interwoven concentric staining pattern of the 
network is interrupted with irregular focal areas of negative staining, giving the 
meshwork a moth-eaten appearance (Fig.1). 

In more advanced stages of the disease, GC undergo regressive changes 
which range from involution to total loss of the follicles. In some cases 
hyperplastic and atrophic follicles are present in the same node. The involuted 
follicles are small and contain only a few centroblasts and centrocytes, and 
tingible macrophages are usually absent. The number of cells in proliferation is 
very low. Small vessels with hyalinized walls may penetrate the follicle, and the 
mantle zone may be thin, absent, or thickened. The number of C04+ T cells is 
markedly decreased, whereas that of C08+ cells is still elevated. Remnants of 
shrunken and thickened FOC are detectable in these follicles (Fig. 2). 

3 Follicular Dendritic Cells Recognize 
Human Immunodeficiency Virus as Antigen 
and Initiate Germinal Center Infection 

The profound histologic alterations of the follicles and the presence of H1V-1 are 
interrelated. The key to the infection of GC lies in the antigen-trapping function of 
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Fig. 1. Partial disruption of follicular dendritic cell (FOC) network in a lymph node with explosive 
follicular hyperplasia caused by human immunodeficiency virus (HIV)-1. Immunoperoxidase reaction. 
Magnification, x 90 

Fig. 2. Remnants of shrunken and thickened follicular dendritic cells (FDC) in an atrophic germinal 
center. Immunoperoxidase reaction. Magnification, x 112 
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FDC. The first evidence that FDC of lymph nodes capture H IV-1 was provided by 
electron microscopic analysis in the mid-1980s (ARMSTRONG and HORNE 1984; 
ARMSTRONG et al. 1985; TENNER-RACZ et al. 1985, 1986; DIEBOLD et al. 1985; RACZ 
et al. 1986; CAMERON et al. 1987; PIRIS et al. 1987). These findings were confirmed 
by immunohistochemical as well as in situ hybridization studies demonstrating 
excessive and abundant viral proteins and RNA in GC of lymph nodes (TENNER
RACZ et al. 1986, 1988; RACZ et al. 1986; BARONI and UCCINI 1990; BARONI et al. 1986, 
1988; BIBERFELD et al. 1986; PARRAVICINI et al. 1986; DIEBOLD et al. 1988a; SCHUURMAN 
et al. 1988; TENNER-RACZ 1988; PORWIT et al. 1989; EMILIE et al. 1990; Fox et al. 1991; 
SPIEGEL et al. 1992; PANTALEO et al. 1993a, b; EMBRETSON et al. 1993). Infection of the 
splenic follicles and the GC of the gut-associated lymphoid tissue has also been 
documented (DIEBOLD et al. 1988b; LE TOURNEAU et al. 1990; BURKE et al. 1993; RACZ 
et al. 1993). 

Double immunolabeling shows an intimate relationship between HIV 
proteins, mainly p17 and p24, and FDC (TENNER-RACZ et al. 1986; BARONI et al. 1988; 
SCHUURMAN et al. 1988; PORWIT et al. 1989). Simultaneous immunostaining with 
anti-gag and anti-lgM antibodies demonstrates that the staining for both coincides 
(TENNER-RACZ et al. 1986). Because IgM is bound on and not synthetized by FDC, 
this finding indicates that HIV-associated antigen is mostly extracellular. 

Further evidence for the association of H IV-1 with FDC is that the loss of 
these cells is accompanied by the loss of HIV antigen, the latter being detectable 
as long as FDC are still present (TENNER-RACZ et al. 1987; RACZ et al. 1989; PORWIT 
et al. 1989; BURKE et al. 1993). Even in hyperplastic GC with a partially destroyed 
FDC network, gag proteins are only present in parts of the follicles that contain 
FDC (TENNER-RACZ et al. 1986). 

The preferential localization of gag proteins and HIV RNA in the light zone of 
the hyperplastic GC (Figs. 3, 4) also supports the idea of virus trapping by FDC. 
Previous observations indicate that antigens injected into experimental animals 
localize in the light zone of the GC (NOSSAL et al. 1966). According to HEINEN and 
collegues (1984, 1991), one of the hallmarks of FDC is that in vivo captured 
immune complexes remain fixed on isolated FDC. In agreement with this 
findings we observed that FDC isolated from infected lymph nodes retained HIV-
1 on their surface (Fig. 5) (SCHMITZ et al. 1994; TENNER-RACZ et al. 1994). 

A fundamental question is why FDC capture HIV. At this point. it is useful to 
consider that FDC trap antigen when it is complexed with antibody or able to 
activate the complement pathway (KLAUS et al. 1980). The captured antigen 
remains on the cell surface in native form for long periods of time (reviewed by 
SZAKAL et al. 1989; TEW et al. 1990). Antibody-independent activation of the 
complement system is triggered by HIV-1 as well as by non-human-associated 
retroviruses (EBENBLICHER et al. 1991; SOLDNER et al. 1989; REISINGER et al. 1990; 
MARSCHANG et al. 1993; THIEBLEMONT et al. 1993; COOPER 1984). The binding of HIV-
1 to FDC in vitro is complement dependent and probably involves complement 
receptors. Anti-HIV-1 antibodies enhance, but do not mediate, HIV-1 binding to 
FDC (JOLING et al. 1993). FDC carry complement receptors (GERDES and STEIN 1982; 
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Fig. 3. Distribution of p24 of human immunodeficiency virus (HIV-1) in a follicle. The antigen is localized 
mainly in the sparsely populated zone of the germinal center. Alkaline phosphatase-antialkaline 
phosphatase reaction. Magnification. x 112 

Fig. 4. Human immunodeficiency virus (H IV)-1 RNA in the sparsely populated zone of a germinal center 
from a lymph node with explosive follicular hyperplasia. In situ hybridization with an 35S-labeled 
antisense RNA pco'b!e. Epipolarizedlight. Magnification. x 90 
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Fig. 5. Human immunodeficiency virus (HIV) particles (arro!Nl on the surface of a follicular dendritic cell 
(FDC) isolated from a lymph node with explosive follicular hyperplasia. Original magnification, x 20 000 

REYNES et al. 1985; SCHRIEVER and NADLER 1992). These findings strongly suggest 
that the ability of retroviruses to activate the complement pathway is an 
important, if not the most important, requirement for a virus to localize in the GC. 

Indeed, virus trapping by FOC is not restricted to HIV-1 infection as has been 
reported for several other retroviral infections. Close association of virus particles 
with FOC was observed in experimental animals infected with Rauscher 
leukemia virus (HANNA et al. 1970), Abelson leukemia virus (SIEGLER et al. 1973), 
and feline leukemia virus (TENNER-RACZ et al. 1990). In a murine immunodeficiency 
model, SZAKAL and coworkers (1992) noted virus trapping of LP-BM5 virus as early 
as 24 h after i.p. injection. 

CHAKRABARTI and collegues (1994) examined early stages of experimental 
infection with SIV mac in Rhesus macaques and noted the concentration of viral 
RNA in developing GC between the first and second weeks after infection. The 
presence of viral particles on the surface of FOC was also demonstrated in 
cynomolgus monkeys infected with SIVsm (JOLING et al. 1992). 
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4 Consequence of Virus Trapping 
by Follicular Dendritic Cells 

Two important conclusions follow by necessity if the antigen trapping and 
retaining function of FDC is responsible for GC infection : (1) the colonization of GC 
by HIV-1 starts at an early stage of the infection and (2) HIV-1 persists in the GC. 

HIV-1 gains access to GC early after infection. Vira l proteins and HIV-1 
particles can already be seen in acute HIV infection (TENNER-RACZ et al. 1987, 
1988b, 1989; TENNER-RACZ 1988; RACZ et al. 1989). Moreover, ARMSTRONG (1991) 
detected virions in three cases months before seroconversion, indicating that 
complement-mediated virus trapping starts very early, probably soon after H IV-1 
has entered the body. The formation of immune complexes cOQtaining HIV after 
seroconversion does not initiate but rather facilitates virus capture. 

Cell-free HIV-1 and infected cells probably reach-the lymph nodes via the 
lymphatics . We were able to demonstrate the presence of p24-positive or HIV 
RNA-positive cells in the marginal sinus (RACZ 1988; TENNER-RACl et al. 1988c). In 
experimental infection of macaque monkeys with SIV mac' an enhanced traffic of 
productively infected cells through the sinuses was observed before 
seroconversion (REIMANN et al. 1994; CHAKRABARTI et al. 1994). Viruses delivered 
into the sinus lumen can reach the follicles, similar to nonviral antigens. 

In lymph nodes obtained from patients with acute HIV-1 infect ion, the 

Fig. 6. Lymph node obtained from a patient with acute human immunodeficiency virus (HIV) infection. 
At this stage only a few virions are present (arrowl . Original magnificaiton, x 20 000 



I nfection of the Germinal Centers by H IV 149 

amount of virions, gag proteins, and viral RNA is very low (Fig. 6). FDC show no 
ultrastructural or immunohistochemical sign of alteration (TENNER-RACZ et al. 
1987, 1989). During the course of the disease, HIV-1 accumulates within the GC. 
GC of lymph nodes obtained from patients with stage CDC (Centers for Disease 
Control) III of the disease show many virions (Fig. 7) and large amounts of gag 
proteins and viral RNA (Figs. 3, 4). Morphologic integrity of the FDC network is not 
a prerequisite for efficient virus trapping, as was suggested by PANTALEO and 
coworkers (1993b), because a partial destruction of the meshwork is already 
present. Investigations performed on repeated lymph node biopsies provided 
evidence for persisting infection of GC. A partial destruction of the FDC network 
was present in the first as well as in the second biopsy specimens (TENNER-RACZ 
et al. 1987, 1988a, 1989). 

In addition to diffusely distributed HIV-1 RNA. GC contain celts that replicate 
the virus. Previous and recent studies demonstrate that cells expressing HIV-1 
RNA are mainly located in the follicles (BIBERFELD et al. 1986; TENNER-RACl 1988; 
TENNER-RACZ et al. 1988c; SCHUURMAN et al. 1988; EMILIE et al. 1990; FOURNIER et al. 
1990; Fox et al. 1991; SPIEGEL et al. 1992; Fox and COTTLER-Fox 1992; PANTALEO 
et al. 1993b; EMBRETSON et al. 1993). The majority of productively infected cells 
belong to the CD4+ CD45RO+ CD57- T cell subset. Up to 10% of these cells per 

Fig. 7. Many virions (arrow) and incomplete particles (arrowhead) in the interdendritic extracellular 
spaces. Stage CDC III of the disease. Original magnification, x 30000 
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GC profile replicate the virus (TENNER-RACZ et al. 1994). In situ RNA hybridization on 
serial sections has also demonstrated that all cutting levels contained 
approximately the same number of labeled cells (TENNER-RACZ et al. 1988c). These 
findings indicate that intrafollicular CD4+ T cells are important virus producers 
during the phase of clinical latency. 

There is a dichotomy between the levels of viral replication in the GC and the 
extrafollicular parenchyma. Although at the stage of explosive follicular hyper
plasia the extrafollicular parenchyma, especially the paracortex, contains a 
considerable number of latently infected lymphocytes (EMBRETSON et al. 1993), 
cells expressing viral RNA are scarce at this location. However, in lymph nodes 
with commencing follicular involution the number of extrafollicular RNA-positive 
cells usually increases (TENNER-RACZ et al. 1993a). 

These findings suggest the importance of local imm_une mechanisms 
involved in the control of HIV infection of the lymph node. Cytokine production 
and cytotoxic T cell response playa pivotal role in the modulation of HIV 
expression. Due to the special function and cellular composition of the GC and the 
paracortex, the local immunoregulatory network that induces or suppresses HIV 
gene expression has to be different at these sites. Research efforts in this area 
are needed to clarify these important aspects of HIV-host interactions. 

5 Destruction of Follicular Dendritic Cells 

Destruction of FDC network during HIV infection has been reported by many 
authors (for review see RACZ et al. 1989). Although a consistent immuno
morphologic finding in PGL, the alteration of FDC is not specific for HIV infection. 
Disruption of the meshwork has been reported to occur in follicular hyperplasias 
not attributed to HIV disease (GUETTlER et al. 1986; TENNER-RACZ et al. 1987). 
Characteristic for HIV-1 infection is, however, that, similar to CD4+ lymphocytes, 
the loss of FDC is progressive. The ablation of these cells corresponds directly to 
the fate of GC and therefore has a great impact on the function of the immune 
system. 

The cause of FDC deletion is not known. Two possible mechanisms have 
been proposed. The first suggests that productive infection and subsequent cell 
death leads to the loss of FDC. The second postulates a CDS< T cell-mediated 
destruction of FDC. 

5.1 Infection by Human Immunodeficiency Virus Type 1 

FDC can be infected in vitro (STAHMER et al. 1991). In an in situ hybridization study 
for HIV RNA in combination with immunohistochemistry, Spiegel et al. (1992) 
found that FDC are productively infected and represent a major reservoir for HIV. 
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Despite these observations, the majority of data that has accumulated during 
the last 10 years indicates that although infection of FOC occurs in vivo, its 
frequency is very low. There have been reports of budding virus on FOC. The 
authors emphasize, however, that in cases with floride follicular hyperplasia 
an extensive search was required to find the budding particles (ARMSTRONG and 
HORNE 1984; CAMERON et al. 1987; TENNER-RACZ et al. 1989; LE TOURNEAU et al. 1990; 
ARMSTRONG 1991). 

PARMENTIER and associates (1990) isolated FOC from a lymph node of a patient 
with an opportunistic infection and were only able to demonstrate glycoprotein 
(gp) 41 or H IV RNA in a few cells. JOLING and his coworkers (1993) studied invitro 
the binding of HIV to FOC. They found that most of the virions were present 
extracellularly; gag-immunogold label was only seen in the cytoplasm 
incidentally. Similarly, proviral DNA analysis by in situ PCR amplification on 
histologic sections or by nested PCR in limiting dilution assays of purified FOC 
also showed that FOC are not principal reservoirs of HIV (EMBRETSON et al. 1993; 
SCHMITZ et al. 1994). Therefore, it is not very likely that the cytopathic effect of 
HIV-1 substantially contributes to the destruction of FOC. 

5.2 Cytotoxic T Cell-Mediated Killing 

As mentioned above, one of the most characteristic immunohistologic findings in 
HIV-1 infection is that C08+ lymphocytes invade the GC. Almost all of the 
intrafollicular COW T cells coexpress the C045RO isoform of the common 
leukocyte antigen (RACZ et al. 1992). The focal areas of negative immunostaining 
within the meshwork of FOC often correspond to areas infiltrated by C08+ 
lymphocytes (RACZ et al. 1986; KOOPMAN and PALS 1992). With double immuno
labeling, p24-positive cells can occassionally be seen in clusters of C08+ lympho
cytes (TENNER-RACZ et al. 1987). Observations such as these led to postulate the 
killing of FOC by cytotoxic T cells (CTL; BIBERFELD et al. 1985, 1986; TENNER-RACZ 
et al. 1987; LAMAN et al. 1989; OEVERGNE et al. 1991) 

The function of these intrafollicular C08+ T cells of memory type is not 
known. Recent investigations indicate, however, that they belong to the cytotoxic 
subset. In HIV-1-infected patients the expression of the granzyme Band perforin 
genes was demonstrated in the intrafollicular C08+ T cells (OEVERGNE et al. 1991). 
Another granule-associated protein, TIA-1, which is expressed in CTL and natural 
killer cells and induces DNA fragmentation (ANDERSON et al. 1990; TIAN et al. 1991; 
KAWAKAMI et al. 1992), is also present in the intrafollicular C08+ T Cells (Fig. 8). 
Nearly the entire COW cell population of the infected GC contains TIA-1 protein. 
TIA-1-positive cells in mitosis are also seen, indicating that, in addition to 
invasion, clonal expansion of cytotoxic cells also occurs (TENNER-RACZ et al. 1993). 

It is possible that these cells include HIV-specific CTL. Such CTL have been 
demonstrated in lymph nodes of infected patients (HOFFENBACH et al. 1989; HADIDA 
et al. 1992). Recently, CHEYNIER and collegues (1994) have shown that HIV-specific 
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Fig. 8. Cytotoxic cells in a germinal center. Immunostaining with a monoclonal antibody, TIA-1, that 
recognizes a 15-kDa granule-associated protein whose expression is restricted to cytotoxic T cells and 
natural killer cells (ANDERSON et al. 1990). Magnification, x 250 

CTL infiltrate the white pulp of the spleen. CTL can control the infection of GC 
and damage cells expressing HIV antigens. Characteristic for CTL function, 
however, is the recognition of processed antigen which has entered the 
major histocompatibility complex (MHC) class I antigen presentation pathway. 
The productively infected FDC can be destroyed by CTL. However, because 
infected FDC are rare, it is unlikely that a CTL response to processed HIV antigen 
is responsible for the severe damage and eventual loss of the FDC network. 
This would only be expected if captured HIV antigen, including fragments 
of disintegrated virions which should be present in the permanently infected GC, 
could function as a target for CTL. 

It is not unlikely that several factors act in concert to destroy FDC. Beside CTL 
and the lytic properties of H IV-1, some as yet unidentified factors should be 
considered. Impaired FDC renewal due to deterioration of the immune system is 
likely. It has been demonstrated that FDC development in severe combined 
immunodeficiency mice required transfer of both Band T cells (KAPASI et al. 1993). 

The continuous overload of FOC by HIV proteins may also damage 
mechanisms that physiologically safeguard FOC from membranolysis by 
captured immune complexes. Recently, it has been demonstrated that FOC 
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express complement-deactivating proteins (LAMPERT et al. 1993; BUTCH et al. 
1994). Altered expression of complement-regulatory proteins could exert a 
deteriorating effect on the integrity of the FDC network. 

6 Is Human Immunodeficiency Virus Type 1 
Able to Infect Cells Within the Germinal Centers? 

The infection of GC has allowed us to postulate that these compartments of the 
lymphoid tissue represent a major virus reservoir in which infection of trafficking 
CD4+ T cells occurs. This assumption would be justified if HIV-1 captured by and 
retained on FDC is infectious. 

Although little is known about the virologic events that occur in GC during H IV 
disease, it can be convincingly argued that infectious virions are present. Because 
of the migratory capability of lymphocytes, the presence of virus-replicating T 
cells is no evidence of infection while residing in the GC. These cells may become 
infected in the GC, or upon entering the follicles latently infected T cells may start 
to replicate the virus. 

Evidence for infectivity of intrafollicular H IV-1 is provided by the observations 
that, albeit rarely, some FDC replicate the virus. The majority of experimental data 
indicates that these cells are mesenchymal derived (for review see SCHRIEVER and 
NADLER 1992). Consequently, FDC represent a nonmigratory and long-lived 
population. Virus buddings on the FDC surface imply, therefore, that infection of 
cells occurs within the GC. 

Attempts have been undertaken to estimate the viral burden based on the 
diffuse viral RNA hybridization signals of the GC (Fox et al. 1994). It has to be 
emphasized that such calculations can be misleading because not only intact, 
potentially infectious virions are detected by hybridization. Not all captured HIV 
reaches a target cell. Extracellular particles probably disintegrate. H IV-1 is not 
known as a stable virus. 

More importantly, genetically defective or otherwise noninfectious particles 
can be generated in or transported to the GC. A large proportion of circulating virus 
detected by PIATAK et al. (1993) was not culturable. In previous work we also 
observed morphologically incomplete virions that were composed of amorphous 
material of varying density and surrounded by envelope in the GC. A well
developed core was not present on serial sections. These particles were present 
only in association with complete virions and were absent in acute H IV-1 infection 
(Figs. 6, 7) (TENNER-RACZ et al. 1988b). They can represent defective particles and 
interfere with target cell infection by nondefective virus, thereby contributing to 
the slowly progressing disease. 



154 K. Tenner-Racz and P. Racz 

7 Conclusions 

Ouring the last decade careful morphologic studies on lymphoid tissues obtained 
from infected patients have generated important data that opened up a new and 
surprising vista in the pathogenesis of HIV disease. The biologic strategy of the 
virus to use the physiologic function of FOC to its benefit places H IV-1 in a highly 
specialized microenvironment. The antigen trapping and retaining ability of these 
cells results in virus accumulation. The cellular diversity of GC offers a suitable 
environment for successful viral transmission, and the rising amounts of HIV-1 
increase the incidence of virus-target cell interaction. 

One of the consequences of the persisting GC infection and the continuous 
intrafollicular virus replication could be the generation of HIV variants at this 
anatomic site. Recent investigations performed on individuar microdissected 
splenic white pulps indicate an exquisite compartmentalization of HIV quasi
species within the lymphoid tissue. The diversity of amino acid sequences within 
the white pulps was comparable to intra-patient variation (CHEYNIER et al. 1994). 
This distribution of quasispecies is indicative of local generation. It is highly 
improbable that FOC of the individual white pulps would discriminate between 
HIV variants. 

Persisting HIV-1 in the follicles also contributes to the severe, complex 
immunologic disturbance seen in HIV-1 infected individuals. Given the important 
role that FOC-bound antigens play during a critical stage of B cell differentiation, 
including generation of B cell memory, the morphologic and functional alterations 
of the network result in impairment of the humoral immune system. Altered FOC 
function explains the inability of patients to generate antibodies to new antigens. 
SZAKAL and collegues (1992) examined the capacity of FOC to trap and retain 
neoantigens in mice infected with LP-BM5 virus. Virions were present on FOC, 
but trapping of horseradish peroxidase was significantly reduced within 2 weeks 
after infection. Antigen captured prior to infection was lost in 4 weeks. 

Analyzing the consequences of FOC impairment in the context of HIV
induced immune deficiency, KOOPMAN and PALS (1992) raised a new and rather 
provocative theory. Because not only B but probably also T cell memory is 
dependent on unprocessed antigen held on FOC (GRAY and MATZINGER 1991). the 
authors suggested that FOC loss during HIV-1 infection results in an immune 
deficiency that selectively affects immunologic memory. 

A major challenge for the future is to understand the complex cellular and 
molecular interactions that occur in HIV-infected lymphoid tissues. It is important 
to recognize that although experiments on cell suspension provide valuable data, 
they can not substitute morphologic analysis. The lymphoid architecture repre
sents a specialized microenvironment that directs lymphocyte differentiation and 
regulates lymphocyte function in vivo. Understanding the relative control of virus 
replication and the mechanisms that occur while the host mounts an immune 
response against H IV-1 will provide the basis for more rational therapeutic 
strategies. 
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1 Introduction: Conventional Histology of Lymph Nodes 
After Human Immunodeficiency Virus Type 1 Infection 

Even before human immunodeficiency virus type 1 (HIV-1) was recognized as the 
causative agent of the acquired immunodeficiency syndrome (AIDS), generalized 
persistent lymphadenopathy was considered as one of the symptoms in this 
condition. The atypical histologic features of the lymph nodes, mainly the 
hyperplasia of follicles, were also identified at that time. After the discovery of 
HIV-1 and the introduction of serology to assess the status of infection, 
clinicopathologic evaluations could be performed. SCHUURMAN et al. (1985) 
differentiated three main stages in lymph node abnormalities, which were similar 
to stages described by BARONI and UCCINI (1990). BIBERFELD et al. (1985), BURNs 
et al. (1985), GARCIA et al. (1986), JANOSSY et al. (1985), OST et al. (1989), PORWIT 
et al. (1989), RAcz et al. (1986,1990), and WOOD (1990) (Fig. 1): 

1. Persistent generalized lymphadenopathy develops in the first phase after 
infection, either as the only symptom or in combination with constitutional 
symptoms such as persistent fever, weight loss, night-sweat. and diarrhea. 
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Utrecht, The Netherlands 
3Human Retroviral Laboratory, Academic Medical Center, Amsterdam, The Netherlands 
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Histology of the swollen lymph nodes shows hyperplasia of the follicles. The 
follicles not only are large with pronounced germinal centers, but also often 
show a bizarre shape of germinal centers with indentations and fragmentations 
of the follicular dendritic cell (FDC) meshwork. These indentations and fragmen
tations are visible in the histologic section, as these show the accumulation of 
small-sized lymphocytes, and not the pale-staining large germinal center cells 
(Fig. 1 a). The mantle of the follicles is of variable size, and individual follicles can 
vary from almost absent to quite large. The interfollicular areas in the swollen 
nodes do not manifest major abnormalities, but can manifest vascular endo
thelial cell proliferation like that seen in angioimmunoblastic lymphadenopathy. 
According to the disease classification by the CENTERS FOR DISEASE CONTROL (CDC; 
1986), follicle hyperplasia occurs in either CDC group III (persist~nt generalized 
lymphadenopathy) or CDC IVA. 

2. In the subsequent stage, lymphadenopathy is less pronounced. In histology, 
follicles show a larger extent of fragmentation and degeneration. Some 
resemblance with angioimmunoblastic lymphadenopathy can be more evident 
during the process of follicle degeneration, as visualized by vascular prolifera
tion, lymphocyte depletion, and emergence of blastoid cells (Fig. 1 b). In CDC 
subgroups of CDC IV, when patients have neurologic disease, opportunistic 
infections, or neoplasia associated with the diagnosis AIDS, lymph nodes show 
either follicular hyperplasia or follicular degeneration. 

3. In the last stage, lymph nodes become very small. Histologically, there is follicle 
atrophy with hyalinized remnants of the original architecture. The node is often 
depleted of lymphocytes in this terminal stage; plasma cells form one of the 
main lymphocyte subsets still present in this stage. Lymph node atrophy is 
mainly seen in the terminal phase of AIDS. 

According to these histologic features, the follicle is the main compartment 
in the lymph node in which changes occur. This phenomenon is unexpected in 
the view of the fact that T lymphocytes and macrophages are the first target cells 
for infection and that the follicle is considered a typical B lymphocyte 
environment. Only after a more in depth analysis of lymph nodes, using advanced 
histochemical procedures and electron microscopy, and studies on isolated 
lymph node stromal cells in suspension did it become evident that follicles 
actually playa crucial role in accumulating viral components. This review presents 
a survey of these studies in relation to the "normal" hyperplastic lymph node 
follicle. 

Fig. 1 a,b. Histology of lymph nodes from patients after human immunodeficiencny virus (HIV)-1 
infection. a Follicular hyperplasia showing part of a large-sized follicle (upper right) with pronounced 
germinal center and mantle (bottom left). Note the irregular shape of the germinal center, with 
indentation. x 95. b Follicular degeneration, showing a bumed-out appearance of the germinal center 
(asterisk), with hyalinized material. Note the vascular proliferation in the interfollicular area. x 95. 
Formalin-fixed material, embedded in paraffin, hematoxylin-eosin staining 
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2 Histophysiologic Features of Follicles 
in the Normal Human Lymph Node and Tonsil 

The structural components of follicles are FOC. The view that the origin of these 
accessory cells is mesenchymal (HEUSERMANN et al. 1980; HUMPHREY et al. 1984; 
IMAZEKI et al. 1992; KLAUS et al. 1980) is supported by their immunoreactivity for 
vimentin and desmin, these being mesenchymal markers (RADEMAKERS et al. 
1992b). Their emergence in tissue normally requires the presence of B 
lymphocytes (YOSHIDA et al. 1994). The main function of FOe is antigen 
presentation to B lymphocytes in the follicle. Reviews on this aspect have been 
published by JANOSSY et al. (1991), KOOPMAN and PALS (1992), Kosco and GRAY 
(1992). MACLENNAN et al. (1992), SCHRIEVER and NADLER (1992), SzAKAL et al. (1989, 
1992), and WACKER et al. (1990). This antigen presentation is not controlled by 
major histocompatibility complex (MHC) molecules. B lymphocytes recognize 
antigen in nominal form entrapped in the labyrinth of protrusions of FOC in the 
germinal center, either solitary or in the form of immune complexes, and 
subsequently differentiate with the help of (C04+, helper phenotype) T cells or 
their products. The continuous exposure of antigen to B lymphocytes in the 
germinal center has been associated with immunologic memory at the B cell 
level: after the disappearance of the antigen from the germinal center, B cell 
memory also fades. 

Studies on FOC in suspension have been hampered by the complications in 
isolating the cells from tissue and the absence of FOC lines. Isolation procedures 
that have been developed include the disintegration of the stroma, harvesting of 
either whole tissue or follicles by a stereomicroscope, and the use of enzymatic 
digestion with collagenase and ONAse (CLARK et al. 1992; ENNAS et al. 1989; LILET
LECLERCQ et al. 1984; LINDHOUT et al. 1993; PARMENTIER et al. 1991 a; PETRASCH et al. 
1990; SCHNIZLEIN et al. 1985; SCHMITZ et al. 1993; SCHRIEVER et al. 1989; SELLHEYER 
et al. 1989). Subsequently, sedimentation over a discontinuous bovine serum 
albumin (BSA) gradient and Percoll density gradient is performed. In this way, 
suspensions are obtained that are rich in FOC, identified in cytological pre
parations as large, binucleated cells with dendritic processes (JOLING et al. 1993; 
KOOPMAN et al. 1991; PARMENTIER et al. 1991 a). These suspensions are 
contaminated mainly by B cells, which show a strong adherence to FOC 
("rosettes" in cytocentrifuge preparations). Generally, T cells and macrophages 
are absent in the preparations. Additional purification procedures involve 
enrichment/depletion on the basis of cell surface markers (FREEDMAN et al. 1992; 
PARMENTIER et af. 1991 a; SCHMITZ et al. 1993; STAHMER et al. 1991). The FOC
containing suspensions can be cultured for a short period, after which the cells are 
generally lost from culture (CLARK et al. 1992; TSUNODA et al. 1990) or can no longer 
be detected by immunocytochemistry. Therefore, most studies on FOC in 
suspension or after culture require an analytic readout at the single cell level. In 
our hands, FOC have been kept in culture for 3-5 days, using supplementation of 
the culture with the supernatant of mitogen-activated blood mononuclear cells. 
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Despite technical complications, studies on FDC in suspension have yielded 
valuable information, e.g., on the immunologic phenotype and biologic function of 
the cells. Our data on the immunologic phenotype of FDC isolated from human 
tonsils are presented in Table 1. The most specific identification of the cells is by 
the monoclonal antibodies anti-DRC-1 and Ki-M4. These antibodies are useful 
when applied in tissue section analysis; however, in cell suspension the 
antibodies also label B lymphocytes (about half of the blood B lymphocytes and 
almost all. tonsillar B lymphocytes; PARMENTIER et al. 1991 a). This marker 
expression apparently does not reflect the presence of exogenously acquired 
Ki-M4 or DCR-1 antigen, as Epstein-Barr Virus (EBV)-induced B lymphocyte cell 
lines also show immunolabeling. For some other markers, GERDES and FLAD 

Table 1. Immunologic Phenotype of human tonsillar follicular dendritic cells (FDC) 

Immunophenotype Cell suspension Tissue section 

CD1 
CO2 ± ± 
CD3 
CD4 ±' ± 
CD5 ± 
CD8 
CD22 ++ ++ 
CD25 
CD30 
CD37 ± + 
CD35 (CR1 ,C3bR) ++ ++ 
CD21 (CR2,C3dR) ++ ++ 
CD11a (LFA-1) 1 
CD11 b (CR3, C3biR) ++ ++ 
CD11c + + 
CD18 + + 
anti-DRC-1/Ki-M4 ++ ++ 
CD64 (FcyRl) ± 
CD32(FcyRII) + ± 
CD16(FcyRIII) ± + 
CD54(1CAM-1 ) ++ ++ 
VCAM-1 ++ ++ 
CD49a-f(VLA-1-6) 
slgG ++ ++ 
slgM ++ ++ 
slgD ± ± 
Clq ++ ++ 
C3b + ++ 
Macrophageb ± ± 
S-100' 

Data from JOLING et al. (1993, 1994), KOOPMAN et al. (1991), PARMENTIER et al. (1991 a), TUIJNMAN 
et al. (1993), and VROOM et al. (1993). 
CD, cluster of differentiation; CR, complement receptor; FcyR, receptor for Fc fragment of IgG; ICAM, 
intercellular adhesion molecule; LFA, Lymphocyte function-related antigen; slg, surface immuno
globulin; VLA, very late antigen. 
'Demonstrated by immunogold electron microscopy on about 20% of FDC 
b Anti-macrophage antibody EBM11 (Dakopatts, Glostrup, Denmark). 
'Marker for interdigitating dendritic cells. 
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(1992), HEINEN et al. (1984, 1985)' PARMENTIER et al. (1991 a), REYNES et al. (1985), 
SCHRIEVER et al. (1989, 1991), and SELLHEYER et al. (1989) have reported discrepant 
data. 

A relevant surface marker in HIV-1 infection is the CD4 molecule, as this is the 
classical virus receptor (DALGLEISH et al. 1984; KLATZMANN et al. 1984). Using an 
antibody to the OKT4a epitope in immunogold electron microscopy, PARMENTIER 
et al. (1991 a) have found CD4 expression on about 20% of isolated FDC; an 
antibody to the OKT4d epitope did not result in any labeling. Tissue section 
analysis is less informative in this respect, as CD4 antibodies generally result in 
weak reticular labeling of the germinal center. PARMENTIER et al. (1991 a), REYNES 
et al. (1985), and SCHRIEVER et al. (1989) have demonstrated the presence of 
complement receptors on FDC, but there is ongoing debate on the presence of 
receptors for the Fc fragment of immunoglobulin (lg)E (HARDIE et al. 1993; MAEDA 
et al. 1992; MASUDA et al. 1989) and that of IgG (FcyR; BONNEFOY et al. 1993; HEINEN 
et al. 1985; SCHRIEVER et al. 1989). The presence and extent of expression may be 
different between different species (GERDES and FLAD 1992). In humans, TUIJNMAN 
et al. (1993) have observed different results using various antibodies to the three 
FcyR classes. Two CD32 antibodies (lV.3 and KB61, against FcyRlll labeled 
isolated FDC in suspension, but only KB61 labeled cells in tissue sections. Three 
out of five CD16 antibodies (against FcyRIII) stained FDC in tissue sections, and 
two antibodies in this cluster labeled isolated FDe. This variability may be 
ascribed to the low density of FcyR on FDC and shielding of the receptors by 
immune complexes. In addition to their role in immune complex binding, Fc 
receptors have been claimed to playa role in the processing of B lymphocytes in 
the germinal center (BONNEFOY et al. 1993). 

The presence of complement receptors and receptors for Fcy is logical in 
view of the trapping of antigen in the form of immune complexes in the germinal 
center. These receptors may function to bind the complexes to the surface of 
FDC. Animal studies have in fact indicated a crucial role of complement activation 
and presence of Fc receptors in the antibody response in germinal centers (MAEDA 
et al. 1988; VAN DEN BERG et al. 1992; YAMAKAWAand IMA11992; ZWIRNER et al. 1989). 

In addition to the formation of antigen-antibody complexes, adhesion 
molecules are also involved in the interaction between FDC and B cells (CLARK 
et al. 1992; Kosco et al. 1992; PETRASCH et al. 1992; REE et al. 1993; Ruco et al. 
1992). This has been documented in vitro using antibodies in cell adhesion assays 
for the intercellular adhesion molecule (lCAM)-l/lymphocyte function-associated 
antigen (LFA)-l and the vascular cell adhesion molecule (VCAM)-l Ivery late 
antigen (VLA)-4 combination (FREEDMAN et al. 1990, 1992; KOOPMAN et al. 1991; 
LINDHOUT et al. 1993; LouIs et al. 1989). In a detailed study using antibodies to 
various domains on the ICAM-1 molecule, JOLING et al. (1994) demonstrated that 
domain 5 of the molecule is involved in FDC-B cell interaction and not in 
homotypic B-B cell interaction, while the first domain of the molecule is involved 
in both FDC-B cell and B-B cell interaction. This suggests the presence of at least 
three different interactive pathways between FDC and B lymphocytes. 
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Foe are a heterogeneous population when examined at the electron micro
scopic level. Based on the content of cell organelles, appearance of cellular 
extensions, presence of electron-dense (immune complex) deposits, and 
occurrence of intermediate filaments, RADEMAKERS (1992) has differentiated seven 
types of FOe in the human tonsil (Table 2, Fig. 2). These features suggest a 
gradual spectrum in differentiation, activation, and regression among these FOe 
types; this forms the basis of the designations used in Table 2. The spectrum 
ranges from primitive to a low stage of differentiation for FOe types 1-3, to 
differentiated types 4 and 5, and regressive changes for types 6 and 7. These 
types of FOe show a preferential location in different parts of the germinal center 
of tonsils. FOe types with a low extent of differentiation occur mainly in the dark 
zone, and secretory active types 4 and 5 predominate in the light zone. This 
preferential localization of different FOe types suggests that the dark and light 
zones each have a specific microenvironment of FOe. This underlines the 
different support given by FOe for proliferation and differentiation of B 
lymphocytes in the different germinal center types of compartments. 

Table 2. Ultrastructural features of follicular dendritic cell (FDC) types in germinal centres 

FDCtype Designation Ultrastructural characteristics 

Type 1 Primitive Very scarce cell organelles; when present, poorly developed. 
Filamentous cytoplasmic matrix. No villous extensions or electron
dense (immune complex) deposits 

Type 2 Undifferentiated Stellate cells with few organelles; polyribosomes. Submemb
raneous intermediate filaments. No villous extensions covered 
with electron-dense (immune complex) deposits 

Type 3 Intermediate Rounded cells with moderately developed rough endoplasmic 
reticulum (RER) and inconspicuous Golgi area. Some plumb 
cytoplasmic extensions having no electron-dense (immune 
complex) deposits. Submembraneous filament condensations 

Type 4 Differentiated Rounded cells with well-developed RER and Golgi systems. Some 
submembraneous filament condensations. Tiny villous plasma 
membrane protrusions with electron-dense (immune complex) 
deposits 

Type 5 Secretory Like type 4, but with a larger amount of cytoplasm. RER, Golgi area, 
and villous plasma membrane web extremely well developed. 
Many Golgi-associated vesicles. Electron-dense (immune com
plex) deposits present 

Type 6 Regressive, pale Elongated cells with large proportions of cytoplasm. Both RER 
(dilated) and Golgi area are inconspicuous. Lysosomes are 
present. Moderate density of villous extensions with electron
dense (immune complex) deposits that are partly engulfed by 
broad FDC extensions 

Type 7 Regressive, dark Stellate cells with electron-dense cytoplasmic and nuclear matrix. 
Dilated RER; inconspicuous Golgi area; clusters of free ribosomes 
present. Villous extensions and dense deposits not regularly 
present 

Data from RADEMAKERS (1992). For illustrations see Figs. 2, 4 and 5. 
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3 Histologic Features of Lymph Nodes 
After Human Immunodeficiency Virus Type 1 Infection 

Similar to the observations in conventional histology, major abnormalities in the 
follicles are observed in immunohistologic evaluation for markers of leukocytes 
and stromal cell types (BARONI and UCCINI 1990; BIBERFELD et al. 1985; GARCIA et al. 
1986; JANOSSY et al. 1985; PIRIS et al. 1987; PORWIT et al. 1989; RAcz et al. 1986; 
SCHUURMAN et al. 1985, 1988a; WOOD 1990). In normal follicles the labeling pattern 
by anti-DRC-1 and Ki-M4 follows a confluent dendritic pattern of round- to oval
shaped germinal centers. However, in hyperplastic follicles after HIV-1 infection, 
the stroma visualized by anti-DRC-1 or Ki-M4 shows indentations and 
fragmentations (Fig. 3a). These are associated with the histologic appearance 
described above, but often are more easily seen in immunohistolology than in 
conventional histology. The framework formed by FDC shows the immuno
phenotype of normal germinal centers, e.g., the presence of immunoglobulins 
(lgG and IgM) and complement components and the virtual absence of IgD 
immunolabeling. B lymphocytes are present, as are also solitary CD4+ T cells and 
macrophages. As in normal follicles CD5J+ cells (presumed natural killer cells) are 
present, but we have not found CD8+ T cells (cytotoxic T cell phenotype) in the 
FDC-containing part of the follicle. However, BARONI and UCCINI (1990), BARONI 
et al. (1988), PARAVICINI et al. (1989), PORWIT et al. (1989), and RAcz et al. (1990), 
have reported the infiltration of germinal centers by CD8+ cells. 

The areas of indentations and fragmentations where there is no labeling by 
anti-DRC1 or Ki-M4 show lymphocytes with the phenotype of mantle cells, e.g., 
B lymphocytes expressing IgM and IgD, T lymphocytes of CD4 or CD8 phenotype 
(SCHUURMAN et al. 1985, 1988a). This phenotype is in accordance with the cytology 
of the cells mentioned above, i.e., mainly comprising small-sized lymphocytes. 
Thus, the areas of indentation and fragmentation of the follicle should not be 
considered as part of the germinal center, but rather as representing the original 
follicle mantle (B cells) or interfollicular area. The stroma of the fragmented and 
indented areas has not been characterized thus far. 

The interfollicular areas in hyperplastic lymph nodes show (immuno) 
histologic characteristics that are not very different from those in the normal 
lymph node. SCHUURMAN et al. (1985) have noted in this respect that the CD4 to 
CD8 ratio within the lymph node T lymphocyte population is not as low as that 
within the blood T lymphocyte population. Recently, ROSENBERG et al. (1993) made 
a similar observation in macaques after infection with simian immunodeficiency 
virus (SIV). A striking feature is the accumulation of CD1 + cells with a dendritic 
morphology, presumably representing recently immigrated interdigitating 
dendritic cells presenting antigen to (CD4+) T cells (SCHUURMAN et al. 1985). High 
proportions of these cells, which strongly express HLA class II molecules, are 
found in other conditions as well, e.g., in some types of (congenital) 
immunodeficiency with defective T cell reactivity and in dermatopathic 
lymphadenopathy. In lymph nodes after HIV-1 infection, this phenomenon may 
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Fig. 3 a-1:. Immunohistology of lymph node, follicular hyperplasia after human immunodeficiency virus 
(HIV)-1 infection. a Anti-ORC-1 labeling, showing indentation and fragmentation of the dendritic staining 
pattern. x 250. b Anti-HIV-1 gag immunolabeling of the same area in an adjacent section, showing a 
similar staining pattern. This indicates the presence of HIV-1 gag protein concentrated on the surface of 
the FOC. x 250. Frozen tissue section, immunoperoxidase immunolabeling, without counterstaining. 
c In situ hybridization for the presence of HIV-1 RNA, showing a diffuse presence of a hybridization 
signal over the area in the follicle where FOC are present. x 400. Frozen tissue section, hybridization with 
a 35S-radioactive RNA probe complementary to HIV-1 RNA, autoradiographic detection, hemat
oxylin counterstain. The illustration in c is from a different lymph node than that in a and b 

indicate the continuous exposure of antigen to T lymphocytes that have lost the 
capacity of adequate responsiveness. 

The presence of CD8+ cells in the germinal center, although in our experience 
mainly restricted to areas of indentations and fragmentations, has been related to 
the cytotoxic action of these cells, presumably associated with reactivity to virally 
infected cells and thus resulting in tissue destruction (LAMAN et al. 1989). 
Cytotoxic cells can be identified by an antibody to serine esterase granzyme B, 
which together with perforin is expressed in the granules of cytotoxic T cells and 
natural killer cells (MASSON and TSCHOPP 1987; PETERS et al. 1991). PARMENTIER et al. 
(1991 b) found granzyme B immunolabeling in lymph nodes from HIV-1-infected 
patients, but not in higher proportions than in lymph nodes from non-HIV-1-
infected patients. Granzyme B-positive cells were found only in low proportions 
in the interfollicular areas, and not in germinal centers. JOLING et al. (1992) have 
made essentially similar observations in lymphoid tissues from cynomolgus 
monkeys after infection with SIVsm' despite the relatively high density of CD8+ 
cells. In contrast, DEVERGNE et al. (1991) have demonstrated cells expressing 
mRNA of serine esterase granzyme B in lymphoid follicles, indicating the 
presence of cytotoxic cells. This discrepancy between immunohistochemical and 
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hybridohistochemical data may be related to the specificity of the methods. As far 
as protein detection is concerned, it can be speculated that cytotoxic cells, if 
present, have lost their cytotoxic granules or that the protein is diffused through 
the tissue, reaching a local concentration below the detection level of immuno
histochemistry. Alternatively, the discrepancy may be related to a difference in 
study material between the two reports. As the simultaneous detection of mRNA 
and protein in the same sample or tissue section has not been reported thus far, 
the issue concerning cytotoxic cells in the germinal center mediating tissue 
destruction cannot be unequivocally solved. 

In the electron microscopic evaluation of FOC in tissue sections, RADEMAKERS 
et al. (1992a) have used the FOC typing mentioned above. This was done for 
whole follicles, because lymph node follicles did not manifest a subdivision into 
light and dark zones. Cluster analysis of the relative frequencies of lymphoid cell 
types, histiocytic cells, and FOC resulted in two main groups (Table 3); one cluster 
included all cases of control hyperplasia and six of fifteen HIV-1-infected cases, 
and the other one included the other nine HIV-1-infected cases. In this second 
cluster a significantly higher relative frequency of lymphoid blast subtypes and a 
significantly lower relative frequency of centrocytes was observed, making a 
blast to centrocyte ratio of 1.6 in the second cluster versus 0.5 in the first one 
(Fig. 4). The subsequent evaluation of these clusters for the distribution of FOC 
types showed significant differences; the second cluster manifested a 
significantly lower frequency of differentiated types 4 and 5 and a significantly 
higher frequency of regressive types 6 and 7 (Fig. 5). Thus, FOC in the major part 
of lymph nodes from HIV-1 infected patients do not manifest a high extent of 
differentiation, and they show signs of regression. In the light and dark zone of 

Table 3. Mean relative frequency (%) of lymphoid cell types and follicular dendritic cell (FOC) types in 
germinal centers of lymph nodes from (HIV}-1 infected patients (n = 15) and controls (n = 8). groiJped 
according to clustering 

Cell type Cluster 1 Cluster 2 

Number of patients 14 9 
Number of HIV-1 infected patients 6 9 
Lymphoid blastoid cells 26.3 48.8 
Centrocytes 49.2 30.9 

FOCtypes 
Type 1 0.1 0.4 
Type 2 5.7 7.1 
Type 3 23.6 22.9 
Type 4 33.0 20.1 
Type 5 17.8 11.5 
Type 6 11.6 21.6 
Type 7 8.9 15.8 

'0ata from RADEMAKERS et al. (1992a). Clustering was done on the basis of the relative frequencies of 
lymphoid cell types (blastoid cells, cleaved blasts, immunoblasts and centroblasts, centrocytes, 
centroplasmacytoid cells, lymphocytic multi lobated cells, and plasma cells) and that of histiocytic cells 
and FOC. The main discriminative parameters in this analysis were the blastoid cells and the 
centrocytes (data presented in the table). Subsequently, FOC types in the clusters were assessed. 



Fig. 4. Electron micrograph showing an overview of a germinal center in a lymph node from a human 
immunodeficiency virus (HIV)-1-infected patient (cluster 2, Table 3). The main lymphoid population 
comprises centroblasts (CB). and few centrocytes (CC) are present. There is a follicular dendritic cell 
(FDC, type 4; asterisk) in close apposition with a tingible body macrophage a (TM). x 4000. Inset, 
HIV-1 virus particle. x 80 000 
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Fig. 5. Left Electron micrograph of a type 5 follicular dendritic cell (FDC) with large cytoplasm 
containing an extensive Golgi area with several Golgi complexes (arrows). There are many villous 
extensions with electron-dense deposits (arrowheads). x 5850. Right Binucleated type 7 FDC with 
electron-dense cytoplasmic and nuclear matrix. Cisterns of rough endoplasmic reticulum are dilated 
(arrowheads). There are villous extensions with electron-dense deposits visible. x 5850 

tonsillar germinal centers this peculiar cell combination of regressive FOe types 
and a high blast to centrocyte ratio does not occur. A high blast to centrocyte 
ratio is present only in the dark zone, in combination with the primitive/ 
undifferentiated FOe types 1-3. The observation in the second cluster of lymph 
nodes is indicative of an inadequate support by FOe for germinal center B 
lymphocyte differentiation after HIV-1 infection. 

JOLING et al. (1992) have described similar changes in spleen and lymph nodes 
from cynomolgus monkeys after experimental infection by SIVsm ' A remarkable 
observation was the presence of paracrystalline arrays resembling so-called 
tubuloreticular structures in FOe with the ultrastructural features of undifferen
tiated fibroblastoid cells. KOSTIANOVSKY et al. (1983). ONERHEIM et al. (1984), and 
SCHIAFFINO et al. (1986) have documented such structures in cells after retroviral 
infection, including lymphocytes and endothelial cells, but not in FOe. GRIMLEY 

et al. (1985) and Luu et al. (1989) have associated the presence of tubuloreticular 
structures with the synthesis of a-interferon by the cell itself or with the reaction 
of the cell to the presence of a-interferon in the local environment. Their presence 
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in FOC indicates that these accessory cells in the germinal center contribute to 
the response to viral infection. 

Based on these histologic observations, the hypothesis has _been put forward 
that FOC in lymphoid tissue go into a process of differentiation and regression 
after HIV-1 infection. They are then destroyed and disappear, and indentations 
and fragmentations of the FOC meshwork emerge in the germinal center. Oue to 
the absence of the stromal component, lymphocytes from the follicle mantle and 
interfollicular area are able to invade these areas, resulting in the histologic 
appearance described above. This change is not pathognomonic for HIV-1 
infection, as it is found in other conditions as well. In our experience, indentations 
and fragmentations are frequently encountered in germinal centers in mucosa
associated lymphoid tissue, e.g., tonsils and plaques of Peyer. Lymph nodes can 
also show fragmentations and indentations of germinal centers iff conditions of 
systemic autoimmune diseases, such as systemic lupus erythematosus, and in 
some other viral infections. Apparently, a number of initiating events can underly 
such germinal center abnormalities. These abnormalities are very pronounced 
after HIV-1 infection and can occur in lymphoid tissue from SIVsm-infected 
cynomolgus monkeys. It is therefore likely that these immunodeficiency viruses 
have a causative role in the evolution of histologic abnormalities, i.e., the 
destruction of the FOC meshwork. This suggestion can be explained in two ways: 
on the one hand by the cytopathic action by the virus itself. and on the other hand 
by the immune response of the host to the virus. As stated above, there is no firm 
indication that host cytotoxic cells to the virus contribute to follicle germinal 
center destruction. In the following section we focus on the possible FOC 
destruction by the virus itself. 

4 In Situ Identification 
of Human Immunodeficiency Virus Type 1 

Viral particles are easily identified in the germinal center of lymphoid tissue from 
patients after H IV-1 infection (ARMSTRONG and HORNE 1984; CAMERON et al. 1987; LE 
TOURNEAU et al. 1986; O'HARA et al. 1988; RAcz et al. 1990; RADEMAKERS et al. 
1992a; TENNER-RAcz 1988; TENNER-RAcz et al. 1985, 1989; WARNER et al. 1984) or 
monkeys after SIV infection (JOLING et al. 1992; O'HARA et al. 1988; RINGLER et al. 
1989; TENNER-RAcz et al. 1985). Virus particles, 80-120 nm in diameter with a large 
electron-dense core, occur between villous extensions of FOC (Fig. 4, inset). The 
viral particles presumably are present in the form of antigen-antibody complexes 
on the surface of FOC. In our experience, budding of viral particles was not 
detectable, but RAcz et al. (1990) and TENNER-RAcz et al. (1989) have observed 
signs of viral replication in FOC. RADEMAKERS et al. (1992a) were unable to identify 
budding phenomena or ultrastructural indications of syncytium formation that are 
observed after in vitro interaction of virus with C04+ cells. 
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BARONI and UCCINI (1990), BARONI et al. (1988), BIBERFELD et al. (1988)' GARCIA 
et al. (1986), PARMENTIER et al. (1990), PEKOVIC et al. (1987) RAcz et al. (1990), 
SCHUURMAN et al. (1988a), TENNER-RAcz et al. (1986), and WOOD (1990) have 
identified viral proteins using specific antibodies, either to tlie structural proteins 
gag and env or to the regulatory proteins tat, rev, and nef. In lymph nodes 
the highest labeling for structural proteins gag and env has been demonstrated in 
the germinal center (Fig. 3b). The staining colocalized with the labeling for FDC by 
anti-DRC-1 or Ki-M4 and with immunoglobulin and complement components. 
This was best demonstrated in follicles with indentations and fragmentations: the 
location where there was no labeling for FDC antigen was also negative for HIV-
1 antigen (compare Fig. 3a and b). In addition, FDC isolated from a lymph node of 
a HIV-1-infected patient (PARMENTIER et al. 1990) and from lymphoid tissue of 
SIVsm-infected monkeys (JOLING et al. 1992) showed an intense immunolabeling 
for HIV-1 or SIV viral antigens. This immunolabeling is concordant with the 
trapping of viral proteins in the FDC labyrinth, presumably in the form of immune 
complexes. This trapping points to the presentation of HIV-1 antigen to B cells, 
analogous to a normal humoral immune response to an exogenous antigen. It is 
not clear whether this trapping of viral protein has any consequence for germinal 
center destruction. 

The highest immunolabeling in the FDC-containing germinal center was 
observed for gag protein, exceeding that for env gp41 protein. For unknown 
reasons, we were unable to visualize env using an anti-env gp120 antibody 
(PARMENTIER et al. 1990; SCHUURMAN et al. 1988a, 1989). Outside germinal centers, 
immunolabeling was found for solitary cells, in some cases also on the 
endothelium. Some of these solitary cells in the interfollicular area showed the 
morphology of interdigitating dendritic cells and were strongly positive for HLA 
class II antigen in two-color immunolabeling. In contrast to the germinal center, 
the intensity of labeling of these cells for env gp41 generally was higher than that 
for gag proteins. It is not clear whether this differential intensity of immuno
labeling product for gag and env proteins between FDC in the germinal center and 
interdigitating dendritic cells in the interfollicular area is relevant for the mode of 
H IV-1 presentation to different lymphocyte subsets at these different sites. 

The specificity of immunolabeling of lymph nodes has been investigated, 
including the analysis of lymph nodes with follicular hyperplasia from uninfected 
patients. It became apparent that some anti-gag antibodies result in 
immunolabeling of tissues from uninfected persons, e.g., epithelial cells in 
thymus and tubules in the kidney (PARRAVICINI et al. 1988; SCHUURMAN et al. 1988b, 
1989). This apparent cross reactivity is relevant for diagnostic immunohistology: 
one should be very careful in interpreting H IV-1 immunolabeling on tissue 
sections. We therefore recommend that immunohistochemistry should not be 
used to diagnose HIV-1 infection, but rather that its use be restricted to studies on 
pathogenesis or prognosis, for example. 

The basis of the cross-reactivity observed is still a matter of speculation. 
Apparently, epitopes recognized by (monoclonal) anti-H IV-1 antibodies do occur 
in normal human tissue. BERETTA et al. (1987), PURCELL et al. (1989), QUERY and 
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KEENE (1987), and SCHUURMAN et al. (1988b) have described the presence of cross
reactive epitopes or homologous regions. Examples are human HLA class II 
molecules and HIV-1 env protein (GOLDING et al. 1988; PUGLIESE et al. 1992) and the 
Arg-Gly-Asp (RGD) sequence on human cell adhesion molecules and HIV-1 tat 
(regulatory) protein (BRAKE et al. 1990). For HIV-1 gag (NAYLOR et al. 1987; 
SCHUURMAN et al. 1988b) and env (NGUYEN and SCHEVING 1987) there is homology 
with the thymic hormone thymosin-al' which has been claimed to underly the 
virus-neutralizing capacity of antithymosin antisera (SARIN et al. 1986). RITTER et al. 
(1987) have disputed this claim. This aside, thymic epithelium, being the source 
of thymosin, apparently expresses molecules sharing epitopes with retroviral 
antigens. For instance, COHEN-KAMINSKY et al. (1987) and HAYNES et al. (1983) have 
successfully applied an antibody to p19 gag antigen of human T Iymphotropic 
virus I in the detection of thymic epithelium. A second explanation-comes from 
the existence in the genome of endogenous proretroviral or retrovirus-like 
sequences that have been documented in humans by BRACK-WERNER et al. (1989). 
LARSSON et al. (1989), and WILKINSON et al. (1990) and in other species such as the 
baboon by COHEN et al. (1981) and the mouse by KOZAK (1985). 

For various antibodies to H IV-1 regulatory proteins tat, rev, and nef, 
PARMENTIER et al. (1992) have observed an even higher degree of cross-reactivity 
than for antibodies to HIV-1 structural proteins. In lymphoid tissue from 
uninfected patients, anti-tat antibodies from two different sources labeled 
endothelium, and an antibody to rev labeled histiocytes. FDC were labeled by one 
out of three antibodies to HIV-1 nef. Lymph nodes from HIV-1-infected individuals 
manifested a similar labeling, in some cases more intensely than those from 
uninfected subjects. Also, in conditions of local inflammation, e.g., skin in 
patients with atopic dermatitis, there may be upregulation of the cross-reactive 
epitopes. SCHUURMAN et al. (1993) have found this for keratinocyte labeling by anti
rev antibody and for Langerhans cells by anti-tat antibody. Thus, it is not possible 
to study the regulation of HIV-1 expression in situ using such antibodies to HIV-1 
regulatory proteins. 

HIV-1 RNA can be detected on tissue sections by in situ hybridization. Using 
optimal (autoradiographic) detection with 35S-labeled probes (complementary to 
HIV-1 gag/pol RNA or to env RNA) and autoradiographic detection, a low density 
of cells has been observed at scattered locations in lymph nodes from H IV-1-
infected individuals (BARONI et al. 1988; PARMENTIER et al. 1990; SCHUURMAN et al. 
1988a, 1989). We were unable to document differences between follicles and 
interfollicular areas in the density of cells expressing H IV-1 RNA but BIBERFELD 
et al. (1986, 1988), BURKE et al. (1993), and RAcz et al. (1990) have described a 
higher density of solitary RNA-positive cells in follicles than in interfollicular areas. 
PREVOT et al. (1989) and SPIEGEL et al. (1992) have observed a confluent low
intensity hybridization signal in the FDC-containing area in germinal centers, but 
not at other locations in the tissue section. We have also observed this in some 
cases (Fig. 3c). This phenomenon has been interpreted as reflecting a state of 
HIV-1 infection of the stroma, i.e., of FDC. This conclusion strictu sensu is not 
allowed, as the signal may reflect a high concentration of virus at this location, i.e., 
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the presence of large numbers of viral particles at extracellular sites entrapped in 
the FOC labyrinth. 

PARMENTIER et al. (1990) have also detected HIV-1 RNA in FOC isolated from a 
lymph node of a H IV-1-infected patient. The cytocentrifuge preparation subjected 
to HIV RNA hybridization manifested a signal over the cytoplasm of FOC-like cells. 
This has also been interpreted as reflecting H IV-1 infection and active virus 
production by the cells. This interpretation is subject to the same comment as 
that on the low-intensity hybridization signal over FOC in tissue sections, as it can 
be the reflection of large numbers of viral particles bound to the isolated cells. Oue 
to the low yield of cells from the lymph node, we were unable to address this 
question in detail. e.g., by electron microscopy. 

Another approach to address this question is to perform infection 
experiments in vitro. Such studies are hampered by the impossibility of obtaining 
pure FOC suspensions without contamination by other cells and thus require 
analysis at the single cell level. JOLING et al. (1993) have studied the interaction 
between HIV-1 and FOC using HIV-1 particles conjugated to fluorescein 
isothiocyanate (FITC) by flow cytometry (Table 4). The highest extent of binding 
was observed when the incubation medium was supplemented with fresh 
(unheated) serum from control donors, and an additional effect was observed for 
heated serum from H IV-1 patients containing anti-HIV-1 antibodies. This data was 
confirmed by fluorescence microscopy of the cells after processing to cyto
centrifuge preparations. The factor in fresh unheated serum mediating the 
binding of HIV-1/FITCto FOC proved to be complement component C3, as shown 

Table 4. Fluorescence signal of follicular dendritic cells (FOC) or blood mononuclear cells after 
incubation with fluorescein isothiocyanate (FITCHabeled human immunodeficiency virus (HIV)-1 
particles 

Serum Mean Quenching" 
fluorescence 

+ 

Follicular dendritic cells 
Background, no HIV-1/FITC 5.3 4.1 3.9 
Control heated serum 8.2 5.9 6.4 
Control fresh serum 66.7 20.3 8.2 
Heated fresh serum n.d. 5.9 5.0 
HIV-1 serum and control fresh serum n.d. 34.9 9.7 
C3-deficient serum 8.3 n.d. n.d. 
C5-depleted serum 46.3 n.d. n.d. 

Blood mononuclear cells 
Control heated serum n.d. 6.4 7.4 
Control fresh serum n.d. 57.5 29.0 

Data from JOLING et al. (1993). FOC were incubated with FITC-conjugated HIV-1 particles for 30 min and 
thereafter fixed with paraformaldehyde. The binding was performed in the presence (20%) of various 
serum supplements that were either fresh or heated (56°C, 30 min) to destroy complement activity. The 
analysis was done by flow cytometry. 
n.d., not done. 
" Quenching to eliminate extracellular fluorescence was assessed by addition of trypan blue (-, not 

added; +, incubation"with trypan blue). 
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by experiments using serum from a patient with deficiency of the third 
complement component and serum depleted of complement component C5. 
Thus, complement component C3 mediates binding of HIV-1/FITC to FOC. This is 
supported by the presence of complement receptors on FOC. BAKKER et al.(1992), 
BOYER et al.(1991), JUNE et al. (1991), and MONTEFIORI et al. (1993) have 
demonstrated that complement reinforces the binding of H IV-1 to various cell 
types. In addition, HIV-1 is able to activate the complement cascade, especially 
the classical pathway (OIERICH et al. 1993; EBENBICHLER et al. 1991; REISINGER et al. 
1990; SOLDER et al. 1989; SPEAR et al. 1990). Anti-H IV-1 antibodies have a role in 
virus binding and subsequent cellular infection in a number of cell types (BOYER 
et al. 1991; HOMSY et al. 1989; JOUAULT et al. 1989; JUNE et al. 1991; MONTEFIORI 
et al. 1990; ROBINSON et al. 1988, 1989; TAKEDA et al. 1988). This is notthe case for 
HIV-1/FITC binding to FOC, which is presumably related to the low expression of 
FcrR by the cells. Experiments using fluorescence quenching showed a strong 
reduction of the fluorescence signal in the presence of trypan blue, indicating that 
most fluorescence was present extracellularly (Table 4). For blood mononuclear 
cells after HIV-1/FITC binding, quenching resulted in a smaller reduction of the 
fluQrescence signal. Thus, under the conditions of the experiments, H IV-1/FITC 
remains bound on the surface of FOC whereas it is internalized by blood 
mononuclear cells (mainly monocytes). This result was confirmed by immuno
gold electron microscopy with anti-FITC and anti-H IV-1 gag antibody, in which 
most label was found on the FOC surface (JOLING et aI.1993). These data are in 
accordance with those of STAHMER et al.(1991)' who have demonstrated in vitro 
infection of FOC by HIV-1 after binding in a C04-independent manner. Apparently, 
the binding of H IV-1 to FOC does not involve the classical interaction between 
HIV-1 env protein and the C04 receptor molecule on the cell surface, as described 
for other cell types (LIFSON et al. 1986; SODROSKI et al. 1986; YOFFE et al. 1987). 
CHEHIMI et al. (1993) have reported a similar C04-independent pathway in infection 
of blood dendritic cells. 

5 Conclusions 

C04 +T-helper lymphocytes and subsequently macrophages were originally 
proposed as the most important target cells for H IV-1 infection and virus spread 
through the body. An important role has also been proposed for dendritic cells and 
Langerhans cells which have a main antigen-presenting function for T-helper cells 
in primary immune responses (CAMERON et al. 1992; LANGHOFF and HASELTINE 1992; 
LANGHOFF et al. 1991, 1993; MACATONIA et al. 1989, 1990; PATTERSON et al. 1991; 
RODRIGUEZ et al. 1991; TSCHACHLER et al. 1987). These claims were made neglecting 
the abberrations in the follicles of swollen lymph nodes in H IV-1 infected patients. 
It is now clear that the germinal center, in particular the stromal component or 
FOC, represents a third target in the infectious process (GERDES and FLAD 1992; 
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Fox and CODlER-Fox 1992). This is evidenced by the substantial presence of virus 
at this location as viral particles, viral RNA, or viral proteins. Immunohistochemical 
evaluation shows that the germinal center of lymphoid organs is almost the only 
place in the body where an abundant expression of viral protein occurs. It is thus 
tempting to conclude that the germinal center is the main reservoir of extra
cellular virus in the body. Lymphocytes and cells of the macrophage series may 
represent the main reservoir of intracellular virus in this regard. 

The relevance of the presence of virus in the germinal center can be 
illustrated by the results of a preliminary study by JOLING et al. (1992) on SIVsm 

infection in cynomolgus monkeys. Two animals received experimental treatment 
by dideoxyinosine in combination with azidothymidine or '3-fluorothymidine 
during the first 9 weeks after infection. FOC obtained at autopsy 25 weeks later 
showed a low intensity of SIVp2B immunoreactivity on cytoc.entrifuge prepar
ations and no detectable immunoreactivity on tissue sections. An intense 
immunolabeling signal was observed on cells from three other animals who did 
not receive treatment. In addition, the treated animals showed the highest 
proportions of C04+ cells and the highest C04 to COS ratio in peripheral blood. 
This data provides a first indication for an association between the effect of 
experimental antivirus treatment and the presence of virus on FOC in the 
germinal center. This correlates with data from ROSENBERG et al. (1993) on the 
association between the extent of viral expression on FOC and the C04 to COB T 
cell ratio in blood and lymph nodes in macaques after SIV infection. EMBRETSON 
et al. (1993) and PANTEL EO et al. (1993a,b) have presented data on active 
processes of viral replication within lymphoid tissue and not in blood during the 
first phase after HIV infection. 

FOC can be infected by HIV-1 as shown by in vitro infection experiments. It 
remains to be established whether this actual infection of FOC is important or 
whether the sole binding and persistence of HIV-1 particles in the extracellular 
space of the germinal center labyrinth represents the main reservoir for the 
infectious process. In this respect, our in vitro data indicate that FOC are able to 
bind virus and that viral particles subsequently internalize less efficiently in FOC 
than in blood mononuclear cells. 

The changes in the lymphoid follicle are associated with a process of 
destruction. Indentation and fragmentation of the FOC-containing stromal 
meshwork already occurs in the follicular hyperplasia stage, and at the subcellular 
level regressive changes are observed in the major part of HIV-1-infected 
patients. The mechanism of this destruction is unknown. It is likely that the cause 
of this process is the virus itself and not the host response to the virus, because 
the virus is present in germinal centers and there is no clear indication of cytotoxic 
lymphocytes at this location. Following the reasoning mentioned above, a 
cytopathic action of extracellular virus seems more likely than actual cellular 
infection and intracellular processes leading to cell death. It is known that HIV-1 at 
the surface of cells can mediate cellular destruction in vitro via the process of 
syncytium formation. Such syncytium cells are rarely seen in situ and not in the 
germinal center. However, this neither proves nor disproves in vivo cell death by 
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extracellular action, first because the process may occur very fast and thus is not 
visible in histologic slides, and second because the ex vivo histologic readout may 
be different from in vitro syncytium formation. Obviously, there is a need for 
adequate in vitro models to address these questions in detail. 

If the processes inside germinal centers are accepted as crucial events in 
HIV-1 infection and disease development subsequent to systemic lympha
denopathy, we should be aware of the fact that these processes may involve 
other types of cellular interactions. In the classical route of infection, 
the interaction between the CD4 receptor molecule and the env protein of the 
HIV-1 plays an important role. However, the interaction between HIV-1 and FDC 
can occur in a CD4-independent pathway and requires the presence of 
complement component C3. The interaction between HIV-1 and complement is 
significant for the infectious process for a number of cells. DIERICH et al. (1993) 
have recently reviewed the ability of the virus to avoid complement-mediated 
lysis and to use complement components for its own benefit. In the cellular 
interaction inside germinal centers too, the ICAM-1/LFA-1 and VLA-4NCAM-1 
interactions may be important. Therefore approaches interfering with infectious 
processes inside germinal centers should focus on these molecular mechanisms 
rather than on the CD4-env gp 120 pathway. 
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1 Introduction 

The malignant lymphomas now known as Hodgkin's disease were first described 
by THOMAS HODGKIN in 1832. This disease is characterized by the presence of large, 
multinucleate cells, called Reed-Sternberg cells, which are scattered irregularly 
throughout Hodgkin's infiltrates. Intermingled with the Reed-Sternberg cells is a 
mixed population of lymphocytes, histiocytes, eosinophils, plasma cells, and 
neutrophils. Histological subclassification of Hodgkin's disease relies principally 
on variations in the proportions of lymphocytes and histiocytes. Thus, the 
lymphoma is subdivided into four types: lymphocyte predominant including the 
nodular paragranuloma, nodular sclerosis, mixed cellularity, and lymphocyte 
depleted (LUKES and BUTLER 1966). An estimated 4 new patients with Hodgkin's 
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disease per 100000 population will be detected yearly. By chemotherapy and/or 
radiation approximately 75% of patients with Hodgkin's disease can be cured. 

Malignant lymphomas other than Hodgkin's disease are called non
Hodgkin's lymphomas (NHL). In the Western world, they are derived in 90% of 
cases from B lymphocytes and in 10% from T cells or monocytes. More than 5 
new NHL patients per 100 000 population per year are diagnosed. Various 
systems have evolved for the classification of NHL. While the Rappaport classifi
cation enjoys popularity mainly in the United States (RAPPAPORT et al. 1956). 
many European countries apply a scheme proposed by Lennert at the University 
of Kiel (LENNERT et al. 1975). He related morphology to lymphocyte lineage. The 
main subtypes of his classification are the lymphocytic, the centrocytk, and 
the centroblastic-centrocytic lymphoma (all of low-grade malignancy) and the 
centroblastic, immunoblastic, lymphoblastic, and Burkitt's lymphoma (all highly 
malignant neoplasias). The cytomorphological criteria of these entities will be 
explained in detail below. Only 25% of the patients suffering from NHL are cured 
from their disease. 

Most research on malignant lymphoma has focused on the nature of Reed
Steenberg cells in Hodgkin's disease or neoplastic lymphocytes in NHL. 
However, information dealing with other components of lymphoma tissue such 
as cells of the mononuclear phagocytic system and the dendritic cell family may 
be as important. Within normal lymphatic tissue, follicular dendritic cells (FOe) 
form a web-like network throughout primary B cell follicles and germinal centers. 
Oue to their long cytoplasmic processes, they are in close contact with many of 
the neighboring lymphocytes. FOe are also present in NHL derived from the folli
cular center or the mantle zone (STEIN et al. 1982a). In the centroblastic-centro
cytic lymphoma, nodules resembling the secondary follicles within the 
nonmalignant lymphatic tissue are detected. These nodules contain FOe which 
constitute a well-defined, dense, spherical network. The monoclonal B cells with 
a centrocytic and centroblastic cytology are contained within the cytoplasmic 
processes of the FOe, where they undergo proliferation (MORI et al. 1988). FOe 
are not only restricted to NHL of the B cell type. They have also been discovered 
in T cell lymphoma, i.e., angioimmunoblastic lymphadenopathy (AILO). Further
more, in Hodgkin's disease, the nodular paragranuloma with lymphocyte 
predominance displays FOe as a constitutive cell type. 

Tumor cells from up to 85% of patients with follicular lymphoma and up to 
30% of patients with large cell lymphoma contain the t(14; 18)(q32; q21) trans
location. This rearrangement is the result of a breakpoint on chromosome 14 onto 
which a gene from chromosome 18 is joined called bcl-2 (B-cell leukemia/ 
lymphoma-2). As a result of the translocation, be!-2 is brought into the proximity 
of the immunoglobulin (lg)H enhancer. Several investigators have found 
indications that the bcl-2 protein may act as a survival factor. When the bel-2 gene 
was transfected into an interleukin (lL)-3-dependent cell line, the cells survived in 
a Go state but did not proliferate. They escaped from apoptosis, a process also 
called programmed cell death (VAUX et al. 1988). Interestingly, in vitro experiments 
have demonstrated that FOe are able to rescue germinal center B cells from 
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entering apoptosis (PETRASCH et al. 1991; LINDHOUT et al. 1993). However, no 
experimental evidence for a contribution of FOC in the oncogenesis of malignant 
lymphoma has been published so far. On the other hand, several investigators 
were able to show that FOC stimulate the proliferation of non-neoplastic and 
neoplastic lymphocytes (SCHNITZLEIN et al. 1984; PETRASCH et al. 1992a). 

This chapter will first focus on neoplasias with FOC involvement. The 
histological distribution of FOC within the different lymphoma entities and within 
FOC sarcoma will be described in detail. Subsequently, the antigenic phenotype 
of FOC in normal conditions and in neoplastic disorders will be summarized, 
paying special attention to the adhesion molecules expressed on FOC and 
neoplastic lymphocytes. Finally, the interactions between FOC, germinal center 
B lymphocytes, and lymphoma cells will be discussed. 

2 Histological Distributcomn of Follicular Dendritic Cells 

The detection of FOC by conventional light microscopy or histochemical 
techniques in human lymph nodes is difficult. The production of monoclonal 
antibodies (mAb) has enabled pathologists to study the distribution pattern of 
FOC in the lymphatic tissue. Of particular interest are those mAb specific for FOC, 
namely Ki-M4 (PARWARESCH et al. 1983) and R4/23 (NAIEM et al. 1983). The mAb 
Ki-M4P and Ki-FOC1 are adequate for formalin-fixed and paraffin-embedded 
tissue sections. They are well-established immunoreagents for the recognition 
of FOC in routine diagnostic and research work in human lymph nodes (TABRlzlcHI 
et al. 1990) and in rats (WACKER et al. 1987), respectively. 

2.1 Normal Lymphoid Tissue 

FOC are restricted to the primary follicles and germinal centers of the secondary 
lymphoid tissue (NOSSAL et al. 1968; STEIN et al. 1982a). They may also be 
visualized in lymph follicles within various extralymphatic organs when chronic 
inflammations are accompanied by an activation of B cells, i.e., rheumatoid 
arthritis. In addition, FOC are detectable in the mantle zone that surrounds the 
germinal center. In the mantle zone their fusiform processes are more loosely 
arranged (WOOD et al. 1985). 

Within the germinal center a dark zone rich in centroblasts and a light zone 
consisting predominantly of centrocytes can be distinguished. In the latter, the 
dendritic processes are in close association with the lymphocytes, while in the 
dark zone, the immunohistochemical staining of FOC is less intense. By electron 
microscopy, Rademakers observed undifferentiated FOC with only few cell 
organelles in the dark zone of the secondary follicles, while FOC in the light 
zone presented numerous mitochondria and their cytoplasmic processes carried 
electron-dense deposits (RADEMAKERS 1992). 
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Foe have not been identified in the extrafollicular regions of the lymphatic 
tissue, nor have they been detected in specimen of normal thymus, liver, skin, or 
kidney (PARWARESCH et al. 1983.) 

2.2 Hodgkin's Disease 

In Hodgkin's disease, two histological patterns of FOe can be distinguished: FOe 
may form an expanded and disrupted network occupied by nongerminal center 
cells. The follicle-occupying cells are epitheloid, lymphatic, and histiocytic cells (L 
and H). This pattern is found in 90% of the cases of nodular paragranuloma with 
lymphocyte predominance and in 50% of the cases of nodular sclerosis (ALVAIKKO 
et al. 1991). Furthermore, in some patients with Hodgkin's disease presenting a 
mixed cellularity, a network-like distribution of FOe has been observed, with the 
follicle-occupying cells being Sternberg-Reed, Hodgkin's, and epitheloid cells. In 
all the other cases, including the Iymphocyte-depleted subtype, FOe are either 
rare or absent. In immunostained cryostate sections, only remnants of FOe 
processes are visible in these cases. Thus, the disappearance of lymphocytes 
and the abundance of sclerosis in Hodgkin's disease is accompanied by a loss of 
FOe (ALVAIKKO et al. 1991). Interestingly, these latter entities are associated with 
a poor prognosis. 

2.3 Non-Hodgkin's Lymphoma 

In NHL derived from germinal center cells, i.e., centroblastic-centrocytic or 
centroblastic lymphoma, nodules resembling the secondary follicles within 
nonmalignant lymphoid tissues are detected. The neoplastic centroblasts and 
centrocytes are intermingled with the FOe. Furthermore, Foe may be present in 
non-germinal-center cell derived B cell NHL, i.e., centrocytic and lymphocytic 
lymphoma. Finally, FOe are frequently detected in low-grade B cell lymphoma of 
the gastrointestinal tract and in some cases of T cell neoplasias, i.e., (AILO). 

2.3.1 Germinal Center Cell-Derived Non-Hodgkin's Lymphoma 

The centroblastic-centrocytic lymphoma and the centroblastic lymphoma of the 
Kiel classification are termed "malignant follicular lymphoma" and "diffuse 
malignant lymphoma", respectively, according to the Working Formulation. The 
neoplastic nodules of the centroblastic-centrocytic lymphoma consistently 
display FOe, constituting a well-defined, dense, spherical meshwork. In some 
cases, however, the number of Foe is reduced and the demarcation of the 
network is not as clear-cut as it is in reactive follicles. In this entity, the monoclonal 
B lymphocytes, which often have strongly indented nuclei, are enwrapped tightly 
by the cytoplasmic processes of the Foe (STEIN et al. 1984). Although in some 
cases of centroblastic-centrocytic lymphoma the follicle mantle still exists, a 
subdivision of the pseudofollicles into dark and light zones is not detected. The 
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number of proliferating cells within the neoplastic germinal centers is lower than 
in reactive germinal centers, and starry sky macrophages may be absent (LENNERT 
and FELLER 1990). 

FOC have been identified only in some cases of highly malignant NHL 
derived from germinal center cells, i.e., centroblastic lymphoma. In this subtype, 
FOC are less densely packed or are present in irregular clusters or clumps, 
sometimes showing an asymmetrical layout (STEIN et al. 1984). 

2.3.2 Non-Germinal-Center Cell-Derived Non-Hodgkin's Lymphoma 

In the centrocytic lymphoma, also called "mantle zone lymphoma". by 
WEISENBURGER et al. (1982), FOC are consistently present. In this disease, the 
neoplastic B cells are small to medium in size, displaying only ba[~ly detectable 
cytoplasma. Their nuclei are usually indented, containing a fine chromatin 
structure. Congruent with the non-nodular growth pattern revealed in the histo
logical examination of centrocytic lymphoma (LENNERT et al. 1978), a diffuse 
distribution of the FOC can be seen by microscopy. In the centrocytic lymphoma, 
the cytoplasmic extensions of the FOC are rather round and short, presenting 
only vestigial ramifications. Interestingly, patients with centrocytic lymphoma 
and a weak positivity for the FOC-selective mAb Ki-M4 have a poor prognosis 
(STEIN et al. 1982a). Although the FOC are not well differentiated in this disease, 
they are closely associated with the neoplastic centrocytes. In some cases of 
centrocytic lymphoma, reactive secondary follicles with a well-established web 
of FOC may still be preserved. 

FOC are also found in non-follicular-center cell lymphoma, when 
a pseudonodular growth pattern is observed. By immunohistochemistry with the 
mAb RFO-3, CHILOSI et al. (1985) detected FOC in 50% of the bone marrow 
samples from patients with a nodular marrow involvement of B cell chronic 
lymphocytic leukemia. Furthermore, FOC infiltrating lymphoma tissue have been 
observed in some patients with Burkitt's lymphoma (STEIN et al. 1984). This 
disease, frequently associated with a 8/14 translocation, is endemic in Africa and 
obviously arises in a state of Epstein-Barr virus-induced polyclonal B cell prolife
ration (OALLA FAVERA et al. 1982). Other forms of lymphoblastic lymphoma, even 
those with a nodular growth pattern, are devoid of FOC (MAEDA et al. 1993a). 
Furthermore, no FOC involvement has been found in prolymphocytic leukaemia, 
hairy cell leukemia, or multiple myeloma. 

2.3.3 Lymphoma of Mucosa-Associated Lymphoid Tissue 

Malignant lymphoma arising from mucosa-associated lymphoid tissue (MALT) 
are also called MALT lymphoma. Their oncogenesis is not yet fully understood; 
however, their is evidence for their derivation from the B cell native to mucosa. 
PARSONNET et al. (1994) were able to show that MALT lymphoma affecting the 
stomach is associated with a previous Helicobacter pylorus infection. Immuno
histochemical analysis revealed the relationship between MALT lymphoma and 
the B lymphocytes of the marginal zone surrounding reactive follicles (SPENCER 
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et al. 1985). MALT lymphomas are composed of plasma cells, Iymphoplasmo
cytoid cells, and centrocytoid cells. These cellular components may derive from 
one tumor cell clone but arrest at different states of maturation. In this lymphoma 
type, the follicular mantle is infiltrated by lymphoma cells, while regressive 
changes occur in the germinal centers. The epithelium of the mucosa is infiltrated 
by centrocytoid cells, termed "Iympho-epithelial lesion" by ISAACSON and WRIGHT 
(1984). In MALT lymphoma, an increase in FOC can be consistently detected 
(TIEMANN und PARWARESCH 1991). TABRIZCHI et al. (1990) surveyed 97 cases of low
grade B cell lymphoma of the MALT type. They observed small clusters of FOC, 
randomly distributed throughout the tumor, and interpreted them as tumor
associated abortive follicles. These abortive follicles, consisting of de novo 
developed convolutions of FOC, can only be detected by immunohistochemical 
methods, and not by conventional morphology. In other cases and similar to 
centrocytic lymphoma, a diffuse increase of FOC may be found in lymphoma of 
the MALT type (PETRASCH et al. 1994). 

2.3.4 Angioimmunoblastic Lymphadenopathy 

AILO, a subtype of peripheral T cell lymphomas, show a diffuse effacement of an 
arborizing proliferation of postcapillary high endothelial venules. These high 
endothelial venules are placed ontop of periodic acid-Schiff (PAS)-positive 
basement membranes. Clusters of large T cells with clear cytoplasma are 
intermingled with small to intermediate-sized lymphocytes, eosinophils, and 
plasma cells. Figure 1 shows the presence of FOC in AILO. FOC accumulate in 
bizzare-shaped aggregations, spreading out in large irregular sheets or burned
out germinal centers (LENNERT et al. 1979). LEUNG and coworkers (1993) stained 
peripheral T cell lymphomas with the FOC-selective mAb ORC-1. Only in AILO 
were FOC found, forming an expanded network of cells exceeding the confines 
of germinal centers. All other T cell neoplasias had either no FOC at all or FOC 
restricted to remnant follicle centers. We therefore recommend the routine 
staining of FOC in typing T cell lymphomas. 

2.4 Follicular Dendritic Cell Sarcoma 

In FOC sarcoma, the tumor cells are large with ill-defined cellular borders and 
irregular nuclei. The malignant cells are mixed with a polyclonal population of 
lymphoid cells. The neoplastic FOC may be bi- or polynucleated. By microscopical 
analysis, a storiform-like growth pattern is revealed (PALLESEN and MYHRE-JENSEN 
1987). In the report by PALLESEN and MYHRE-JENSEN, evidence for the FOC-derived 
neoplasias was given by the immunocytochemical staining pattern, identical to 
that of FOC in the normal lymphatic tissue. Thus, tumor cells were positive for the 
FOC-selective mAb and, in addition, they expressed C021 (EBV receptor), C023 
(low-affinity Fc-lgE receptor), and Cd35 (C3b receptor). CHAN and coworkers 
(1994) observed a FOC tumor of the oral cavity. The neoplasia was characterized 
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Fig. 1. Angioimmunoblastic lymphoma (AILD) displaying follicular dendritic cells in large. irregular 
sheets (black areas) engulfing high endothelial venules (paraffin-embedded lymph node. immuno
stained with the monoclonal antibody Ki-M4. selective for follicular dendritic cells) 

by sheets, whorls. and storiform arrays of spindly and syncytial-appearing cells 
with oval nuclei with a delicate chromatin structure. 

2.5 Extranodal Lymphoma 

Malignant lymphoma detected in biopsy samples of liver, skin. or bone marrow 
are called extranodal because of their localization outside the lymphatic tissue. In 
1983. NAIEM et al. observed a patient with a follicular lymphoma infiltrating the 
kidney. Within the neoplastic nodules. a dense. red mass of FOe was detected by 
immunohistochemistry. FOe are most predominant in extranodallymphomas of 
the thyroid (FELLBAuM et al. 1993). Thyroid lymphomas show the morphological 
features of MALT-type lymphomas. Interestingly, the thyroid lymphomas 
examined by FELLBAuM et al. were highly malignant in 18 of 19 cases. These 
authors also detected FOe in some cases of malignant lymphoma of the kidney 
and of the testis. The detection of extranodal NHL with FOe involvement 
suggests that FOe immigrate into, or are newly formed within, the neoplastic 
microenvironment. 
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3 Antigen Profile of Follicular Dendritic Cells 

Because of the close association between FOC and the surrounding 
lymphocytes, expression of surface molecules on FOC cannot be easily assessed 
when cryostat sections of lymph nodes are examined. Furthermore, the 
immunophenotype of human FOC varies according to their topographic 
localization within the follicles, indicating the heterogeneity of FOC. This may 
explain why the analysis of the antigenic profile of isolated FOC has also resulted 
in controversial observations. 

3.1 Nonmalignant Tissue 

Our own data indicate that FOC express molecules also present on 
B lymphocytes, namely C020 (Bp35), C021 (EBV receptor), and C024 
(Phosphatidylinositol-linked glycoprotein)' while they are negative for anti-C019 
(Pan-B) and anti-CO 22 (Bgp135) (PETRASCH et al. 1989. 1990). Other investigators, 
evaluating the immunophenotype of FOC in cryostat sections, have attributed the 
latter two molecules to FOC (STEIN et al. 1982b; JOHNSON et al. 1986b). As already 
pointed out, the immunophenotype of FOC varies according to their localization 
within the reactive follicles. The FOC population of the central portion of the 
germinal center displays C09 (p24) and C014 (gp 55), while the accessory cells 
visualized in the mantle zone of the follicle are negative for anti-C09 and anti
C014 (CARBONE et al. 1988). FOC in the light zone present ramificated cytoplasmic 
processes with electron-dense deposits, indicating a high degree of differentiation 
(RADEMAKERS 1992). Only these FOC express the low-affinity receptor for IgE 
(C023), a molecule associated with a state of activation (STEIN et al. 1980; JOHNSON 
et al. 1986a). According to the majority of investigators, FOC isolated from non
malignant lymphatic tissue carry receptors for C3bi (CO 11 b), C3d (C021), and 
C3b (C035), components of the complement system (SCHRIEVER et al. 1989; 
SELLHEYER et al. 1989; PETRASCH et al. 1989). Membrane-bound immunoglobulin 
heavy chains Jl and y as well as both K and A light chains are detectable on the 
surface of FOC. Congruent with the finding of electron-dense deposits only 
associated with FOC in the light zone of secondary follicles, anti-immunoglobulin 
mAb react with no more than 50% of FOC in single cell suspensions (PETRASCH 
et al. 1990). FOC do not stain for IgO or IgA expression. 

Other molecules expressed on FOC include class II antigens (HLA-OR), C045 
(common leukocyte antigen)' and the myelomonocytic marker C014 (gp55) 
(WOOD et al. 1985; PETRASCH et al. 1990). The presence of these three surface 
proteins found predominantly on cells of the leukocyte lineage lends support to 
the hypothesis that FOC may be bone marrow derived. Furthermore, the 
glycoprotein gp50 (C040), which is capable of giving a strong cell cycle 
progression signal and promoting homotypic adhesion has been detected on the 
surface of the immunoaccessory cells (SCHRIEVER et al. 1989). 
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FOC do not express the T lymphocyte marker CO 1, (T6)' C03 (C03 complex), 
C04 (gp59), C05 (Tp67), or C08 (T8) (SCHRIEVER et al. 1989; SELLHEYER et al. 1989; 
PETRASCH et al. 1989). 

3.2 Malignant Tissue 

As with normal lymphoid tissue, heterogeneous FOC subpopulations have been 
described in NHL. Immunohistochemical analysis of mantle zone lymphomas, 
such as the centrocytic lymphoma, revealed that FOC do not express C09 (p24) 
and C014 (gp55), molecules visualized on FOC within the central portion of 
reactive follicles. However, anti-C09 and anti-C014 mAb stained with FOC in 
follicular center cell-derived NHL (CARBONE et al. 1987). Thus the distribution of 
C09 and C014-negative/positive FOC within the normal lymphatic tissue is 
maintained in neoplasias related to these localizations. These findings are in line 
with an investigation of IMAI et al. (1990), who described a loss of FOC membrane 
antigens in lymphomas with a diffuse growth pattern, as compared to FOC in 
follicular lymphoma. 

An antigenic phenotyping of FOC isolated from NHL was performed by our 
group (PETRASCH et al. 1990). The immunophenotype resembled FOC isolated 
from hyperplastic tonsils, suggesting that the immunological capacity, i.e. antigen 
trapping of FOC, is not compromised by the neoplastic condition. However, the 
amount of immunoglobulin deposits on FOC in NHL seems to decrease along 
with the neoplastic transformation, and some investigators obtained negative 
results when labeling lymphoma-associated FOC for surface immune complexes 
(BRAYLAN and RAPPAPORT 1973). MAEDA et al. (1993b) visualized focal or reticular 
depositions of immunoglobulins and complement components within neoplastic 
follicles. These authors also suggest that FOC in NHL still have the functional 
ability to trap and retain antigen. Although the immunological properties of FOC, 
i.e., immune complex trapping, might not be compromised by the neoplastic 
conditions, it can be hypothized that the lack of surface immunoglobulins on the 
FOC membrane in some NHL is due to a hindered processing of antigen and 
impeded formation of immune complexes within the lymphoma tissue. 

3.3 Adhesion Molecules on Follicular Dendritic Cells 
in Malignant Lymphomas 

Adhesion molecules are involved in cell migration, homing, localization, and 
retention of cells in certain microenvironments. When FOC and lymphocytes 
from NHL are incubated together in cell cultures, they spontaneously form small 
cellular aggregates with one FOC enwrapping several B cells. FREEDMAN et al. 
(1990) and KOOPMANN and coworkers (1991) were able to demonstrate that with 
cells from nonmalignant tissue, this adhesion is mediated by the lymphocyte 
function-associated antigen-l a (LFA-l a/COll a), LFA-l p (C018), the very late 
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antigen-4 (VLA-4/C049d), and the intracellular adhesion molecule-1 (ICAM-1/ 
C054) on B cells, and by ICAM-1 (C054)' the vascular cell adhesion molecule-1 
(VCAM-1), and the complement receptor C3bi (Cd11 b) on FOC. FOC isolated 
from lymph nodes of patients with centroblastic-centrocytic lymphoma are also 
positive for ICAM-1 and C3bi (PETRASCH et al. 1992 b). Furthermore, FREEDMAN and 
coworkers (1992) observed that follicular NHL cells attach to neoplastic follicles 
in vitro. This adhesion was inhibited by the addition of mAb directed against 
VLA-4 and VCAM-1. These data indicate that within lymphoma tissue a normal 
adhesive interaction occurs which accounts for the localization of neoplastic B 
cells in the proximity of FOC. 

Our group analyzed the adhesion molecules on neoplastic B cells in lymph 
nodes and in the peripheral blood. B cells within the neoplastic tissue express 
C011 a, C018, and C054, while neoplastic lymphocytes in the peripheral blood of 
patients with a leukemic course of centroblastic-centrocytic lymphoma have lost 
all or part of these molecules (PETRASCH et al. 1992b). In line with these data is the 
finding by STAUDER and coworkers (1989), who reported that the loss of ICAM-1 
(C054) in low-grade NHL correlates with the presence of a leukemic phase. 
Thus, neoplastic centrocytes and centroblasts, due to their lack of C011 a, C018, 
and C054 surface molecules may detach from FOC, thus leaving the lymph node 
and invading new compartments. According to FREEDMAN (1993), this aberrant 
expression and/or function of adhesion receptors provides an explanation for the 
biological and clinical behaviour of NHL. 

In reactive B cell follicles, components of the extracellular matrix such as 
fibrils of collagen and fibrinogen contribute to the peculiar microarchitecture of 
the nodular structures. FOC isolated from NHL express adhesion receptors 
complementary to those on extracellular matrixes. Thus, C051 (VNR a-chain), a 
ligand for fibrinogen, and C049c (VLA <X:!-chain), a ligand for collagen, were 
identified on the surface of FOC isolated from malignant lymphomas (PETRASCH 
et al. 1992b). The adhesion between these extracellular components and the 
cytoplasmic processes of FOC may playa crucial role in the constitution and 
integrity of the neoplastic nodules in NHL. The antigenic profile of FOC is 
summarized in Table 1. 

4 Interactions Between Follicular Dendritic Cells 
and Non-Hodgkin's Lymphoma Lymphocytes 

In the preceeding chapters, the enhancing effect of FOC on the activation and 
proliferation of germinal centre B cells in the normal lymphatic tissue has been 
described in detail. MORI and coworkers (1988) stained lymphoma cryostat 
sections with the mAb Ki-67, a reagent specific for a nuclear antigen only present 
in the late G, to M phase. They visualized the majority of proliferating lymphocytes 
localized in the proximity of FOC. In low-grade NHL, only a small proportion of 
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Table 1. Antigen profile of follicular dendritic celis (FOC) from non-Hodgkins lymphoma (NHL) lymph nodes 

Molecule Name Reactivity 

CD1 T6 
CD3 CD3 complex 
CD4 gp59 
CD8 T8 
CD9 p24 + 
CD10 CALLA 
CD11a Leukocyte function antigen-1 
CD11b C3bi receptor + 
CD13 Aminopeptidase N 
CD14 gp55 + 
CD16 Low affinity Fc receptor for IgG + 
CD18 LFA-1 
CD19 Pan-B 
CD20 Bp35 + 
CD21 EBV receptor + 
CD22 BgP 135 
CD23 Low affinity Fc-lgE receptor +/-
CD24 PI-linked glycoprotein +/-
CD29 Integrin ~,-chain +/-
CD32 gp40 + 
CD35 C3b receptor + 
CD38 T10 + 
CD40 gp50 + 
CD45 T200 +/-
CD49b VLA a 2-chain +/-
CD49c VLA a,-chain +/-
CD4ge VLA as-chain + 
CD49f VLA a 6-chain + 
CD51 VNR a-chain +/-
CD54 Intercellular adhesion molecule-1 + 
CD58 Leukocyte function antigen-3 
HLA-DR Human leukocyte alioantigen + 
a-chain Immunoglobulin a-chain 
y-chain Immunoglobulin y-chain +/-
&-chain Immunoglobulin &-chain 
K-chain Immunoglobulin K-chain +/-
A-chain Immunoglobulin A-chain +/-
!i-chain Immunoglobulin !i-chain +/-
E/L/P selectins Selectins 
VCAM-1 Vascular cell adhesion molecule-1 +/-

FDC were isolated from lymph nodes of patients with NHL. Expression of surface antigens was 
determined by immunocytochemistry. 
+, positive, +/-, only part of the FDC we positive; -, negative; Ig, immunoglobulin; LFA, lymphocyte 
function-associated antigen; EBV, Epstein-Barr virus; PI, phosphatidylinositol; VLA, very late antigen; 
CALLA, common acute lymphocytic leukemia antigen. 

lymphocytes proliferate, while in highly malignant lymphomas the Ki-67-positive 
fraction amounts to up to 58% (SCHWARTZ et al. 1989). Frequently, FDC form a 
pseudonodular-like pattern in diffuse-type, low-grade NHL. These nodules 
contain dividing lymphocytes, thus forming centers of proliferation (CHILOSI et al. 
1985; RATECH et al. 1988). 
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In vitro studies with cultured FOC isolated from NHL have not been reported 
until recently. FOC isolation from lymphoma tissue has been hindered by the 
close association between FOC and the neoplastic lymphocytes. Furthermore, 
only a few lymph nodes of patients with NHL are available for in vitro assays. In 
our laboratory, we applied an enzyme cocktail to digest lymphoma tissue. 
Subsequently, the obtained single cell suspensions were layered on top of a 
bovine serum albumin gradient and centrifuged at 8500 g. Following isolation 
and enrichment of FOC, the spontaneous formation of cell aggregates with 
lymphoma lymphocytes was observed. Each FOC-dependent cellular cluster 
contained one to nine lymphoma cells. The expression of Ki-67 by the NHL cells 
in FOC-associated clusters was then evaluated. A considerable number of 
lymphocytes enclosed by the FOC processes were in late G, to M phase of the 
cell cycle. Furthermore, the number of cells outside the clusters staining positive 
for Ki-67 was significantly lower as compared to the neoplastic lymphocytes 
involved in cluster formation. These data suggested that FOC provide signals 
leading to the continued stimulation of NHL B cells. In a second investigation, we 
added [3Hl thymidine to the FOC/NHL B lymphocyte cell cultures. We were thus 
able to demonstrate that in cell preparations from lymphoma tissue enriched with 
FOC, an increase in the uptake of [3Hl thymidine occurs, even in the absence of 
mitogens. In our system, the distribution of [3Hl thymidine-positive cells was not 
limited to the cellular aggregates. However, at the end of the 24-h culture period, 
the ratio of [3Hl thymidine-positive cells inside versus outside the FOC-dependent 
clusters amounted to 6.7:1 and increased to 16.8:1 aftern h of incubation. These 
observations suggest that in NHL, as in the normal tissue, the FOC cell surface 
may provide stimulatory signals for neoplastic lymphocytes (PETRASCH et al. 1992a). 

Different reagents have been proposed to stimulate the proliferation of NHL 
lymphocytes. In the presence of high molecular weight B cell growth factor, 
neoplastic B cells show an extensive proliferation (ALVAREZ-MoN et al. 1989). 
Chronic lymphocytic leukemia (CLL) B cells can be released from their maturation 
block by interleukin-2 and anti-Ig reagents or by interleukin-4 and immobilized 
anti-C040 mAb (DE FRANCE et al. 1991). It has already been mentioned that FOC 
within the neoplastic condition express C040 on their surface and carry memb
rane-bound immunoglobulins. 

Follicular B lymphocytes with a rearranged Be!-2 gene escape from apoptosis 
(VAUX et al. 1988). Avoiding apoptosis is considered to be an important step 
in the oncogenesis of germinal center cell-derived malignant lymphoma. When 
germinal center B cells isolated from human tonsils are put in culture, they 
quickly die by apoptosis. When immunoglobulin-coated sheep red blood cells or 
soluble anti-C040 is added to these cultures, the germinal center B cells are 
rescued from death by apoptosis (Llu et al. 1989). As described by several 
investigators, a direct membrane contact to FOC also rescues cultured B 
lymphocytes from apoptotic cell death (PETRASCH et al. 1991; liNDHOUT et al. 1993). 
When the formation of FOC/B cell clusters is prevented by the addition of anti 
LFA-1 and anti VLA-4 antibodies to the single cell preparation, virtually all cultured 
lymphocytes die by apoptosis (LINDHOUT et al. 1993). It is tempting to hypothize 
that, via the immune complexes retained on their surface and via their 
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membrane-bound CD40 molecules, FDC provide signals preventing the 
apoptosis of germinal center B lymphocytes. How this occurs is still undefined. 
Further investigations should focus on the role of these interactions in the 
oncogenesis of malignant lymphoma. 

References 

Alavaikko MJ, Hansmann M-L, Nebendahl C, Parvvaresch MR, Lennert K (1991) Follicular dendritic cells 
in Hodgkin's disease. Am J Clin Pat hoi 95: 194--200 

Alvarez-Moon M, De la Hera A, Caspar ML, Orfoa A, Casa J, Jordia J, Durantes A (1989) Proliferation of 
B-cells from chronic lymphocytic leukemia is selectively promoted by B-cell growth factor. Acta 
Haematol81: 91-97 

Braylan RC, Rappaport H (1973) Tissue immunoglobulins in nodular lymphomas as compared with 
reactive follicular hyperplasias. Blood 42: 579-589 

Carbone A, Poletti A, Manconi R, Gloghini A, Volpe R (1987) Heterogenous in situ immunophenotyping 
of follicular dendritic cells in malignant lymphomas of B-cell origin. Cancer 60: 2919-2926 

Carbone A, Manconi R, Poletti A, Volpe R (1988) Heterogeneous immunostaining patterns of follicular 
dendritic reticulum cells in human lymphoid tissue with selected antibodies reactive with different 
cell lineages. Hum Pathol 19: 51-56 

Chan JK, Tsang WY, Ng CS, Tang SK, Yu HC, Lee AW (1994) Follicular dendritic cell tumors of the oral 
cavity. Am J Surg Pathol 18: 148-157 

Chilosi M, Pizzolo G, Caligaris-Cappio F, Ambrosetti A, Vinante F, Morittu L, Bonetti F, Fiore-Donati L, 
Janossi G (1985) Immunohistochemical demonstration of follicular dendritic cells in bone marrow 
involvement of B-cell chronic lymphocytic leucaemia. Cancer 56: 328-332 

Dalla Favera R et al (1982) Human c-myc oncogene is located on the region of chromosome 8 that is 
translocated in Burkitt lymphoma cells. Proc Natl Avad Sci USA 79: 7924 

De France T, Fluckiger AC, Rousset F, Banchereau J (1991) In vitro activation of B-cells. 5th international 
workshop on CLL, Sitges, Barcelona, 26-28 April, p 13 

Fellbaum C, Strater J, Hansmann M-L (1993) Follicular dendritic cells in extranodal non-Hodgkin 
lymphomas of MALT and non-MALT type. Virchows ARCH [AI 423: 335-341 

Freedman AS (1993) Expression and function of adhesion receptors on normal B cells and B cell non
Hodgkin's lymphomas. Semin Hematol30: 318-328 

Freedman AS, Munro JM, Rice GE, Bevilacqua MP, Morimoto C, Mcintyre BW, Rhynhart K, Pober JS, 
Nadler LM (1990) Adhesion of human B cells to germinal centers in vitro involves VLA-4 and INCAM-
110. Science 249: 1030-1033 

Freedman AS, Munro JM, Morimoto C, Mcintyre BW, Rhynhart K, Lee L, Nadler LM (1992) Follicular 
non-Hodgkin's lymphoma cell adhesion to normal germinal centers and neoplastic follicles involves 
very late antigen-4 and vascular cell adhesion molecule-1. Blood 79: 206-212 

Hodgkin T (1832) On some morbid appearances of the absorbent glands and spleen. Med Chir Trans 
17:68 

Imai Y, Matsuda M, Maeda K, Narabayashi M, Masunaga A (1990) Follicular dendritic cells in lym
phoid malignancies-morphology, distribution, and function. In: Hanaoka M, Kadin ME, Mikata A, 
Watanabe S (eds) Lymphoid malignancy. Field and Wood, New York, pp 229-242 

Isaacson PG, Wright DH (1984) Extranodal malignant lymphoma arising from mucosa-associated 
lymphoid tissue. Cancer 53: 2515-2524 

Johnson GD, MacLennan ICM, Ling NR, Hardie DL, Nathan PD, Walker L (1986a) Reactivity of 
monoclonal antibodies of the Band L series with follicular dendritic cells in tissue sections and with 
Iymphoblastoid cell lines. In: Reinherz EL, Haynes BF, Nadler LM, Bernstein ID (eds) Leukocyte 
typing II. Human B lymphocytes. Spinger, Berlin Heidelberg New York, pp 289-297 

Johnson GD, Hardie DL, Ling NR, MacLennan ICM (1986b) Human follicular dendritic cells (FOC): a 
study with monoclonal antibodies (MoAb). Clin Exp Immunol 64: 205-213 

Koopman G, Partmentier HK, Schuurman H-J, Newman W, Meijer CJLM Pals ST (1991) Adhesion of 
human B cells to follicular dendritic cells involves both the lymphocytes function-associated antigen 
1/intercellular adhesion molecule 1 and very late antigen 4/vascular cell adhesion molecule 1 
pathways. J Exp Med 173: 1297-1304 



202 S. Petrasch 

Lennert K, Feller AC (1990) Histopathologie der Non-Hodgkin Lymphome, (nach der aktualisierten Kiel
Klassifikation). Springer, Berlin Heidelberg New York 

Lennert K, Mohri N, Stein H, Kaiserling E (1975) The histopathology of malignant lymphoma. Br J 
Haematol31 [Suppl]: 193-203 

Lennert K, Mohri N, Stein H, Kaiserling E, Muller-Hermelink HK (1978) Malignant lymphomas other than 
Hodgkin's immunology. In: Uehlinger E (ed) Handbuch der speziellen pathologischen Anatomie und 
Histologie, Vo11/3B. Springer, Berlin Heidelberg New York 

Lennert K, Knecht H, Burkkert M (1979) Vorstadien maligner Lymphome: Prelymphomas. Verh Dtsch 
Ges Pathol 63: 170-196 

Leung CY, Ho FCS, Srivastava G, Loke SL, Liu YT, Chan ACL (1993) Usefulness of follicular dendritic cell 
pattem in classification of peripheral T-cell lymphomas. Histopathology 23: 433-437 

Lindhout E, Mevissen MLCM, Kwekkeboom J, Tager JM, De Groot C (1993) Direct evidence that human 
follicular dendritic cells (FDC) rescue germinal center B cells from death by apoptosis. Clin Exp 
Immunol 91: 330-336 

Liu Y-J, Joshua DE, Williams GT, Smith CA. Gordon J, MacLennan ICM (1989) Mechanism of antigen
driven selection in germinal centres. Nature 342: 929-931 

Lukes RJ, Butter JJ (1966) The pathology and nomenclature of Hodgkin's disease. Cancer Res 26: 1063 
Maeda K, Matsuda M, Narabayashi M, Imai Y (1993a) Follicular dendritic--cells (FDC) in B-cell 

lymphoma-their distribution, morphology, phenotypes and functions. Dendrit Cells 2: 13-20 
Maeda K, Matsuda M, Narabayashi M, Nagashia R, Degawa N, Imai Y (1993b) Follicular dendritic cells 

in malignant Iymphomas-distribution, phenotypes and ultrastructures. Adv Exp Med Bioi 329: 
399-404 

Mori N, aka K, Kojima M (1988) DRC antigen expression in B-cell lymphomas. Am J Clin Pathol 89: 
488-492 

Naiem M, Gerdes J, Abdulaziz Z, Stein H, Mason DY (1983) Production of monoclonal antibody reactive 
with human dendritic reticulum cells and its use in the immunohistological analysis of lymphoid 
tissue. J Clin Pathol 36: 167-175 

Nossal GJV, Abbot J, Michell J, Lummus Z (1968) Antigens in immunity. xv. Ultrastructural features of 
antigen capture in primary and secondary lymphoid follicles. J Exp Med 127: 277-288 

Pallesen G, Myhre-Jensen a (1987) Immunophenotypic analysis of neoplastic cells in follicular dendritic 
cell sarcoma. Leukemia 1: 549-557 

Parson net J, Hansen S, Rodriguez L, Gelb AB, Warnke RA. Jellum E, Orentreich N, Vogelman JH, 
Friedman GD (1994) Helicobacter pylori infection and gastric lymphoma. N Engl J Med 330: 
1267-1271 

Parwaresch MR, Radzun HJ, Hansmann M-L, Peters K-P (1983) Monoclonal antibody Ki-M4 specifically 
recognizes human dendritic reticulum cells (follicular dendritic cells) and their possible precursor in 
blood. Blood 62: 585-590 

Petrasch S, Schmitz J, Perez-Alvarez CJ, Brittinger G (1989) Reactivity of mAb of the B-cell panel with 
isolated follicular dendritic cells. In: Knapp W, Darken B, Gilks WR, Rieber EP, Schmidt RE, Stein H, 
van dem Borne AEGK (eds) Leukocyte-typing IV. White cell differentiation antigens. Oxford 
University Press, Oxford, pp 185-187 

Petrasch S, Perez-Alvarez CJ, Schmitz J, Kosco M (1990) Antigenic phenotyping of human follicular 
dendritic cells isolated from nonmalignant lymphatic tissue. Eur J Immunol 20: 1013-1018 

Petrasch SG, Kosco MH, Pe rez-Alva rex JC, Schmitz J, Brittinger G (1991) Proliferation of germinal center 
B lymphocytes in vitro by direct membrane contact with follicular dendritic cells. Immunobiology 
183:451-462 

Petrasch S, Kosco M, Perez-Alvarez C, Schmitz J, Brittinger G (1992a) Proliferation of non-Hodgkin 
lymphoma lymphocytes in vitro is dependent upon follicular dendritic cell interactions. Br J Haematol 
80:21-26 

Petrasch S, Kosco M, Schmitz J, Wacker HH, Brittinger G (1992b) Follicular dendritic cells in non
Hodgkin lymphoma express adhesion molecules complementary to ligands on neoplastic B-cells. Br 
J Haematol 82: 695-700 

Petrasch S, Brittinger G, Wacker HH, Schmitz J, Kosco-Vilbois M (1994) Follicular dendritic cells in non
Hodgkin's lymphomas. Leuk Lymph 15: 33-43 

Rademakers LHPM (1992) Dark and light zones of germinal centres of the human tonsil: an ultra
structural study with emphasis on heterogeneity of follicular dendritic cells. Cell Tissue Res 269: 
359-368 

Rappaport H, Winter WJ, Hicks EB (1956) Follicular lymphoma. A reevaluation of its position in the 
scheme of malignant lymphoma, based on a survey of 253 cases. Cancer 9: 792-821 



Follicular Dendritic Cells in Malignant Lymphomas 203 

Ratech H, Sheibani K, Nathwani BN, Rappaport H (1988) Immunoarchitecture of the 'pseudofollicles' of 
well-differentiated (small) lymphocytic lymphoma: a comparison with true follicles. Hum Pathol19: 
89-94 

Schnizlein CT, Szakal AK, Tew JG (1984) Follicular dendritic cells in the regulation and maintenance of 
immune responses.lmmunobiology 168: 391-402 . 

Schriever F, Freedman AS, Freeman G, Messner E, Lee G, Daley J, Nadler LM (1989) Isolated human 
follicular dendritic cells display a unique antigenic phenotype. J Exp Med 169: 2043-2058 

Schwartz BA, Pinkus G, Bacus S, Toder M, Weinberg DS (1989) Cell proliferation in non-Hodgkin's 
lymphomas. Digital image analysis of Ki-67 antibody staining. Am J Pathol134: 327-336 

Sellheyer K, Schwarting R, Stein H (1989) Isolation and antigenic profile of follicular dendritic cells. Clin 
Exp Immunol 78(3): 431-436 

Spencer J, Finn T, Pulford KAF, Mason DY, Isaacson PG (1985) The human gut contains a novel 
population of B lymphocytes which resemble marginal zone cells. Clin Exp Immunol 62: 607 

Stauder R, Greil R, Schultz TF, Thaler J, Gattringer C, Radaskiewicz T, Dierich MP, Huber H (1-989) 
Expression of leucocyte function-associated antigen-l and 7F7-antigen, an adhesion molecule 
related to intercellular adhesion molecule-l (lCAM-l) in non-Hodgkin lymphomas and leukaemias: 
possible influence on growth pattem and leucaemic behaviour. Clin Exp Immunol 77: 234-238 

Stein H, Bonk A. Tolksdorf G, Lennert K, Rodt H, Gerdes J (1980) Immunohistologic analysis of the 
organization of normal lymphoid tissue and non-Hodgkin's lymphomas. J Histochem Cytochem 
28:746-760 

Stein H, Gerdes J, Mason DY (1982a) The normal and malignant germinal centre. Clin Haematol 11: 
531-559 

Stein H, UchBnska-Ziegler B, Gerdes J, Ziegler A, Wernet P (1982b) Hodgkin and Sternberg-Reed cells 
contain antigens specific to late cells of granulopoiesis. Int J Cancer 29: 283-290 

Stein H, Lennert K, Feller AC, Mason DY (1984) Immunohistological analysis of human lymphoma: 
Correlation of histological and immunological categories. Adv Cancer Res 42: 67-147 

Tabrizichi H, Hansmann M-L, Parwaresch MR, Lennert K (1990) Distribution pattern of follicular dentritic 
cells in low grade B-ceillymphomas of the gastrointestinal tract immunostained by Ki-FDCl P: a new 
paraffin resistant monoclonal antibody. Mod Pathol 3: 470-478 

Tiemann M, Parwaresch MR (1991) Diagnostischer Wert des neuen monoklonalen Antikorpers Ki-M4p 
in der Differenzierung maligner Lymphome. Verh Dtsch Ges Pathol 75: 303 

Vaux DL, Cory S, Adams JM (1988) Bcl-2 gene promotes hemopoietic cell survival and cooperates with 
c-myc to immortalize pre-B cells. Nature 335: 440-442 

Wacker HH, Radzun HJ, Mielke V, Parwaresch MR (1987) Selective recognition of rat follicular dendritic 
cells (dendritic recticulum cells) by a new monoclonal antibody Ki-M4R in vitro and in vivo. 
J Leukocyte Bioi 41 : 70-77 

Weisenburger DD, Kim H, Rappaport H (1982) Mantle zone lymphoma: a follicular variant of 
intermediate lymphocytic lymphoma. Cancer 49: 1429-1438 

Wood GS, Turner RR, Shiurba RA, Eng L, Warnke RA (1985) Human dendritic cells and macrophages. 
In situ immunophenotypic definition of subsets that exhibit specific morphologic and 
microenvironmental characteristics. Am J Pathol 119: 73-82 



Subject Index 

acid phosphatase 120 
affinity 
- maturation 38, 49, 62, 63 
- selection 31 
AIDS (HIV) 93, 96, 97 
- lymph node changes, histology 161 
alkaline phosphatase 120 
angioimmunoblastic lymphadenopathy 194 
anti-Ig antibodies 25 
anti-S-1 00 protein 136 
antibody (also see immunoglobulin) 52, 59 
- anti-Ig 25 
- antigen complexes, presentation 27 
- class switching 60, 62 
- effector functions 50 
- maintenance 70 
- response 49,60-62 
- spontaneous responses 70 
- titers 70,71,75-77,80 
antigen(s) 5,49,50,57,61-63 
- affinity 62 
- alkaline phosphatase 5 
- antibody complexes (also see immune 

complexes) 22, 49, 50, 63 
- chicken gamma globulin (NP-CgG) 79 
- drainage to lymphoid organs 70-72,75,77 
- HRP 5 
- human serum albumin 70 
- immune complexes 71 - 75, 78, 79 
- layering 5 
- particulate 60 
- persistance 71 
- presentation 22 
- recognition 23 
- - by B cells 37 
- retention 70, 72, 79 
- tetanus toxoid 71- 75, 77 
- thymus-dependent 49 
- thymus-independent 62 
- transport 2, 17 
- - amount of antigen 4, 5 
- - mechanism 2, 3 
- - path 2 
- transporting cell (ATC) 53 

- - morphology 3 
- - number 4 
- - phenotype 4 
- - pre-FOC 2, 3 
apoptosis 27, 38, 62, 87 
ATC see antigen transporting cell 
ATPase 120 

B cell (lymphocyte) 52,58-60 
- activation 23, 37 
- virgin 23 
- apoptosis 87 
- class switching 69, 79 
- clones, autoreactive 26 
- cluster formation 77, 78 
- interaction with- FDC 
- - after HIV-1 infection 174 
- - role of ICAM 166 
- memory 49, 50, 60 - 63, 69, 71, 76 
- peanut agglutinin (PNA) binding 80 
- plasma cells 69, 71, 72, 76 
- proliferation 25,37,60-63 
- signal transduction 60, 61 
- somatic mutation 69, 79 
- subsets 108 
B3B4 122 
B7 as a costimulatory molecule 78, 79 
BcI-2 28 
bone marrow 
- IgG production 99, 100 
- IgE production 99, 100 
BU -10 122 

C3 58,60,62,63 
- deficient 60 
- depletion 51, 62 
- fragments (C3b, C3bi, C3d) 50,54-56,59, 

61-63 
- monoclonal antibody 51 
- receptors see complement receptors 
calcium (Ca ++) 
- influx 60 
- intracellular 60 
- mobilization 61 



206 Subject Index 

Castleman's disease, expression of IL-6 mRNA 
in FOC 80 

C04 135 
- follicular dendritic cells, human 165, 166 
- HIV-l receptor 179, 181 
C08 169-171 
C014 135 
C019 61,62 
C020 135 
C022 135 
C023b 122 
C024 135 
C040 62, 113 
C044, role in FOC - B cell interactions 78 
C045 135 
C054 136 
C055 135 
(064 126 
C0106 136 
cellular clusters 120 
centrocytes, lymph node after HIV-l infection 

172,173 
chemotactism 21 
chemotaxis 96, 101, 1 02 
clonal selection 30 
clustering 21 
cobra venom factor (CoVF) 51, 58, 60 
compartments 20 
complement 54, 128, 129 
- activation 58 
- - altemative pathway 50-52 
- - classical pathway 50, 52 
- C3, role in interaction between FOC and 

HIV-l 178,179,181 
- C3b 78, 121 
- C3bi 121 
- C3d 78,121 
- factors 33 
- receptors 51, 63, 121, 124 
- - on FOC 79,165,166 
- - role in H IV-l infection 179, 181 
- - type 1 (CR1, C035) 54,55,59-61,63 
- - type 2 (CR2, C021) 54,55,59-63 
- - type 3 (CR3, COll b/C018) 54, 56 
costimulation by FOC 94, 96 
CTLA-4 
- CTLA-4-lg chimeric molecules 79 
- transgenic mice 79 
cyclophosphamide 53 
cytopathic action, HIV-l/SIV on FOC 175, 180 
cytotoxic cells, lymph nodes after HIV-l/SIV 

infection 169-171 

6303 135 
dark zone 24 
decay accelerating factor 135 
dendritic cells 53 
- interdigitating cells 93 
- Langerhans cells 93 
- veiled cells 93 

desmosomal junctions 120 
OF-ORCl 122 
diphenylaminopeptidase 120 
ORCl 17 

E05 121,122 
E011 122 
electron microscopy 
- FOC, subtypes 167,168 
- - after HIV-1 infection 172, 173 
- HIV-1 virus particle in lymph node 173, 175 
emperipolesis 18 
eosinophilic Iymphofolliculoid granuloma with 

hyper-lgE 135 
Epstein-Barr virus glycoproteins 350/220 

(EBV gp350/220) 54, 61 
esterase, nonspecific 12.0 

Fas antigen/APO-1 28 
Fc receptors 30,50-52,60 
- FceRI 58 
- FceR11 54, 58, 61, 63 
- FcrRl (C064) 54, 56 
- FcrRIl (COw32) 54,56-58,60, 

63, 123, 126 
- FcrR11i (C016) 54,56,123,126 
- FOC, human 165, 166 
- role in H IV-1 infection 179 
FOC (follicular dentritic cells) 1, 15, 45, 83, 

105 
- adhesion molecules 197 
- anatomical localization 119, 120 
- antigen profile 196, 199 
- C04 expression, human 165, 166 
- cell lines 80 
- complement receptors, human 165, 166 
- cytochemical properties 119, 120 
- damage 143, 152 
- derivation theory 1 
- - currently favored 1 
- - working model 9, 10 
- destroyed 145 
- dissipation 5 
- ONA 151 
- electron microscopy, subtypes 167,168 
- - after H IV-1 infection 172 -174 
- expression of IL-6 80, 81 
- Fc receptors, human 165, 166 
- FOC-M1 6 
- glycoprotein 151 
- histological distribution 191 
- HIV-1 mRNA in situ hybridization 171, 177, 

178 
- HIV-l protein immunohistology 170, 176, 

177 
- HIV-1/SIV, cytopathic action 175, 180 
- immunohistology, phenotype, human 165 
- in suspension, human 164 
- - after HIV-1 infection 178 
- - immunophenotype 165 



- induction 151 
- infection in vitro with H IV-l 178 
- interaction with B cells 
- - after H IV-l infection 174 
- - role of ICAM 166 
- interaction with HIV-l, role of complement 

C3 178, 179, 181 
- isolation 8 
- light microscopic morphology 119, 120 
- long term depot of antigen 70- 76 
- LP-BM5 154 
- Ml 121,122 
- meshwork in lymph node, histology 163 
- monoclonal antibody, FOC-Ml 74,75 
- network 4 
- origins 16 
- p24 146 
- phenotype 4 
- pre FOC 3 
- - blood 8 
- - bone marrow 8 
- precursor 59 
- radioresistence 6, 11 
- RNA 146,148,150,151 
- sarcoma 194 
- SIVantigen 180 
- subpopulation 54, 56, 58 
- tubuloreticular structure, monkey after SIV 

infection 174 
- ultrastructural features 119, 120 
- ultrastructure 
- - differentiation 167,168,172-175,180 
- - regression 167, 168, 172 -175, 180 
- virus 
- - replication 153 
- - trapping 147 
fibroblastic reticulum 16 
- cells 59 
follicle see also lymphoid follicle 
- atrophy 
- - histology 163 
- - H IV-l, histology 163 
- degeneration 
- - AI OS, histology 162, 163 
- - H IV-l, histology 162, 163 
- hyperplasia 
- - AI OS, histology 162,163 
- - cytotoxic cells after HIV-l/SIV infection 

169-171 
- - HIV-l histology 162, 163 
- - HIV-l infection 
- - - immunohistology 169, 170 
- - - electron microscopy 172-175 
- - - presence of virus particles 173, 175 
- - - presence of virus protein 170, 176 
- - - presence of virus RNA 171, 176 
follicular dendritic cell see FOC 

2.4G2 123 
G protein 60 

Subject Index 207 

germinal center(s) 20, 37, 58, 62, 63, 83 
- compartmentalization 38 
- CTL 152 
- cytotoxic T cells 151 
- follicular 
- - hyperplasia 144, 146, 147, 150, 151 
- - involution 142, 143, 150 
- formation 69, 78, 79 
- gut-associated lymphoid tissue 145 
- HIV-l 
- - infection 141, 153 
- - persistance 148 
- hyperplastic 145 
- in vitro 96, 98 
- in vivo 96, 98, 99 
- Non-Hodgkin's lymphoma 192, 193 
- persisting infection 149, 154 
- precursor cells 109 
- reaction 38, 69, 72, 75- 78, 80, 81, 107 
- virus 
- - persistance 142 
- - replication 149, 150, 154 
J3-glucuronidase 120 
granzyme B, positive cells in lymph node 

after HIV-l/SIV infection 171,172 

HIV 
- infection, acute 148 
- particles 147 
HIV-l 
- cytopathic action, FOC 175, 180 
- envelope protein, interaction with C04 179, 

181 
- infection of FOC in vitro 178, 179 
- interaction with FOC, role of complement C3 

178,179,181 
- lymph node(s) 141, 145-149, 151 
- - histology 162, 163 
- - immunohistology 169-171 
- mRNA in lymph nodes after HIV-l expression 

171,177 
- particles 148 
- regulatory protein 
- - on FOC, after HIV-1 infection 176, 177 
- - presence in non-infected tissue 177 
- spleen 152 
- structural protein 
- - of FOC, after HIV-1 infection 170, 176 
- - presence in non-infected tissue 176 
- virus particle in lymph node follicle 173, 

175 
Hodgkin's disease 192 
hypermutation, somatic 31 

iccosome(s) 5,22,96,97,101 
immune 
- complexes 17, 33 
- response 49, 50 
- - chronology 37 



208 Subject Index 

immunoglobulin 127, 128 
- aggregated 50 
- class 50, 51 
- hypermutation 31 
- IgA 50 
- - immune complexes 135 
- - nephropathy 135 
- IgA, 135 
- IgA2 135 
- IgO 60,61,127 
- IgE 54, 58, 63 
- - immune complexes 122, 135 
- IgG 50, 58, 60, 63 
- - isotypes (lgGl, IgG2a, IgG2b, IgG3, IgG4) 

50,51,54,57,60 
- IgG, 135 
- IgG 2 135 
- IgG 3 135 
- IgG. 135 
- IgM 50,51,57,59-61,127 
- surface (slg) 60 - 63 
immunohistology 
- FOC, human 165 
- HIV-l proteins in 
- - infected tissue 170, 176 
- - non-infected tissue 176, 177 
- lymph nodes after HIV-l infection 169-171 
immunophenotype, FOC 165 
inducible cell adhesion molecule (INCAM-ll 0) 

136 
inositol 3-phosphate (I P 3) 60 
integrin 85 
intercellular adhesion molecule (lCAM) 
- role in FDC - 8 cell interactions 166 
intercellular adhesion molecule 1 (lCAM-l) 

54,56, 136 
- role in FDC - 8 cell interactions 78 
interdigitating dendritic cells (IDC), lymph node 

after HIV-l infection 169 
interferon-a, relation to tubuloreticular 

structures in FDC 174 
interleukins 
- anti-I L -4 78 
- IL-4 122 
- IL-6 80,81 
- - deficient mice 80 
- role in FDC - 8 cell interactions 80 
isotype switch 29, 38 

Jl1D 34 

Ki-FOC 1 P 122 
Ki-M4 121, 122 
Ki-M4R 121, 122 
Kimura's disease 135 

L3812 135 
laeZ mouse 7 
LFA-1 136 
light zone 24 

low-affinity Fc receptor for immunoglobulin 
(lg)E 121 

LPS (lipopolysaccharide) 53 
lymph follicles 21 
lymph node(s) 52, 53 
- AIDS, histology 161 
- cynomolgus monkey after SIV infection 

174, 180 
- HIV-1 
- - histology 161 
- - immunohistology 169 
- - presence of virus particle 173, 175 
- - presence of virus protein 170, 176, 177 
- - presenceofvirusmRNA 171,177,178 
- mesenteric 57 
- peripheral 57 
- SIV infection, presence_of virus protein 180 
lymphocyte function-associated antigen-1 

(LFA-1) 136 
- role in FOC - 8 cell interactions 78 
lymphoid 53 
- blastoid cells, lymph node after HIV-1 

infection 172, 173 
- follicles 50, 52, 62, 63 
- - primary 59 
- - secondary 58 
- tissue(s) 50, 55, 59, 62 
- - T dependent area 53, 61, 62 
lymphoma 
- extra nodular 195 
- malignant 189 - 201 

macrophages 52,53,62 
major histocompatibility complex 
- class I 126 
- class II 78,126 
malignant tissue 197 
mantle zone 27 
marginal zone 52 
- 8 cells 52, 53 
membrane Ig expression, decreased 31 
memory 8 cell 33, 109 
MRC OX-2 122 
mutations 31 

a-naphthyl acetate esterase 120 
native antigen 22 
Nippostrongylus brasiliensis infection 122 
Non-Hodgkin's lymphoma T92 
nonmalignant tissue 196 
nonspecific esterase activities 120 
5' -nucleotidase 120 
- activity 120 

ontogenic development 16 

persistent generalized lymphadenopathy 142 
- AIDS, histology 161-163 
- HIV-l, histology l61-163 



plasma cells 38 
polyclonal activators 
- mitogens 96 
- - anti-Ig 97 
--LPS 98 
pp125 FAK 88 
primary follicles in lymph nodes 69, 80 

R4/23 121, 122 
receptor cross-lin kings 24 
regeneration 20 
regulation of complement activation (RCA), 

gene cluster 54 

S-1 00 a subunit 136 
S-protein 135 
scanning electron microscope observations 

120 
SCID mice 6, 94 
- adoptive transfer model 76,77,79 
- reconstitution 7 
- - F1 bone marrow 7 
- - rat bone marrow 7 
- - rat fetal liver 7 
SCR see short consensus repeat 
secondary response (spontaneous response) 

99, 100 
selection 
- affinity 31 
- clonal 30 
severe combined immunodeficient mice see 

SCID 
short consensus repeat (SCR) 54, 55 
single cell polymerase chain reaction (PCR) 

121 
SIV (simian immunodeficiency virus) 
- cynomolgus monkey 

Subject Index 209 

- - antigen in lymph node after treatment 
180 

- - lymph node, immunohistology 171, 172, 
174 

- macaque monkey, lymph nodes 169 
somatic hypermutation 31, 62, 63 
spleen 52, 53, 59 
- cynomolgus monkey after SIV infection 

174 
Staphylococcus aureus 25 

T cells (lymphocytes) 53, 59, 62 
- activation 37 
- germinal center 34 
- role in FDC - B cell interactions 71, 76 - 79, 

81 
T~ependentzones 23,24 
TAPA-1 61,62 
tingible body macrophage (TBM), IL-6 

expression 81 
tissue 
- malignant 197 
- nonmalignant 196 
tolerization-sensitive window 27 
tubuloreticular structure after SIV infection 

174 
Tyr phosphorylation 88 

vascular cell adhesion molecule (VCAM)-1 84, 
136 

very late antigen-4 (VLA-4) 136 
virions 149 
vitronectin 135 
VLA-4 84 

X-11 122 
X-irradiation 53 



Current Topics in Microbiology and Immunology 

Volumes published since 1989 (and still available) 

Vol. 158: Muzyczka, Nicholas (Ed.): Viral 
Expression Vectors. 1992. 20 figs. IX, 
176 pp. ISBN 3-540-52431-2 

Vol. 159: Gray, David; Sprent, Jonathan 
(Ed.): Immunological Memory. 1990. 38 figs. 
XII, 156 pp.ISBN 3-540-51921-1 

Vol. 160: Oldstone, Michael B. A.; 
Koprowski, Hilary (Eds.): Retrovirus In
fections of the Nervous System. 1990. 
16 figs. XII, 176 pp. ISBN 3-540-51939-4 

Vol. 161: Racaniello, Vincent R. (Ed.): 
Picornaviruses. 1990. 12 figs. X, 194 pp. 
ISBN 3-540-52429-0 

Vol. 162: Roy, Polly; Gorman, Barry M. 
(Eds.): Bluetongue Viruses. 1990. 37 figs. 
X, 200 pp. ISBN 3-540-51922-X 

Vol. 163: Turner, Peter C.; Moyer, Richard 
W. (Eds.): Poxviruses. 1990. 23 figs. X, 
210 pp. ISBN 3-540-52430-4 

Vol. 164: Baekkeskov, Steinnun; Hansen, 
Bruno (Eds.): Human Diabetes. 1990. 9 figs. 
X, 198 pp. ISBN 3-540-52652-8 

Vol. 165: Bothwell, Mark (Ed.): Neuronal 
Growth Factors. 1991. 14 figs. IX, 173 pp. 
ISBN 3-540-52654-4 

Vol. 166: Potter, Michael; Melchers, Fritz 
(Eds.): Mechanisms in B-Cell Neoplasia. 
1990.143 figs. XIX, 380 pp. 
ISBN 3-540-52886-5 

Vol. 167: Kaufmann, Stefan H. E. (Ed.): 
Heat Shock Proteins and Immune Re
sponse. 1991. 18 figs. IX, 214 pp. 
ISBN 3-540-52857-1 

Vol. 168: Mason, William S.; Seeger, 
Christoph (Eds.): Hepadnaviruses. Mole
cular Biology and Pathogenesis. 1991. 
21 figs. X, 206 pp. 
ISBN 3-540-53060-6 

Vol. 169: Kolakofsky, Daniel (Ed.): Bunya
viridae. 1991. 34 figs. X, 256 pp. 
ISBN 3-540-53061-4 

Vol. 170: Compans, Richard W. (Ed.): Pro
tein Traffic in Eukaryotic Cells. Selected 
Reviews. 1991. 14 figs. X, 186 pp. 
ISBN 3-540-53631-0 

Vol. 171: Kung, Hslng-Jien; Vogt, Peter K. 
(Eds.): Retroviral Insertion and Oncogene 
Activation. 1991. 18 figs. X, 179 pp. 
ISBN 3-540-53857-7 

Vol. 172: Chesebro, Bruce W. (Ed.): Trans
missible Spongiform Encephalopathies. 
1991. 48 figs. X, 288 pp. 
ISBN 3-540-53883-6 

Vol. 173: Pfeffer, Klaus; Heeg, Klaus; 
Wagner, Hermann; RiethmOller, Gert 
(Eds.): Function and Specificity of y/o TCelis. 
1991.41 figs. XII, 296 pp. 
ISBN 3-540-53781-3 

Vol. 174: Fleischer, Bernhard; SJOgren, 
Hans Olov (Eds.): Superantigens. 1991. 
13 figs. IX, 137 pp. ISBN 3-540-54205-1 

Vol. 175: Aktories, Klaus (Ed.): ADP-Ribo
sylating Toxins. 1992.23 figs. IX, 148 pp. 
ISBN 3-540-54598-0 

Vol. 176: Holland, John J. (Ed.): Genetic 
Diversity of RNA Viruses. 1992. 34 figs. IX, 
226 pp. ISBN 3-540-54652-9 

Vol. 177: MOlier-Sleburg, Christa; Torok
Storb, Beverly; Visser, Jan; Storb, Rainer 
(Eds.): Hematopoietic Stem Cells. 1992. 
18 figs. XIII, 143 pp. ISBN 3-540-54531-X 

Vol. 178: Parker, Charles J. (Ed.): Mem
brane Defenses Against Attack by Comple
ment and Perforins. 1992. 26 figs. VIII, 
188 pp. ISBN 3-540-54653-7 



Vol. 179: Rouse, Barry T. (Ed.): Herpes 
Simplex Virus. 1992.9 figs. X, 180 pp. 
ISBN 3-540-55066-6 

Vol. 180: Sansonetti, P. J. (Ed.): Pathoge
nesis of Shigellosis. 1992. 15 figs. X, 143 pp. 
ISBN 3-540-55058-5 

Vol. 181: Russell, Stephen W.; Gordon, 
Siamon (Eds.): Macrophage Biology and 
Activation. 1992. 42 figs. IX, 299 pp. 
ISBN 3-540-55293-6 

Vol. 182: Potter, Michael; Melchers, Fritz 
(Eds.): Mechanisms in B-Cell Neoplasia. 
1992. 188 figs. XX, 499 pp. 
ISBN 3-540-55658-3 

Vol. 183: Dimmock, Nigel J.: Neutralization 
of Animal Viruses. 1993. 10 figs. VII, 149 pp. 
ISBN 3-540-56030-0 

Vol. 184: Dunon, Dominique; Mackay, 
Charles R.; Imhof, Beat A. (Eds.): Ad
hesion in Leukocyte Homing and Differen
tiation. 1993. 37 figs. IX, 260 pp. 
ISBN 3-540-56756-9 

Vol. 185: Ramig, Robert F. (Ed.): Rota
viruses. 1994. 37 figs. X, 380 pp. 
ISBN 3-540-56761-5 

Vol. 186: zur Hausen, Harald (Ed.): Human 
Pathogenic Papillomaviruses. 1994. 37 figs. 
XIII, 274 pp. ISBN 3-540-57193-0 

Vol. 187: Rupprecht, Charles E.; 
Dietzschold, Bernhard; Koprowski, 
Hilary (Eds.): Lyssaviruses. 1994. 50 figs. 
IX, 352 pp. ISBN 3-540-57194-9 

Vol. 188: Letvin, Norman L.; DesrOSiers, 
Ronald C. (Eds.): Simian Immunodefi
ciency Virus. 1994. 37 figs. X, 240 pp. 
ISBN 3-540-57274-0 

Vol. 189: Oldstone, Michael B. A. (Ed.): 
Cytotoxic T-Lymphocytes in Human Viral 
and Malaria Infections. 1994. 37 figs. IX, 
210 pp. ISBN 3-540-57259-7 

Vol. 190: Koprowski, Hilary; Lipkin, W. 
Ian (Eds.): Boma Disease. 1995. 33 figs. IX, 
134 pp. ISBN 3-540-57388-7 

Vol. 191: ter Meulen, Volker; Billeter, 
Martin A. (Eds.): Measles Virus. 1995. 
23 figs. IX, 196 pp. ISBN 3-540-57389-5 

Vol. 192: Dangl, Jeffrey L. (Ed.): Bacterial 
Pathogenesis of Plants and Animals. 1994. 
41 figs. IX, 343 pp. ISBN 3-540-57391-7 

Vol. 193: Chen, Irvin S. Y.; Koprowski, 
Hilary; Srinivasan, Alagarsamy; Vogt, 
Peter K. (Eds.): Transacting Functions of 
Human Retroviruses. 1995.49 figs. IX, 240 pp. 
ISBN 3-54O-57901-X 

Vol. 194: Potter, Michael; Melchers, Fritz 
(Eds.): Mechanisms in B-cell Neoplasia. 
1995.152 figs. XXV, 458 pp. 
ISBN 3-540-58447-1 

Vol. 195: Montecucco, Cesare (Ed.): Clos
tridial Neurotoxins. 1995. 28 figs. XI, 278 pp. 
ISBN 3-540-58452-8 

Vol. 196: KoproWSki, Hilary; Maeda, Hiroshi 
(Eds.): The Role of Nitric Oxide in Physiology 
and Pathophysiology. 1995. 21 figs. IX, 
90 pp. ISBN 3-540-58214-2 

Vol. 197: Meyer, Peter (Ed.): Gene Si
lencing in Higher Plants and Related Phe
nomena in Other Eukaryotes. 1995. 17 figs. 
IX, 232 pp. ISBN 3-540-58236-3 

Vol. 198: Griffiths, Gillian M.; Tschopp, 
Jurg (Eds.): Pathways for Cytolysis. 1995. 
45 figs. IX, 224 pp. ISBN 3-540-58725-X 

Vol. 199/1: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses I. 1995.51 figs. XIII, 280 pp. 
ISBN 3-540-58828-0 

Vol. 199111: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses II. 1995.36 figs. XIII, 278 pp. 
ISBN 3-540-58829-9 

Vol. 199/111: Doerfler, Walter; Bohm, Petra 
(Eds.): The Molecular Repertoire of Adeno
viruses III. 1995. 50 figs. Approx. XIII, 
324 pp. ISBN 3-540-58987-2 

Vol. 200: Kroemer, Guido; Martinez-A., 
Carlos (Eds.): Apoptosis in Immunology. 
1995.14 figs. XI, 242 pp. 
ISBN 3-540-58756-X 



Spri nger-Verlag 
and the Environment 

We at Springer-Verlag firmly believe that an 

international science publisher has a special 

obligation to the environment, and our corpo

rate policies consistently reflect this conviction. 

We also expect our busi

ness partners - paper mills, printers, packag

ing manufacturers, etc. - to commit themselves 

to using environmentally friendly materials and 

production processes. 

The paper in this book is made from 

Iow- or no-chlorine pulp and is acid free, in 

conformance with international standards for 

paper permanency. 




