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Preface

Follicular dendritic cells (FDC) are unique among cells of the
immune system. While their morphological characteristics re-
sulted in their inclusion as a 'dendritic cell type', they 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, FDC 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 FDC 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 FDCand 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, FDC 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, FDC appear to provide soluble and cell-surface-associated
stimuli that aid in directing the reaction. Finally, as the germinal
center response subsides, FDC 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 FDC-retained human immunodeficiency
virus (HIV) provides an important reservoir for this infectious
agent. FDC 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 FDC 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 FDC. The influence of FDC
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 FDC 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 guestions that remain to be both addressed and
answered concerning the full involvement of FDC in immune
responses.

Geneva Marie H. Kosco-ViLBols
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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 (Kamperpik et al. 1978; GroscURTH 1980; HeusERMANN et al. 1980a,b; Imal et al.
1983; DiksTRA et al. 1984; HumpHREY et al. 1984) or from mesenchymal cells
(pericytes around capillaries) found locally in follicles (Rabemakers et al. 1988).
In early studies, FDC were identified as a reticular cell type (MitcHeLL and AsgoT
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 AseoT 1965; DiksTrA 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//mmunology, Medical College of Virginia, Virginia Commonwealth
University, P.O. Box 980678, Richmond, VA 23298, USA
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reported that FDC in bone marrow chimeras were of the host phenotype, which
further strengthened the belief that FDC 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-FDC, originating outside of the lymph node. We
thus began to question the FDC local origin theory. In addition to the descriptive
antigen transport data, we obtained supporting data from experiments conducted
with bone marrow chimeras (Karasi et al. 1993). In this chapter, we will give an
account of our studies supporting the contention that FDC 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 (Kamperbik et al. 1987; HEINEN
etal. 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. Karasi et al., unpublished) that using a particular
batch of anti-HRP, when 10-15 ug antigen were injected in the footpads, as
opposed to the routinely administered 1-5 pg 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.

During 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 lysosomes) 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 FDC. By 24 h
after antigen injection, the FDC 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 FDC.
According to the second hypothetical mechanism, ATC may be pre-FDC that
mature to become FDC (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-FDC, then their antigenic
phenotype should be either very similar or identical to that of mature FDC. To
determine this, we phenotyped ATC in situ between 1 and 15 min after antigen
injection in parallel with mature FDC at 3 days after antigen injection. The results
showed that ATC and FDC 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 conciuded that ATC are pre-FDC. Furthermore,
since the first monocyte-like, veiled ATC were seen in the afferent lymph of the
subcapsular sinus, we proposed that FDC 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 1gG FDC and TBM + +
MK-1 IgG2a ICAM-1 + +
2.4G2 1gG1 Low-affinity FcyRIl + +
8C12 1gG CR1 + +
F4/80 lgG2b Mo, M¢, and LC + +
Mac-2 1gG2a M¢ subset - -
MOMA-2 IgG2b Mo, M¢, and LDC + + +
MIDC-8 1gG2a DC cytoplasmic,
VC, LC + +
NLDC-145 1gG2a Cytoplasmic and
membrane IDC, VC, LC + +
Anti-CD45 1gG Ly-5 (T200) on
M1/9.3 T and B cells and M¢ + +

Ig, immunoglobulin; ICAM, intercellular adhesion molecule; Ag, antigen; FcyR, Fcy receptor; CR,
complement receptor; Mo, monocyte; M¢, 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 25600 FDC. This estimate is based on size measurements of single FDC and
the size of the entire FDC antigen-retaining reticulum. Electron microscopy
suggests that the entire antigen transport path at 1 min after antigen injection
consists of approximately 500 ATC. 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 ATC 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 ATC required for the full
development of FDC networks (an average of eight) in the popliteal lymph node
is approximately 20 x 10° ATC, 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 ATC interdigitates through
its developing antigen-bearing processes with the preceding ATC. It follows then
that the amount of antigen in the FDC network is equal to that transported by the
total number of ATC that make up a particular antigen-retaining FDC network. In
contrast to the putative FDC precursors observed by others to be carrying only a
few, preformed, gold bead-conjugated immune complexes (HeNeN et al. 1986)
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ATC are heavily coated with HRP-anti-HRP complexes (SzakaL et al. 1983).
Clearly, these migrating pre-FDC are covered with enough immune complexes
(formed under physiological conditions in vivo) to account for the antigen retained
in the FDC network (Szakal et al. 1983).

Numerous attempts in different laboratories have failed to demonstrate any
proliferative activity of FDC residing in the FDC- network. However, the stability
of immune complexes retained in the FDC- 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 FDC could not be chased out with antigens
of different specificities (TEw and MampeL 1978). This apparently static nature of
FDC networks initiated gquestions such as: What happens when new immune
complexes are transported to an existing FDC network? Are the new ATC added
to the reticulum? Would that not eventually make the reticulum too large?

We know that, in the FDC network, FDC with filiform dendrites mature to
form beaded dendrites to produce iccosomes (SzakaL etal. 1988, 1990).
lccosomes, 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). Data shows that iccosome formation and
dispersion may dissipate part or all of an FDC network (SzakaL et al. 1990).
Consequently, there are periods in which FDC 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 animmune response when there is an excess of circulating
antibodies, FDC 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 FDC 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 FDC networks. Therefore,
the mechanisms of antigen transport and FDC network dissipation appear to be
in balance with each other and will tend to prevent the development of overly
large FDC 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 FDC network. A layer of HRP (brown), the antigen
injected first, was adjacent to the forming germinal center at 4 days, while the
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antigen, alkaline phosphatase (blue), injected 3 days later was localized more
peripherally and appeared to be stacked on top of the FDC retaining the HRP. The
FDC retaining the first antigen (HRP) were not randomly mixed with the FDC
retaining the second antigen (alkaline phosphatase; blue). Therefore, if the
antigen dose is sufficiently large to induce antigen transport to all 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 FDC networks may also occur.
However, small antigen doses differing in specificity from any already retained
antigen may simply add to the preexisting FDC 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-FDC
(ATC) of an identical phenotype with FDC. The pre-FDC mature in transit from the
afferent lymph to the follicles and ultimately form the FDC antigen-retaining
reticulum. By working in concert with the mechanisms of iccosome formation
and dispersion that result in partial or complete dissipation of FDC networks, a
relatively steady state in the size of FDC networks may be achieved. Antigen
transport, as it exists in the lymph node, supports the extranodal FDC 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 (SCID) mice for
the construction of chimeras, knowing that FDC were radioresistant to high doses
of radiation (i.e., 1600 rad, G.F. BurTtoN, unpublished; 18.5 Gy, NeTtTESHEIM and
Hanna 1969). This was a critical observation, especially since we had confirmed
the results reported by HumpHREY et al. (1984) that FDC are of the host origin in
bone marrow chimeras (M.H. Kosco and G.F. BurTon, unpublished). Thus, if host
FDC cannot be eliminated from the system by radiation, then their presence may
have inhibited donor FDC from developing normally. To circumvent this FDC
radioresistance problem, we turned to the SCID mouse model. SCID mice lack
functional B and T cells (Bosma et al. 1983). As we have demonstrated, they also
lack FDC (Karasi et al. 1993). The absence of FDC was shown by the lack of
antigen localization on FDC in lymph node and splenic follicles and by the lack of
labeling with the monoclonal antibody FDC-M1 (Karasi et al. 1993). We reasoned
that the SCID mouse would provide a useful model to study the origin of FDC,
since the problem of eliminating radioresistant FDC could be bypassed. However,



A Theory of Follicular Dendritic Cell Origin 7

since reconstitution studies with B and T cells resulted in the development of FDC
networks, these studies clearly showed that SCID mice have FDC precursors
(Karasi et al. 1993). In ontogeny, FDC do not appear until about 3.weeks after birth
(DiksTrA et al. 1982,1984; Howves etal. 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 F,(Balb/c x C57BL) bone marrow, we
also reconstituted SCID 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 F, mouse bone marrow were evaluated
6 months after cell transfer for donor-phenotype FDC using monoclonal
antibodies against C57BL/6 class | antigens (Karasi 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 EDb,
indicating that the monoclonal antibody ED5, as reported (Jeurissen and DiKSTRA
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 F, bone
marrow confirmed these observations. These observations also give credence to
the pre-FDC nature of ATC and to the exiranodal origin of FDC.

Further confirmation of the presence of FDC precursors in the bone marrow
was obtained using the /acZ mouse model (SaNEs et al. 1986). Rosa-26 mice
transfected with the /acZ gene express the gene product B-galactosidase in all
cells. Through the action of this gene product, the fluoresceinated substrate
fluorescein-di-B-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 /acZ product, the substirate 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 /acZ gene product. For flow cytometry control, FDC were
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isolated according to protocol (ScHnizLeN et al. 1985) from Balb/c mice. The
enriched preparation contained 23% FDC. By FACScan (fluorescence-activated
cell sorter) after being reacted with biotinylated FDC-M1 and streptavidin-
phycoerythrin, 99% of the FDC-M1* population was shown to be negative for the
lacZ product. When a similarly enriched preparation (25%) of FDC from JacZ
mouse bone marrow-recipient SCID mice were tested, the result showed a ratio
of 67% host to 33% donor (lacZ*) phenotype FDC for the SCID-Rosa-26
chimeras. These results supported the results of our previous SCID mouse-rat
and SCID mouse-F, chimeras and allowed us to conclude that FDC precursors
can come from the bone marrow.

4 Can Circulating Follicular Dendritic Cell Precursors
Be Identified?

Since our SCID chimera studies indicate a bone marrow precursor for FDC, it was
reasonable to expect that these precursors may be identified in the blood. Using
the monoclonal antibody KiM4 specific for human FDC, PaRwaREscH et al.
(1983a,b) identified KiM4-positive cells in the human blood. These cells were
large (approximately 16 um in diameter), veiled mononuclear cells. Using the
monoclonal antibody FDC-M1 prepared against mouse FDC, we were also able to
identify cells 14-16 um in diameter in the blood (SzakaL et al. 1994). These FDC-
M1* cells, just like FDC, 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 FDC 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 FDC 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 FDC 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
FDC-M1. For light microscopic evaluation, we used immunoperoxidase
or immunoalkaline phosphatase techniques. For electron microscopy rat-anti-
mouse FDC-M1, 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 FDC-M1. Inappropriate isotype controls were
negative.

Among the stromal cells, we have tentatively identified, with light and
electron microscopy, FDC-M1* 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 etal. 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 FDC bone marrow
precursor has not yet been identified, and a hemopoietic or a stromal origin of the
FDC precursor are both possibilities. It should be pointed out, however, that, in
phenotyping ATC and FDC, in addition to FDC-M1 and several other markers (see
Table 1), we found pre-FDC (ATC) and FDC to be positive for the macrophage
marker F4/80. Similarly, the phagocytic cells in the bone marrow reacting with
FDC-M1 were also reported to be positive for F4/80 (Penn et al. 1993). We
wonder, therefore, whether this F4/80/FDC-M1 positivity is a coincidence or a
true indication of the bone marrow precursor of FDC. To obtain a conclusive
answer regarding the hemopoietic origin of FDC, we will isolate mouse bone
marrow cells, using monoclonal antibodies to the SCA-1 antigen shared by
hemopoietic bone marrow precursors (van be RN et al. 1989), for reconstitution
of SCID mice. The presence of /acZ* FDC in SCID recipients would indicate a
hemopoietic derivation of FDC.

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

According to our working model (Fig. 1), FDC originate from the bone marrow.
The specific bone marrow precursor has not yet been identified, although bone
marrow cells label with the FDC-reactive monoclonal antibody FDC-M1. The FDC
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, FDC precursors are believed to persist until the appropriate
stimulus mobilizes them again. These connective tissue pre-FDC or veiled ATC
may derive from the blood-borne, large FDC-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 FDC show the presence of cell surface markers such as
intercellular adhesion molecule (ICAM)-1, FcyRll, FceRll, F4/80, MOMA-2, and at
least one of the isoforms of leukocyte common antigens (LCA) on the ATC/FDC
group, all of which are typical markers of the myeloid lineage. The pre-FDC 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-FDC from the bone marrow (bottom left) to the lymph node follicles (bottom right). Note
the presence of pre-FDC (FDC-M1* 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-FDC (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-FDC
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 FDC- 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 MIDC-8 and NLDC-145 reactivity of ATC (pre-FDC) and FDC (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 nonlymphoid 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-FDC 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-FDC (ATC) may be a lymphokine, as suggested by the B and T cell
requirements of FDC development (Kapasi et al. 1993). This lymphokine release
may in turn be stimulated by the presence of specific immune complexes,
resulting in the migration of these veiled pre-FDC 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-FDC may still migrate to the follicles without
transporting immune complexes. These immature cells may remain in a pre-FDC
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 FDC. Thus,
in situ development of FDC from pre-FDC may also be detected.

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

Our future goals in testing and studying this working model of FDC origin
will include the further characterization of FDC-M1/2.4G2* circulating large mono-
nuclear cells. In addition, pre-FDC 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 FDC-M1-reactive cells and
will isolate hemopoietic stem cells for construction of SCID 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 (FDC) 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 technigues, 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; HoersmiT et al. 1980; DiksTrA et al.
1982; Imai et al. 1983; Raboux 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
(Imal 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 (DisksTRA
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. Rapemakers 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., CD11b, CD14, CD16, CD31, major histocompatibility complex
(MHC) class Il (STeIN et al. 1982; GerpEs et al. 1983; TsuNoDA et al. 1982 PARWARESCH
etal. 1983; Heinen et al. 1984). Hence, a monocytic origin cannot be excluded,
especially since ParwagrescH et al. (1983) found cells in the peripheral blood that
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express an antigen (Ki-M4) also expressed by FDC. Critics have attacked this
conclusion, doubting that certain antigens are truly expressed (CD16, MHC class
I). The situation has become even more complex with the discovery, on FDC, of
antigens expressed by the lymphoid lineage (CD19, CD21, CD3, CD24, CD37,
etc.; JoHNsoN et al. 1986; PaLLeseEN and MYRHE-JENSEN 1987) and with the finding
that molecules synthesized by other cells can stick to FDC. Many consider DRC1
antigen to be FDC specific, even though in their original paper, Naiem et al. (1983),
report some positivity among the lymphocytes of the corona. BosseLor et al.
(1994b) have demonstrated by cytophotometry that all blood and tissular B cells
react with anti-DRC1,while T cells and other cell lineages are negative. Ruco ef al.
(1991} observed endothelial leukocyte adhesion molecule (ELAM) expression by
FDC, a finding which points to an endothelial origin. Wacker et al. (1991) also
propose this origin because FDC and endothelial cells (but also monocytes)
express the Ki-M4 antigen. ScHRIEVER et al. (1991; ScHriever and NabLEr 1992),
however, exclude an endothelial origin, since FDC synthesize neither fibronectin
nor platelet-derived growth factor (PDGF) receptor-a. or -B.

Functional studies have brought some clarification, but also confusion. When
injected into animals, labeled immune complexes were retained on fully
developed FDC, 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 (Imal etal. 1983; DiksTrA
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 FDC.
Antigen transport may thus involve the migration of transporting cells with a
concomitant maturation into FDC or transfer from one transporting cell to
another, sedentary one. These authors thus favor an exogenous origin for
immune complex-laden FDC (which would settle inside the follicles). We injected
gold-abeled 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 FDC 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 FDC with
mesenchymal features which had bound small quantities of immune complexes.

Culturing FDC for longer periods of time is another way to probe the origin of
FDC, since cells cultured in vitro readily dedifferentiate, reverting to their original
morphology. Tsunoba et al. (1990) succeeded in culturing FDC for long periods
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(over 150 days). Freshly purified FDC appear in round cell clusters containing both
FDC 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 FDC 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. During the first few days of culture,
they cease to express the typical FDC phenotype.

Cell grafting in irradiated animals is viewed as a means of indisputably
determining the origin of FDC. 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 | immunotyping,
concluded that FDC come primarily from a stationary cell population, not from
recirculating cells. Kapasi etal. (1994) presented data supporting the view
that FDC are of hematopoietic origin. These authors used severe combined
immunodeficient (SCID) mice lacking FDC, reconstituting them with rat
bone marrow, rat fetal liver cells, or bone marrow cells from F1 donors
(BALB16 x C57B1/6). FDC, labeled with anti-ED5 or anti-FDC-M1 monoclonal
antibody {mAb), displayed donor class | molecules on their surface. Since Karasi
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 FDC. Very recently, YosHiDA et al.
(1994) obtained differentiation of FDC in SCID 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 FDC and the influence of
lymphocytes and immune complexes of FDC differentiation.

Analysis of mBNA from purified FDC by the single cell polymerase chain
reaction (PCR) has been published by ScHriever et al. (1989; ScHriEver and NADLER
1991, 1992). FDC apparently present a very peculiar RNA pattern with high
expression of the C3d receptor (CD21) -but no mRNA for CD20, CD45, CD4,
fibronectin, or PGDF receptor-o. or . These authors thus view FDC as belonging
to a unique lineage, rather than having a hematopoietic or fibroblastic origin.

Many investigators have attempted to immortalize FDC using all possible
approaches. LinbHouT et al. (1993) exploited CD21 expression to transform FDC
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; CD40; CD75). These cells were
able to bind nonautologous B cells, to perform emperipolesis, and to prevent
apoptosis.

Fully differentiated FDC do not divide. Reports of mitosis or of thymidine
incorporation into FDC precursor cells are rare (Everett 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, FDC differentiate from mesenchymal
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cells (thus also pericytes), which lose the capacity to synthesize matrix
elements to begin producing adhesion molecules, receptors, FDC-
specific surface antigens, etc. (Fig. 1). As increasing quantities of immune
complexes are retained, imported by Ilymphoid cells or by other means, the
surfaces of the FDC enlarge so that plicae and dendrites develop. Perhaps
interactions with stimulated B or T celis 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

Fig. 1. Hypothetical transformation of mesenchymal cells to fibroblasts or precursors of follicular
dendritic cells (FDQ). 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 37°C, aggregation of
these complexes is observed, followed by their shedding along with the cell
membranes (HEeNEN 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 (Imal et al. 1983; DuksTRA et al. 1984; Hemen 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 (RApEmakers 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; Imal
et al. 1986; TerasHiMA et al. 1991; RapEMAKERs 1992; YosHiDA et al. 1993; HaRrDIE
etal. 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 CD106
(Rice et al. 1991; Crark et al. 1992; HARDIE et al. 1993). Mouse FDC express high
levels of Fc receptors inside the light zone (Raboux 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. FDC attract
and bind cells, thus playing a pivotal role in follicle assembily.

Purified germinal center lymphoid cells, labeled and injected intravenously,
home to the lymph follicles (OpsTELTEN et al. 1982). To analyze- the chemotactic
properties of FDC, we placed tonsillar FDC 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 FDC affected lymphoid cells
similarly. Dilution decreased this effect. The migrating cells were B or T cells.
CD57* T cells were attracted as well as CD57" T cells (BouzaHzaH et al., to be
published).

In previous papers (LiLET-LECLERCQ et al. 1984; HEINEN et al. 1989; Lours et al.
1990), we have shown that FDC and lymphoid cells are closely connected and
that fluorescent lymphoid cells attach to isolated FDC upon incubation for only
half an hour. After 1 and 2 days of culture, very large aggregates are found (HEINEN
et al. 1991a). Kosco et al. (1992) report similar clustering when these cells are
cultured together; both B and T cells influence the level of cluster formation. Cell
aggregation depends on the presence of divalent ions (Ca**, Mg?*; SCHRIEVER et al.
1989; Louis et al. 1990) and on expression of lymphocyte function-associated
antigen (LFA)-1, ICAM-1, vascular cell adhesion molecule (VCAM), (INCAM)-110,
and very late antigen (VLA)-4 (FReebmanN and NabLer 1991; Koorman et al. 1991;
Koorman and PaLs 1992; PetrascH et al. 1991b; Kosco 1991b; Kosco et al. 1992).
Except for those bearing C3 fragments, immune complexes do not appear to
influence this adhesion. Anti-DRC1 antibodies slightly reduce B cell adhesion to
FDC (Louis et al. 1990).

Studies on the transfer of immune complexes to FDC have also revealed
migration of lymphoid cells towards the lymph follicles. B and T cells bearing
immune complexes bound via C3b and Fc receptors migrate towards FDC, 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 (CD8* T
cells, granulocytes, mastocytes) are absent or infrequent and the germinal
centers are mono- or oligoclonal (Kroesk 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 MHC 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, FDC 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 (SIncLAaiR 1969; MuTa et al. 1994), and the immunoglobulin (Ig) isotypes
may exert yet unknown biological actions. Complement split products induce
opposite reactions (Erpel 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 (Imal etal. 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). FDC 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 FDC invaginations (HEINEN
et al. 1983). FDC are thus reservoirs in which antigen is stored for long periods of
time (Tew et al. 1979) in the light zone of germinal centers (Kraus 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 CeLapa (1971), for instance,
an excess of antibodies may be inhibitory. Szakat et al. (1989) have proposed the
elegant iccosome (immune complex-coated beads) hypothesis, according to
which FDC 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 (Cesra et al.
1991). First, formation of beads is not specific to FDC; 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 FDC release membranes and receptors to renew their
surfaces or to revert to an undifferentiated state. Third, B cells can 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 FDC, 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 cells, then into interdigitating cells. The very attractive iccosome
hypothesis, adopted by many immunologists, should thus be considered with
caution.

Antigen—-antibody complexes retained by FDC serve tG periodically
restimulate B and perhaps T cells. They may also play a part in the lg 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 Fc receptors can lead to deactivation (Muta et al.
1994). Consequently, FDC-mediated antigen presentation may be stimulating
or suppressive, according to the |g isotype, antibody concentration, and micro-
environment.

5 B Cell Activation

Immune complex retention of FDC generally occurs several days after antigenic
stimulation and parallels the transformation of FDC precursors to fully developed
FDC. Whether FDC 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 GRrAY etal. 1986; Gray and SkaRrvaLL 1988; Gravy 1989;
Henen 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 FDC after migration to the germinal
centers. Due 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 (mlg) and the CD19-TAPA-1-CD21 complexes. This multimerization allows
cross-phosphorylation and subsequent activation of cytoplasmic enzymes (src-
like protein tyrosine kinase, PTK, lyn, 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, IgB, and CD19.
FDC abundantly express various adhesion molecules (B,, B,, B,-integrins, VCAM-1,
ICAM-1 and -2, CD40; CrLark and Lane 1991; Koopman and PaLs 1992) on their
extended cell surface. Ultrastructural studies have revealed intimate contact
between FDC and lymphoid cells. One might speculate in two opposite direc-
tions. First, receptor cross-linkings could improve B cell survival (CorManN et al.
19864; Liu et al. 1989), enabling such B cells to proliferate better than unlinked B
cells. Alternatively, when these receptor cross-linkings 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 FDC 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 FDC extensions and are clearly less activated
than centroblasts. Thus, according to their differentiation state, dictated by the
local germinal center microenvironment, FDC might thus influence B cells in two
opposite directions. Furthermore, the phenotype of FDC 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 FDC is not sufficient for
activation or deactivation; other signals are necessary. Robricuez et al. (1992)
have revealed that germinal center B cells inhibit mitogen-induced proliferation of
mantle zone B cells. Thus, yet other parameters play a part in the activation or
deactivation of follicular cells.

Studying the activating capacity of FDC, Kosco-ViLsois et al. (1993) recently
showed that B cells maintained in contact with FDC express more B7/BB1
(CD80) 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, FDC 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* IgD*, 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-ViLsois et al.
1993 (see also Kosco et al. 1988; Kosco 19914, 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 FDC can serve not only to activate B cells but, when borne by
B cells having had contact with FDC, 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 Il molecules can effect other signals. The MHC
molecules also help transmit signals inside the B cells; for example, binding of
anti-MHC Il 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, FDC by themselves do not appear to stimulate virgin IgM* IgD*
B cells, but rather sustain the activation of antigen-specific B cells preactivated in
the T-dependent area. Deactivation by FDC 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 FDC 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 (Tsunoba
etal. 1989; Kosco etal. 1988; PetrascH et al. 1991a). Proliferating cells are
associated with FDC: after isolation under mild enzyme treatment, FDC 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, FDC exhibit a peculiar phenotype {CD21, CD23, CD54, calbinding,
5-nucleotidase) and bear large amounts of immune complexes. According to their
differentiation state, FDC can thus create a microenvironment that is favorable or
not to B cell proliferation or differentiation into memory cells. FReebmMaAN et al.
(1992) cocultured FDC with B cells and observed an inhibitory action of FDC on
B cell proiiferation. In similar culture systems, BosseLolr et al. (1994) found the
degree of B cell proliferation in the presence of FDC 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 FDC, whereas B cells stimulated with anti-lg antibodies
incorporated more tritiated thymidine when placed in contact with
FDC; 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 FDC 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 etal. 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 (FDC) treated with mitomycin C
(1), B cells cultured alone (2), mitomycin-treated FDC 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 | (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 (Nossat 1994).

The presentation of antibody—antigen complexes by FDC can lead to active
suppression, since the cross-linking between Fc receptors and Ig 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 (Ursain 1986) may stimulate or inactivate. FDC can
retain idiotype—anti-idiotype complexes (HENEN, unpublished), so the germinal
centers can be considered one of the sites where network regulation operates.

Relationships between FDC 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
antilysozyme IgM/IgD transgene and a lysozyme transgene, tolerant lysozyme-
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. FDC are present
in primary follicles and mantle zones and may thus play a part in the tolerization
events occurring there.

8 B Cell Survival

WhyiLue etal. (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 DNA into nucleosome-length 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 (Mivawaki etal. 1992; Akear etal. 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. lts
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 (sigD)-B cells
(Mivakawa et al. 1992). Like TNF-a receptors | and Il, 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 Bcl-2 abundantly,
scarcely, or notat 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 (OLTval
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 (AkBARr 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 Bcl-2 Ig minigenes develop diffuse large cell
immunoblastic lymphoma after a latency period characterized by higher
proliferation and increased small resting cell survival (STrasser etal. 1990;
McDonNeLL and KoRrsMEYER 1991).

Inside the germinal centers, centroblasts and centrocytes located in the dark
and lower light zones do not express Bcl-2 (Liu et al. 1991b; 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 FDC
cytoplasmic extensions, which survive longer (CormANN et al. 1986a). TsuNODA
et al. {1990, 1992) and Kosco and Gray (1992) have also observed survival of
lymphocytes in contact with isolated FDC. 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. FDC, by providing nonspecific antigenic
signals, e.g., surface ligands, CD23, IL-1a or specific ones (via retained immune
complexes), play a determining role during this evolutionary process (Liu
et al.1989, 1991a, b).

Germinal center T cells, through the interaction of CD40 and CD40L, also play
a role in rescuing B cells from apoptosis. We (BouzaHzaH et al., to be published)
have demonstrated the presence of mRNA for CD40L in CD4* CD57" cells from
tonsillar follicles, and others (LEDERMAN et al. 1992; TsuBaTA et al. 1993) report the
ability of CD40L 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 FDC (Gray and SkarvaLL 1988).

9 Immunoglobulin Isotype Switch

Specific immune responses are also called adaptive reactions, notably because g
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 IgD, 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 (CaLiarp et al. 1993; Duranpy et al. 1993; LANE et al.
1994), perhaps during B cell proliferation (Fribman 1993). For HockiN 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 IgA* cells (ButcHer et al. 1982; MaTtTHEWS and Basu 1982.
BranpTzAEG 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 g 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; Aseas 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 (Sanpor 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
lg composition in the circulating blood. In the blood, concentrations of the
different Ig classes are maintained within narrow limits. The mechanisms
controlling |g secretion are unknown, but the complexes on FDC might play a part
therein. WanG et al. (1994) demonstrated that T-independent antigens of type Il
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 ai. 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.

Ilg hypermutation and selection take place in the germinal centers (Jacos
et al. 1993; Berek and Ziegner 1993). Mutations are introduced into rearranged
regions of transcriptionally active loci on the heavy and light Ig chains (SasLiTzky
et al. 1985), at the rate of 107 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; Lesecaue 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 (LEBecoue 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 H and 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 resuit
in apoptosis (L et al. 1989). Jacos 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 mlg. They are much more prone to affinity selection than are other B cells
expressing high levels of mlg. This view is supported by the recent paper by
GEoRGE et al. (1993}, who hypothesize that downregulation of mlg following B cell
activation has evolved to assist selection of B cell ciones. Roes and RaJewski
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(1993), studying the role of IgD in transgenic IgD~ mice, found that igD are lost
after activation. They suggest that this may be a part of the affinity selection
mechanism. IgD do seem to improve the avidity of B cells for antigens, so their
disappearance decreases the chances of survival of B celis with low-affinity mig.
GeoraE et al. (1993) also conclude that T-independent antigens, usually large in
size and multimeric, easily stimulate B cells by cross-linking mlg, 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 (Kreese 1987; Lw et al.
1991a, b). According to Jacos et al. (1993), the period of mostintense selection on
germinal center cell populations occurs between days 6 and 8 of the response;
this coincides with the IgM-IgG 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 g hypermutation.
Mutations appear mainly within centroblasts, probably during the mitotic cycles,
at the rate of one (Berek and ZiegNeEr 1993) or more (Kuppers et al. 1993) mutations
per two cell cycies. 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).

fg hypermutation starts after a 6-day latency period (Jacos et al. 1993). There
may be a link between immune complex retention of FDC, mutation, and affinity
selection. No direct action of FDC on Ig hypermutation in B ceils has been
demonstrated, but such action is imaginable, since mutations appear to be
restricted to the germinal centers (Berek et al. 1991; KepLer and PereLsoN 1993)
and the mutation process starts at about the same time as immune complex
retention by FDC. 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 Kiaus
(1981), in which hapten-specific B memory cells were induced by priming
mice with soluble or alum-precipitated dinitrophenol-keyhole fimpet hemocyanin
(DNP-KLH} plus Bordetella pertussis or DNP-KLH-anti-DNP antibody complexes
at equivalence. Cells from complex-treated mice gave a substantial adoptative
fgG 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; Raboux et al. 1984).
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
(Henen etal. 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 Kiaus 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 (Georae
and CLariN 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 (Erpel et al. 1985; HeymaN 1990; VAN RoOWEN
1991, Van NoeskeL 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 (Rapoux et al. 1985b) and human (HEeiNEN et al. 1984) FDC. Some authors
contest the presence of Fc receptors on human FDC. Yamakawa and Imal (1992)
and YosHipa 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 (Erpel 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
Heipe and Hunt 1990).

LinTon et al. (1991) suggest that these precursors may reside in the J11D"
poor population. J11D (CD24) appears as a cell adhesion molecule expressed on
immature B and T cells (Kabmon et al. 1992). According to TslaGee et al. 1992), the
J11D-rich cells may terminally differentiate into antibody-forming cells and thus
never reach the centers. We have found (Mancini et al., to be published) germinal
center cells expressing high J11D, 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 WEIssmMaN 1972) and establish contacts with FDC
(HEmen et al. 1989; Louis et al. 1990), one might suspect reciprocal influences
between the two cell types. Coscrove et al. (1991) discovered a CD4* T cell type
in the lymph follicles of mice lacking MHC class [l molecules, whereas the other
peripheral lymphoid tissues were devoid of CD4* cells. These quite specific cells
are relatively large.in size, T cell receptor off*, 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; Porpema et al. 1989; Tsunopa et al. 1990). Among the
CD4* cells, a majority express the CD57 antigen (Mori etal. 1983; Si and



Follicular Dendritic Cells: Origin and Function 35

WhiTesiDE 1983; OkapA et al. 1988). These CD4* CD57* cells constitute a peculiar
cell type: they express T cell receptor-o. and -, CD45R0O, and CD69 but not Leus,
CD45/RA, CD11b, CD25, CD71, or HLA-DR (Porwit-Ksiazek et al. 1983; PizzoLo
et al. 1984; Si and WHiTesipe 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 (BouzaHzan et al. 1993). Ultrastructural studies
show that they are medium-sized cells with no or only small granules (BouzaHzax
et al. 1993) and that they differ from typical NK cells even though they express the
CD57 antigen. These CD4* CD57* cells are not fully activated cells, being CD25,
CD71-, and HLA-DR". They appear, rather, to be preactivated (CD69").

In vitro tests have shown that CD4* CD57* cells do not perform the usual
functions of classical T or NK cells: they are not cytotoxic (Si and WHITESIDE 1983;
VELARDI et al. 1986a; BouzaHzaH et al., to be published); they do not produce B cell
growth factors (VeLARDI et al. 1986a), IL-2, [L-4, interferon (IFN)-a,or TNF-o (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; BouzanzaH et al., 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 HoEFaAkkeR et al. (1993).

CD4* CD57* cells do not divide immediately after isolation, and even the
presence of FDC cells does not induce their proliferation {Fig. 4; BouzaHzaH et al.

Fig. 3. Proliferation capacity of tonsillar B cells cultured in contact with CD4* T cells. Tritiated thymidine
incorporation was measured after 2 days of culture in the presence of phytohemagglutinin (PHA). Al T
cells were treated with mitomycin C before coculturing to prevent them from multiplying. 1, B cells
alone; 2, CD57* T cells; 3, B *CD57 T cells; 4, B and unsorted CD4* cells. The T to B cell ratio was 3:1.
CD4* CD57* cells induced B cell proliferation but weakly in comparison to CD4* CD57- cells. com,
counts per minute
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Fig. 4. Proliferation test of CD4* CD57* and CD4* CD57" T cells. Purified tonsillar CD4* T cells were
separated into CD57- and CD57* populations and maintained in culture for 2 days before testing their
capacity to incorporate tritiated thymidine. 7, Culture medium without mitogens; 2, phytohemagglutinin
(PHA); 3, PHA and interleukin I1L-2; 4, concanavalin A (ConA); 5, ConA and IL-2. Under all experimental
conditions, CD57°T cells proliferated better than CD57* T cells. com, counts per minute

1994). In migration tests, T cells, especially CD4* CD57* T cells, are attracted by
FDC or their culture supernatants (BouzaHzaH et al., to be published). In adhesion
tests, they attach to the surfaces of FDC 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 FDC and CD4* CD57* cells in such a process in unclear.
Since FDC attract and bind these T cells (BouzaHzaH et al., 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 CD57* T cell
population might belong to this category of negative regulators.

Classical CD4* CD57- T cells occupy all the germinal center zones and also,
to alesser 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 FDC. Perhaps the cells they observed are the germinal
center CD57~ T cells. According to Gray et al. (1991), FDC do not express MHC
class Il 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 FDC 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-a, 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 CD28. 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. 1991D, ¢).

13 Conclusions

Many facts are known about FDC and their relationships with germinal center
lymphoid cells. However, we cannot always discern causes form consequences.
For instance, do FDC decide the course of B memory cell maturation or do
lymphoid cells induce FDC 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; Jacos
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. Bcellactivation. 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.
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Fig. 5. Chronological events of a primary germinal center reaction in a lymph node. For explanation see

text

5.

10.

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).

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.

. 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).

. Isotype switch. The induction signal for the |g 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.

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

End of the germinal center reaction. Centroblasts stop dividing, the number

of Ilymphoid 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 B and 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 (KrRoEse et al. 1986,
1991). As related to the lg 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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1 Introduction

The follicular dendritic cell (FDC) is a major constituent of the microenvironment
of the lymphoid follicle. FDC 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 FDC is believed
to play a 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 FDC 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 FDC 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 preimmunized
animals (HumpHrey and Franck 1967), suggesting that specific antibody was
required and antigen was trapped in the form of antigen-antibody immune
complexes. |t was also shown that immune complexes were trapped and
retained on the surface of specialized cells located in lymphoid follicles, and these
were called FDC {NossaL and Apa 1968). The trapping of immune complexes by
FDC 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 (WHTe et al. 1975; EikeLENBOOM €t al. 1983), fish (Secomses et al.
1982), amphibians (CoLLiE 1974), and reptiles (Kroese and Van Roolen 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 (Ig)M and IgA are poor activators
of complement, whereas most IgG isotypes are good complement activators
(Kraus et al. 1979). This is highly relevant, since the ability of an immune complex
to activate complement strongly correlates with its trapping by FDC and its ability
to generate B cell memory (EmBLING et al. 1978; KLaus 1979; PHipps et al. 1980).
As a matter of fact, the presence of complement in an immune complexis 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 {PapamichalL et al. 1975; KLaus and HumpHREY 1977; CHeN et al. 1978; Tew
et al. 1979; Pripps et al. 1980; EnrioUEZ-RINCON et al. 1984), rats (Gray et al. 1984b;
VaN DEN Berc 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 complement can
be the only requirement for follicular 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 antibedy {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, foliicle; 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’),
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’), 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 FDC, 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, mostimmune complexes are ingested by macrophages
of the marginal zone and marginal sinus, respectively.

2.2 Transport of Inmune Complexes
to the Follicular Dendritic Cells

In order to reach FDC 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 FDC. 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 FDC for the
following reasons:

1. B cells preincubated with immune complexes are able to deliver them to the
FDC 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; MuaaLanp and Fossum. 1987).

3. Trapping is prevented by selective depletion of marginal zone B cells by
cyclophosphamide (GRray 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 (GRray et al. 1984b). Immune complexes injected early after LPS
show increased localization in the follicles, whereas trapping is inhibited after B
cells have been depleted (van Roowen et al. 1975; Gray et al. 1984b). On the other
hand, LPS can also affect the FDC itself, as it results in the removal of immune
complexes already trapped on FDC (GRoENEVELD et al. 1983; VaN DEN BErG et al.
1992) and inhibits the binding of immune complexes to FDC in vitro (DuKksTRA
etal. 1983; Hemnen et al. 1986b). Whether this is due to downregulation 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 (Kamperpik 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 FDC. 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 FDC.
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 FDC is not clear at present.

2.3 Binding of Immune Complexes
to the Follicular Dendritic Cells

The interaction between immune complexes and FDC has been studied in
several ways. In spite of the fact that FDC 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 theirimmune 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; Gaj-PeczaLaska
et al. 1969; Imal et al. 1986; HALSTENSEN et al. 1988; VAN DEN 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, CD11b/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 (FDC)

Receptor Ligands Expression® Functional®
Complement receptors
CR1 (CD35) C3b + +
CR2 (CD21) C3d, EBV, [FN-a, CD23 + +
CR3{CD11b/CD18) C3bi, ICAM-1, etc. +/-(human) n.t.
— (mouse, rat) -
Fc receptors
FeyRI (CD64) Monomeric IgG - -
huFcyRil (CDw32) IgG, > IgG, = 1gG, > IgG, +/~ n.t.
muFcyRII 19G,, 19G,,, 19G,, +subpop® +
FcyRIIE(CD16) IgG,, 19G; (human) +/- n.t.
FceRIt (CD23) IgE

+subpop® +

For references see text.

n.t., not tested; +/—, controversial; EBV, Epstein-Barr Virus; IFN, interferon; ICAM, intercellular adhesion

molecule; Ig, immunoglobulin.

*Expression means that the indicated molecule has been detected (+) or not (~) on FDC by
immunocytochemistry.

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

°Only on a subpopulation of FDC located in the apical light zone of the secondary follicle.
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Fig. 2. Localization of C3 on follicular dendritic cells (FDC) in the rat spleen. Normal rat spleen stained
with anti-C3 monoclonal antibody (mAb) ED11, which demonstrates the presence of C3 on FDC in the
follicles (F ) and on reticular elements in the outer periarteriolar lymphocyte sheath (P). M, marginal
zone; R, red pulp. (Reproduced from VAN DEN BERG et al. 1992, with permission; x 100)

It has been established that FDC in human lymphoid tissues express high levels
of CR1 and CR2 (RevnEs 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 CR1 and CR2 in the
binding of immune complexes by human FDC.

In contrast to human CR1 and CR2, which are encoded by different genes,
mouse CR1 and CR2 arise by alternative splicing from a gene that is most closely
related to the human CR2 gene (FINGEROTH et al. 1989; FinceroTH 1990; KurTz et al.
1989; HoLers et al. 1992). Compared to murine CR2, which is composed of 15
SCR and binds C3d (> C3b), murine CR1 contains an additional stretch of six SCR
that exhibit C3b (> C3d) binding (KinosHiTA et al. 1988, 1990; MoLina et al. 1992;
Pramoonsago et al. 1993). Recently, we have shown that binding of immune
complexes to FDC in unstimulated animals can only occur in the presence of
complement (Fig. 3). A monoclonal antibody {mAb) (7G6) against a common
epitope on mouse CR1 and CR2 which blocks C3d binding is able to completely
inhibit the binding of C3-coated immune complexes to FDC in the mouse spleen.
An mAb against CR1 (8C12) which blocks C3b binding was partly inhibitory
(YosHipa et al. 1993). This shows that CR1 and CR2 are indeed responsible for the
binding of immune complexes to FDC, at least in normal animals.
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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 (IgG) 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. 7, 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 FDC. CR3, in the mouse known as the MAC-1 antigen, is
an integrin composed of the o, -chain (CD11b) and the noncovalently associated
B,-chain {CD18). It can bind to C3bi, intercellular adhesion molecule (ICAM)-1, and
extracellular ligands (Rosen and Law 1989). The expression of CD11b on human
FDC appears to be either weak (GErDES et al. 1983; ReYNES et al. 1985; SCHRIEVER
et al. 1989; PetrascH et al. 1990) or absent (Imal et al. 1986), whereas CD18 is not
detected (ScHriever et al. 1989). Studies in mouse {(Kosco et al. 1986; YosHiba
et al. 1993) and rat (Damoiseaux et al. 1989; Gray et al. 1984) indicate that CR3 is
not expressed by FDC in these species.

2.3.2 Role of Fc Receptors

Several different types of receptors for IgG (FcyR) have been characterized,
including FeyRI (CD64), FeyRil (CDw32), and FeyRIll (CD16). FeyRl is the high-
affinity receptor for IgG and the only one that can bind monomeric IgG. This
receptor is apparently absent from FDC (SELLHEYER et al. 1989). The expression of
FcyRIll is controversial. One group has detected FcyRlill on isolated human FDC
(PeTRASCH et al. 1990), although they did not provide evidence that it was
functional, whereas others have claimed that FDC are FcyRIll negative (ScHRIEVER
et al. 1989; SELLHEYER et al. 1989).

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

the absence of complement. This binding was prevented by an mAb against
FeyRIl. FeyRll is also expressed on FDC in draining peripheral lymph nodes of
immunized animals (Kosco et al. 1986; Maepa et al. 1992), and isolated FDC from
stimulated peripheral lymph nodes are able to bind immune complexes in the
absence of complement (Braun etal. 1987; HeNeEN etal. 1986). The latter
experiments also demonstrated that murine IgG,, 1gG,,, and IgG,, complexes
bound much better than IgM or IgG, complexes, and this matches nicely with the
specificity of FcyRll in the mouse (SecaL and Titus 1978). The presence of FcyRll
in mesenteric lymph nodes of unstimulated mice (Ma€eba et al. 1992) does not
necessarily contradict our finding that FDC in spleen from normal animals lack
FeyRl1l, 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 FDC isolated from human tonsils, which also exhibit Fc-mediated binding
of immune complexes (HEINEN et al. 1985; SimaR et al. 1984) and express FcyRll
(PeTrascH et al. 1990). The fact that others did not detect FcyRIl on isolated FDC
(ScHRIEVER et al. 1989; SeLLHEYER etal. 1989) might indicate that their FDC
preparations only contained the FcyRll-negative subpopulation, which would
explain the absence of IgG (ScHRrIEVER et al. 1989) and CD23 (SELLHEYER et al.
1989). The induction of FcyRIl is stimulated animals may also account for the
residual binding of in vivo injected immune complexes to FDC 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 (Raboux 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 FDC in human
tissues (Imal et al. 1986). In contrast to other classes of antibody, it seems unlikely
that complement receptors play a major role in the trapping of IgE complexes,
because IgE complexes do not activate complement (Farkas et al. 1982). FDC
also lack the high-affinity receptor for IgE (FceRI) found on mast cells. However,
human FDC in secondary follicles do express the low-affinity receptor FceRll
(CD23), and it seems likely that this is the main receptor for IgE immune
complexes on FDC. Recent findings in the mouse indicate that this is indeed the
case. There are only very low levels of FceRIl on FDC 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-FceRIl mAb
prevented the trapping of IgE immune complexes by FDC, strongly suggesting
that the FceRll does indeed mediate IgE immune complex binding to FDC.

It also emerged from these studies that the regulation of FceRIl expression
on FDC was different from that on B cells, since it was also upregulated during a
typical IgG response, whereas an increase in B cell FceRIl 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 FceRll on their FDC (Mitani et al. 1988). Another interesting point
is that FceRll, like FcyRII (CDw32), appears to be restricted to the FDC located in
the apical light zone of the secondary follicle (Jornson et al. 1986). Taken together,
these findings indicate that during the germinal center reaction a subpopulation of
FDC is induced to express FcyRIl and FceRlIl, 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 Inmune Complex Trapping Capacity
of Follicular Dendritic Cells

During 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 (DuksTra et al. 1982, 1983), and these soon differentiate into mature
FDC. It seems likely that trapping by these cells is mediated via complement
receptors (see Sect. 2.3.1). Severe combined immunodeficient {SCID) mice lack
the capacity to trap immune complexes in vivo (Kapasi et al. 1993; YosHipa et al.
1994), and this is at least in part due to the fact that these animals lack FDC that
express CR1 or CR2 (YosHipa et al. 1994). Reconstitution with lymphocytes
induces the differentiation of (host-derived) FDC that express functional CR1 and
CR2 and restores the capacity to trap immune complexes (YosHibA-et al. 1994). It
seems that B cells, and not T cells, are responsible for this, as trapping can still
occur in the absence of T cells (KLaus and HumpHRey 1977; MuaaLanD and Fossum
1987). This idea is also in line with the absence of follicular trapping and lack of
mature FDC in animals that have been depleted of B cells by neonatal anti-igM
treatment (ENriQuEz-Rincon et al. 1984; MacLennan and Grav 1986; Cerny et al.
1988). Thus, B cells may not only play a role in the transport of immune
complexes to the FDC (see Sect. 2.1), but may also be required for the
differentiation of local precursor cells into mature FDC that express CR1 and CR2,
which thereby acquire the capacity to trap immune complexes.

It should be mentioned that the origin of the "early" precursor of the FDC is
still not clear. The original experiments by HumpHREY and Sunparam (1984) using
transfer of bone marrow cells into irradiated recipients demonstrated that, at least
in adult animals, FDC are not bone marrow derived. We have recently confirmed
this by reconstitution of adult SCID mice (YosHipa et al. 1994), thereby ruling out
the possibility that the failure to detect possible donor-derived FDC could be due
to an extremely slow turnover of mature FDC. In addition to this, Imazek et al.
(1992), studying the regeneration of implanted spleen, provided important
evidence for the local origin of FDC. The experiments carried out by Kapasi et al.
(1993), however, indicate that transfer into newborn SCID mice generates FDC 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 FDC precursors, which in turn, in the
presence of B cells, will differentiate into mature FDC.

3 Role of Immune Complexes in B Cell Activation

As will be clear from the above, FDC 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 sig 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 FeyRIl, which
binds immune complexes of IgG,, 19G,,, and IgG,, (DickLer 1976). It has now
become clear that co-cross-linking of slg and FcyRIl on B cells in vitro causes
abortive B cell activation. Compared to ligation of sig alone, it profoundly inhibits
the proliferation induced via slgM or slgD, whereas the increased expression of
major histocompatibility complex (MHC) class |l is hardly affected (KLaus et al.
1984). In addition, co-cross-linking FcyRII to slg has been shown to cause an early
shutdown of inositol 3-phosphate (IP,) generation (BustersoscH and Kiaus 1985),
and this appears to be due to uncoupling of sig from their associated G protein
(RicLey et al. 1989). On the other hand, the intracellular Ca?* release and Ca** influx
remained unaffected, suggesting that the short-term release of IP, is sufficient to
induce the Ca?* 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 FDC probably contain particle-derived soluble antigens
(ENriauEz-RINcON and Kraus 1984), which are known to enhance memory by a
complement-dependent mechanism (Heyman 1990), it seems unlikely that
lgG-mediated suppression occurs in the follicles.

3.2 Role of Complement Receptors

[tis 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; Kraus 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 (HeseLL et al. 1991;
Hevman 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; Kraus 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; Erpel 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-lg in
proliferation and Ca** mobilization (CarTer et al. 1988). It has recently become
clear that part of the CR2 molecules are associated with other components 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 al. 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.
(DeLcavre et al. 1991), and FceRIl (CD23; Auery 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-CR1 and anti-
CR1/2 synergize with suboptimal anti-igM or IgD in the intracellular release of
Ca® (Van DEN BEerG and Kiaus, 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 Berc 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
Roowen 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 FDC 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
(Kunke and Kraus 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 indtice class
switching (Van pen EertwecH 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 (Jacos et al. 1991). Whether this process of somatic hypermutation is
also initiated in the T celi 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 FDC. 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 FDC is not enough for memory
induction. Thymus-independent antigens and nonimmunogenic compounds can
also be trapped by FDC, 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
cellsin both the T cell area and in the follicles express the ligand for CD40 (VAN DEN
EerTweEGH et al. 1993), and ligation of CD40 in combination with slg triggering has
been shown to rescue germinal center B cells from apoptosis in vitro (Liu 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 FDC, which is crucial for the selection of
high-affinity B cell clones. Apart from this, C3 fragments associated with antigen
may play a 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 etal. 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-CD19-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 (HevmaN 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 FDC in normal animals, whereas in stimulated animals the
binding of 1gG and IgE can also occur via FcyRll and FceRIl respectively. The
antigen trapped on the surface of the FDC 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 play a crucial role in trapping immune complexes by FDC, 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 (FDC) 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. During primary and secondary
exposure to antigen, germinal centers develop within primary follicles according
to a set time course (Fig. 1; Coico 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 FDC 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 FDC as well as to speculate on possibilities not yet confirmed.
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Primary Response Secondary Response
(1' injection of Ag) (2' injection of Ag)
DAY5 -+ DAY3
INITIAL PHASE
DAY7 + —— -+ DAYS5
Expansion Phase
DAY9 —+ - DAY7
DARK and LIGHT

DAY 12 -+ ZONES
—+ DAY12
DAY 15 + TERMINATION T~ DAY 15

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 (Ig)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 FDC played a major role in the maintenance
and regulation of the humoral immune response (Tew etal. 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 SkaRrvaLL (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 (GRray and Leanperson 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 may or may
not also require a second signal from a T cell (GRay and Leanperson 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 (TT) precipitated in alum in the left hind limb only; the anti-TT
levels in the serum were measured at regular intervals (M.H. Kosco-ViLgors,
D. ScHEDEGGER, and |. 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 TT 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 (FDC) 5 weeks after primary immunization. Mice were immunized subcutaneously with
50 pg 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 FDC network within
the light and dark zones of the germinal center (D). 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 pg 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 TT observed on the processes of FDC 5 months after
immunization. In all ten mice evaluated, one to three sites of TT retention were
observed per draining popliteal lymph node. In addition, at least one para-aortic
lymph node contained a TT-positive FDC network in each mouse.

The longest interval after a primary immunization at which we could
confidently detect the retention of TT (using light microscopy) was 14 months.
Figure 4 demonstrates the visualization of either antitetanus antibodies
(Fig. 4A,B) or the antigen itself (Fig. 4C, D) 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 (FDC) 14 months after primary immunization. Mice were immunized subcutaneously with
50 pg 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, or the FDC 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 fi.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 FDC reside. FDC were visualized
using the rat anti-mouse FDC monoclonal antibody, FDC-M1. F Higher magnification of Fig. 4E, but an
intermediate magnification between Fig. 4A/C and 4B/D
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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 TT into the left hind limb (as described above), the draining
popliteal lymph node was surgically removed. Total TT antibody titers were
determined after various intervals by an enzyme-linked immunosorbent assay
(Eusa); 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 maintained
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 pg/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.
2104 22¢/14 23329 32¢/11¢ 42219

Sham 12 132 151 201 120 150
Sham 2° 138 97 81 151 100
Pop.1® 98 76 11 136 100
Pop.2° 120 85 107 120 120
Pop.3° 133 114 131 124 130
Pop.4° 96 76 99 71 <50
Pop.B° 199 233 295 235 150
Pop.6° 122 128 111 93 <50

2Sham 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. '

®Pop.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.

“Weeks after immunization with tetanus toxoid.

“Weeks aftger surgery to remove popiteal lymph node.

¢As determined by a standard enzyme-linked immunosorbent assay (ELISA).



76 M.H. Kosco-Vilbois and D. Scheidegger

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 FDC-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 FDC and maintenance
of memory cells was assessed. For this, an experimental protocol shown in
Fig. BA was used to measure the ability to make a secondary response after
adoptive transfer of cells into severe combined immunodeficient (SCID) 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 FDC-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 FDC
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
FDC 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 (T7)-immune mice (50ug TT
precipitated in alum, subcutaneously injected into left hind limb only) who were either sham operated
or whose draining popliteal lymph node {(pop LN) was removed. Ab, antibody. B Level of immuno-
globulin G {IgG) anti-TT titers 2 weeks after adoptive transfer of 107 spleen cells (i.v.) and 50 g soluble
TT (intraperitoneally) into one of five experimental SCID mice groups. Group 1received only TT {no cells
transferred); group 2received TT plus cells from naive donors; group 3received TT plus cells from sham-
operated TT-immune mice (see A); group 4 received TT plus cells from TT-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 TT plus cells from TT-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 TT 1 week after surgery (see A); group 6, level of anti-TT 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
(OD) 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 popuiations of germinal center
cells from the tissue into single cell suspensions that formed clusters containing
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FDC, B cells, and T cells during culture (Kosco et al. 1992). These experiments
demonstrated that the adhesion/activation molecules intercellular adhesion
molecule (ICAM)-1, lymphocyte function-associated antigen (LFA)-1, and CD44
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 (IL)-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-ViLgois, G. LEGRos,
and D. ScHeiDEGGER, unpubublished data).

The second strategy pursued involved the isolation of individual cell types,
i.e., FDC, 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 FDC (Kosco-ViLois et al. 1993). These
B cells, separated from activated B cells on the basis of buoyant densities, were
found to be activated differentially by FDC 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 ||
expression. These parameters occurred whether or not the FDC 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 FDC’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, FDC 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 (Freeoman 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 FDC for cross-linking the B cell's immunoglobulin molecules
{Kosco-ViLgois et al. 1993).

The changes that occur after coincubation with FDC result in the capacity of
B cells to present antigen. Thus, these experiments strongly suggest that in vivo
small, recirculating B cells can encounter FDC and their retained antigen, become
activated, and effectively present the antigen to T cells. The induction of higher
levels of MHC class Il 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 upg/ml of a chimeric immunoglobulin
molecule that would effectively block B7-ligand interactions (LaNE et al. 1994;
RoncHEesE 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-Ig 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
etal. 1994). While antigen-specific [gM 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 B and 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 (Rabemakers 1992). It is clear, though, from studies
involving the de novo induction of an FDC network in SCID mice, that both B and
T cells contribute to achieve full FDC competence (Karasi et al. 1993). Recently
conducted experiments which begin to address these questions are discussed
in this volume by G. Grouarp et al., E. HEINEN et al., J. TEw et al., and T. Van DEN
Berc etal. New technologies such as transgenic mouse systems and the
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establishment of FDC lines such as those recently reported (ORscHESCHEK et al.
1994; LinoHouT et al. 1993) wiill 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..In human tonsils
obtained from children with recurrent throat infections, IL-6 gene expression
detected by in situ hybridization was only found in extrafollicular areas (BosseLoOIR
etal. 1989). Another study analyzed lymph nodes of patients suffering from
Castleman’s disease that contained numerous hyperplastic follicles (LeGer-RAveT
et al. 1991). The FDC 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 ORrscHESCHEK and colleagues (1994) involving the generation of a
human FDC-like cell line also addressed this issue. They reported that their
immortalized FDC contained mRNA for I1L-6 and further supported their findings
by demonstrating IL-6 mRNA associated with FDC in frozen sections of human
tonsils. However, two different laboratories have failed to detect IL-6 mRNA in
FDC-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-ViLgols et al.,
in preparation). While IgM levels were comparable to those in control mice when
responding to a T cell-dependent antigen, 1gG,, 1gG,,. 19G,, and IgG, 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 FDC 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 mm?®
between days 9 and 11 after primary immunization, at no time during the
response was any individual PNA positive area in the |L-6-deficient mice larger
than 0.4 mm?. These results strongly suggest that |L-6 is necessary for providing
the appropriate number of B cells that can contribute to the germinal center
reaction. In the IL-B-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-ViLeois, 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 B and 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 supports
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, B and T lymphocytes are not randomly
distributed but they specifically inhabit highly organized regions that contain
areas where B and 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 Forp 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; MaclLennan 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 of 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 play a pivotal role in the development of secondary
immune responses (Kiaus 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 cel-FDC interactions. Reeent 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 (IgE) receptors. The expression of cell adhesion molecules on FDC, e.g.
intercellular adhesion molecule (ICAM)-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 (FReepmAN et al. 1990). This technique
involved the use of normal splenic or tonsillar B cells cultured for 3 days with
Staphylococcus aureus Cowan | (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
{mADb) 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, o,B,-integrin). Of the B,-integrins, VLA-4 is unique since it
can function as a cell-extracellular matrix and cell—cell adhesion réceptor. 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 (FrReebman 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 3,- and B,-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*/CD297/IgD’). 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-u, 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
[BHIthymidine 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 FDC, as well as the methods of isolation of the cell
populations. These findings have been also observed by LiNnbHouT et al. (1994),
who found that freshly isolated FDC inhibited proliferation of tonsillar B
cells which had been activated with anti-lgM or the combination of SAC plus
interleukin (IL)-2. The same effect on B cell proliferation was noted using FDC
which had been transformed with Epstein-Barr virus (EBV). Moreover, the use of
supernatants from the EBV-transformed FDC 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-lg and anti-CD40
mADb, as well as the combination of IL-1 and a soluble form of the CD23 molecule
(L etal. 1989, 1991). Several investigators have reported that GC B Cells, when
clustered with FDC, remain viable, while B cells outsie of the clusters die by
apoptosis (Kosco et al. 1992; LinpHouT et al. 1993, 1994; Koorman et al. 1994). The
prevention of apoptosis had been shown to be dependent upon cell-cell adhesion
between B cells and FDC, since mAb which inhibit those interactions, specifically
directed against CD49d-CD106 (VLA-4-VCAM-1) and CD11a/18-CD54{LFA-1-
ICAM-1), leads to apoptosis of the B cells {(Kosco et al. 1992; LinpHouT 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 CD54 (ICAM-1) and CD106 (VCAM-1) were able to
partially prevent apoptosis of GC B cells (Koorman 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-FDC adhesion, mAb against CD 44 and major
histocompatibility complex (MHC) class If inhibited FDC 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 kDa
(FerreLL and MaRTIN 1989; Guan et al. 1991; Hamawy et al. 1993; Huang et al. 1993;
Hynes 1992; Korngera et al. 1991; Nouima et al. 1992; ScHaLLER et al. 1992). One
of these Tyr-phosphorylated proteins is a protein Tyr kinase (pp 125™) 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; MEeRepiTH et al. 1993;
Morrtarin et al. 1992; SucaHARA 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 (Juuiano 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 al., 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 110-130kDa, as determined by anti-phospho-
tyrosine immunoblotting (Fig 1). The 110-kDa 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. pp110 protein was not the B,-chain of VLA-4, as shown by
immunoprecipitation studies. In an attempt to identify the nature of pp110 we
have determined by western blotting and/or immunoprecipitation that it is not
vinculin (120 kDa), a-actinin (100 kDa), phosphatidylinositol (P1)-3 kinase (110-kDa
subunit), AFAP-110 (actin filament-associated protein, pp60°°© substrate), p120°",
JAK - 3 (110 kDa), or the focal adhesion-associated Tyr kinase pp125™X.

We identified one of the 120- to 130-kDa proteins as pp125™X, as detected by
immunoprecipitation following by western blot using anti-pp125™X mAb. The
increased phosphorylation of pp125™X in vivo has been correlated with an
increase in its kinase activity in vitro (Guan and SHaLLoway 1992). Furthermore, we
have observed that pp125¥X 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
pp125¥% (HiLbEeraND et al. 1993). Thus pp125™X s different from pp110 and, in
Nalm-6, pp125¥ is one of the Tyr kinases whose phosphorylation is stimulated
by VLA 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 D pretreatment, which prevents
elongation of newly formed F-actin and disrupts actin filament organization, can
block integrin stimulation of the Tyr phosphorylation of pp125™X and other
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Fig. 1. B, Integrin ligation induces Tyr phosphorylation of multiple protein subtrates. Nalm-6 cells were
preincubated for 1 h at 37°C with media alone (a), 1 uM nocodazole (b}, or 1 uM cytochalasin D (c). Cells
were then incubated for 20 min at 4°C with media alone (a—c) or anti-B,-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 lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to nitrocellulose, and probed with anti-phosphotyrosine mAb {4G10Q) which
was detected by the ECL system (Amersham, USA)

Fig. 2. B,-Integrin ligation stimulates Tyr phosphorylation of
pp 125 in in vitro immune complex kinase assays. NP-40
lysates from unstimulated Nalm-6 cells {a) and Nalm-6 cells
stimulated by ligation of B,-integrin (b) or ligation of CD19 (c)
were prepared. Cells lysates were then immunoprecipitated
with anti-pp 125 monoclonal antibody (mAb) {1F7). In vitro
kinase assays using [Y*2P] 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 pp110 and
pp125™€in Nalm-6 cells treated with cytochalasin D prior to VLA-4 cross-linking.
The enhanced Tyr phosphorylation of both pp125™* and pp110 following B,-
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.1, 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, pp125¥% and pp110 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 antigento 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
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*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
Kapast et al. (1993) describing cellular requirements for reconstitution of FDC in
severe combined immunodeficient (SCID) mice. Similarly, a recent data set
relevant to item G is provided in a report by Masupa et al. (1994) describing FDC
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 FDC is believed to interact with and stimulate B cells
through specific immunoglobulin (Ig) receptors and thereby function in the
induction and maintenance of humoral immune responses. In addition to specific
Ag, FDC 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-ViLgois et al. 1993). Methods for working with FDC and
the FDC-derived immune complex-coated bodies (iccosomes) in vitro have been
developed relatively recently (HumPHREY and GRENNAN 1982; LiLET-LECLERCQ et al.
1984; ScHnizLEN 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 FDC functions are
limited. In'our judgement this is not because FDC are not important; rather, we
attribute this lack of information to the fact that FDC are rare, fragile, and
challenging to work with in vitro. However, we believe the data reviewed here
support the hypothesis that FDC 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 Review references

A. Cardinal features which distinguish FDC Tew et al. (1990, 1991,
from all other cells 1992a)

B. FDC ultrastructure and iccosome formation SzZAKAL et al. (1989)

Tew et al. (1989)

C. "The alternative Ag pathway": Ag transport to FDC, Tewetal. (1989m 1990,1991)
iccosome formation, endocytosis, and SzAKAL et al. (1992)
processing of Ag by B cells SzAKAL TEW et al. (1992)

D. FDC involved in production of Ab and B TEw et al. (1992b)
memory cells: first Ab-forming cells and BURTON et al. (1994)
then B memory cells are produced

E. FDC accessory activities and germinal center formation TeEW et al. (1990)

F. Potential of Ag targeted to FDC as a vaccine strategy SzZAKAL et al. (1991a)

BURTON et al. (1994)

G. Effects of murine retroviruses on FDC and FDC function SzAKAL et al. (1991b, 1992)

H. Methodology for isolating and working with FDC in vitro TEW et al. (1994)

I. Origin of FDC SzAKAL et al. (this volume)

Ag, antigen; Ab antibody
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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 FDC 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 B and 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 (FDC) in vitro

Accessory activity

Experimental approach

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

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

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

D. Ag-bearing FDC elicit specific IgG and IgE
production; the specific 1gG is produced
for at least 2 months

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

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

FDC or iccosomes were cultured with B cells
stimulated with LPS or anti-u plus IL-4 and PH]
thymidine uptake monitored

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

Ag-bearing FDC were added to Ag-specific
memory B and T cells and PHlthymidine uptake
was monitored.

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

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

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

lg, immunoglobulin; Ag, antigen; LPS, lipopolysaccharide; IL, interleukin; Ab, antibody
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the Ag-specific B and 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 FDC 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—
Ilccosomes Are Not Active

Germinal centers are found in secondary lymphoid tissues and-are characterized
by foci of rapidly proliferating B cells surrounding Ag-bearing FDC. The germinal
center reaction appears to be dependent of FDC and CD4* T cells (Tew et al. 1990,
1993). In preliminary work, it appeared that FDC 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 FDC
and form a germinal center-like cluster in vitro if high-density resting B cells were
activated by mitogens and cultured with FDC. This simple system facilitated
study of the signals provided by FDC. In these studies lipopolysaccharide (LPS)-
or anti-lg-stimulated syngeneic or allogeneic B cells were cultured with FDC. The
B cells clustered around the FDC 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 FDC. Interestingly, not
only was proliferation increased but lymphocyte viability also appeared to be
improved.

Recently we examined the effect of FDC on T cells, since these cells are also
found in the germinal center microenvironment. We reasoned that although Ag
retained on FDC are in large part unprocessed, FDC do possess Major histo-
compatibility complex (MHC) class Il (Kosco et al. 1986) and might present Ag to
T cells. We further reasoned that since germinal center B cells are potent antigen-
presenting cells (APC) to T cells {Kosco et al. 1992), the FDC 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 FDC, costimulation was readily detected as evidenced by increased T cell
proliferation. When FDC were removed, the increased proliferation was ablated
(G.F. Burton and D. QiN, unpublished). Interestingly, FDC costimulation of T cells
was not species restricted, since human FDC could costimulate mitogen-
activated murine T cells and murine FDC could costimulate mitogen-activated
human T cells (G.F. Burton and D. Qin, unpublished). These results may be
important to human immunodeficiency virus (HIV) pathogenesis since early after
infection, virus becomes localized on FDC in lymphoid follicles (ArRMsTRONG and
Horne 1984; TENNER-RAcz et al. 1991; PanTaLEO et al. 1993). Presumably CD4* 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-lg and interleukin (IL)}-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-lg 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. Qv 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. lccosomes 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 g 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-um 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 al,,
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-u and 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-w and [L-4 culture system (D.
QN et al., unpublished).

The costimulatory activity found in the supernatant fluid after culture of FDC
was also further investigated using the anti-lg 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 g 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 (D. QiN et al., 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 10-kDa cutoff (Centricon 10), the costimulatory activity did not pass (D. Qinetal.,
unpublished). This indicates that the molecular mass of the costimulator found in
the supernatant fluid is greater than 10 kDa, 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 FDC can increase B cell proliferation, we reasoned that FDC might also
enhance antibody production. To begin testing this hypothesis, FDC were
cultured with mitogen (LPS-Salmonella typhii-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 FDC demonstrated higher levels of
1gG production (two- to ninefold increases) compared to control wells lacking the
FDC (E. Hann, unpublished). Furthermore, we were able to detect significant 1gG
production (>100 ng/ml) between days 17 and 24 in culture. Similarly, some
cultures containing FDC continued to produce detectable antibody through a 1-
month culture period (over 70 ng IgG/ml produced between days 24 and day 30;
(E. Hann, unpublished). In contrast, the amount of IgG in the control wells
(lymphocytes only, lymphocytes and mitogen, FDC and mitogen) were very low
to undetectable after 24 days of culture and the cells were virtually all dead
(E. Hann, unpublished). These data are consistent with the hypothesis that FDC
enhance the initial burst of antibody production (measured at day 10). Further-
more, it appears that FDC may also play an important role in allowing the
lymphocytes/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

FDC 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 (TsiacsE et al. 1992) and in secondary
responses it leads to the production of Ab-forming cells (AFC) (TEw et al. 1992b).
By use of FDC in vitro, it has been possible to reconstruct germinal centers
in vitro. A requirement for FDC 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 FDC (ScHnizLEN et al. 1985), a mixed population
containing 856%-90% B cells, 3%-10% FDC, and 1%-5% T cells is obtained.
This combination of cells forms small clusters of 20-50 lymphocytes per FDC
within hours of culturing at 37°C. Adding [*Hl-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 FDC and T cells was assessed by depleting
these populations from the isolated cells using magnetic beads coated with FDC-
specific or T cell-specific monoclonal antibodies (Kosco et al. 1992). When FDC
were depleted, cell cluster formation was minimal and incorporation of [*HJ-
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 FDC, and the B
cells in the clusters proliferate (Kosco et al. 1992). Augmented B cell proliferation
may also be observed with human FDC (HeiNeN et al. 1988; PetrascH et al. 1991,
1992). However, there is a report of human FDC inhibiting B cell proliferation
(FrReepman et al. 1992), suggesting that the FDC are capable of delivering multiple
signals. Using an Ag-specific system, Kosco-ViLgois et al. (1993) found that murine
FDC provided a primary signal to specific B lymphocytes which resulted in
upregulation of their MHC class Il and B7 molecules as well as Ag-presenting
capability. This ability of FDC 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 FDC 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 FDC should be able to induce IgG production.
Experimental support for the involvement of FDC 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



100 J.G. Tew et al.

months after immunization (StecHer and THoreecke 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 |gG responses were localized to cultures prepared from
draining lymph nodes (which include FDC 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 (Tew and ManpeL 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 FDC
spontaneously produced specific IgG, confirming the adoptive transfer studies
{(Tew and ManpeL 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 FDC are critical to the maintenance phase of
IgG (Tew et al. 1980, 1990).

Given data implicating FDC in the long-term maintenance of serum IgG
(reviewed above), we reasoned that FDC may play a role in the maintenance and
regulation of IgE. To test this, mice were immunized with low doses (5-10 pg) 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
ManpeL 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 |gG (Greene et al. 1975; Tew
and ManpeL 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 FDC
required specific B and T memory cells (HEwm et al. 1994). In these experiments,
enriched preparations of Ag-specific FDC were combined with appropriate,
inappropriate, or nonimmune B and T memory cells and cultured. Only cultures in
which appropriately matched FDC and B and T memory cells were combined was
specific IgE produced. Fourth, the specific IgE response was dependent upon
FDC bearing Ag (HELM et al. 1994). FDC were deleted from preparations through
use of an FDC-specific monoclonal Ab {(mAb) bound to magnetic beads which,
when cultured with FDC preparations, eliminated Ag-bearing FDC from the
preparations. Using these preparations and appropriate B and T memory cells, the
specific IgE (as well as 1gG) 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 b months; Hewm et al.
1994). Interestingly, like the mitogen system discussed in Sect. 2.2 above, the B
and T memory cells cluster around the FDC and Ab production can be detected for
at least 2 months (D. Qiv, unpublished). In short, the results discussed here
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support the concept that the FDC are important accessory cells involved in
maintaining serum IgG and IgE.

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

We know that iccosomes can be formed and released by FDC 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 al.,
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 FDC on a transwell with a 0.1-um pore size
which would not allow iccosomes to come through (J. Wu et al., 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-b 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 (BenNEer 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 (TavassoLl and Harpy 1990; Kurp 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. During the early phase of the germinal center reaction, AFC with the charac-
teristics of germinal center B cells (e.g., blasting phenotype, PNA", B220*) can
be observed in apparent migration from germinal centers.

2. Germinal center B 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 FDC in draining
lymph nodes (DiLosa et al. 1991; Tew et al. 1992b).

3. Adoptive transfer of germinal center B 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 B 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 (Kurp 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 FDC might provide signals to help germinal
center B cells to become chemotactically active. To test this, FDC were
cocultured with non-migrating, high-density B cells in the presence or absence of
activation signals (anti-lg and IL.-4). Following culture, the B cells were examined
for their ability to respond to chemotactic signals. After 3 days of coculture with
FDC, B cells demonstrated both chemotaxis and chemokinesis. This response
did not require preactivation by anti-lg and/or 1L-4, nor could it be augmented by
any combination of these agents. Induction of B cell chemotaxis occurred within
6 h of culture with FDC and reached a peak after 2 days. Removal of FDC ablated
the inductive event, confirming that FDC were responsible. Furthermore, the
FDC could not induce B cell chemotactic ability through a transwell, indicating
that FDC-B cell contact is probably required. FDC from athymic (nude) or
euthymic mice induced equivalent responses, indicating that functional T cells
were not required (G. BurTon, unpublished). These findings support the concept
that FDC-mediated signals to B 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 (FDC) represent a unigque cell type (NossaL et al. 1968;
SzakaL and Hanna 1968) within the B cell follicles of the secondary lymphoid
tissues. During 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 FDC networks (Berex
1992; Kosco and Gray 1992; Krokeske et al. 1987; Liu et al. 1992; MacLENNAN 1994;
NossaL 1992). The close physical contact between FDC and B cells that occurs
when B cells undergo dramatic phenotypic and genetic changes suggests that
FDC 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
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three precursor cells (Kroese et al. 1987; Liu et al. 1991; Jacos and KeLsoe 1992),
giving rise to a germinal center containing about 1.4 x 10* cells after 4 days of
immunization (Liu et al. 1991).

2. Afully developed germinal center has a dark zone and a light zone. Centroblasts
in the dark zone proliferate and mutate (Berek et al. 1991; Jacos et al. 1991;
Korpers et al. 1993; McHevzer-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 (McHEeYzer-WiLLIAMS et al. 1991 ; SCHITTEK
and Rasewsky 1992; WEeiss and Rajewsky 1990) or plasma cells (Kosco et al.
1989). The low-affinity centrocytes which have failed to be selected die by
apoptosis (Liu 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 (Liu 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* CD45R0O* CD40 ligand* T cells (FuLLER et al. 1993,
LepervAN 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 (LIU et al. 1991). Induction phase: germinal
center precursor cells were generated inthe T cell {/ ) and interdigitating cell zones during the activation
of immunoglobulin {Ig)D* CD 38~ 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 al., 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 responddifferently
to signals from FDC.

2. Study of the effect of T cell-derived soluble cytokines and membrane-bound
molecules on FDC-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-IgD stains naive B cells in the follicular mantle, while anti-
CD38 stains germinal center B cells and plasma cells (Fig. 1). When total tonsillar
B cells were analyzed by anti-lgD—phycoerythrin(PE) and anti-CD38-fluorescein
isothiocyanate (FITC) double staining {Fig. 2}, IgD*CD38" naive follicular mantle B
cells and IgD~ CD38* germinal center B cells were clearly identified. In addition,
an gD~ CD38 double negative subset and an IgD* CD38* 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
(Lu et al., in press).

Fig. 2. Identification of immunoglobulin (/g) D* CD38™ naive B cells, IgD* CD38* germinal center (GC)
precursor cells, and IgD~ CD38* germinal center B cells, and IgD~ CD38™ 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 IgD~ CD38" B cell subset can be isolated from total tonsil B cells by negative
magnetic beads depletion of IgD* B cells and CD38* B cells. Detailed phenotypic
fluorescence-activated cell sorter (FACS) analysis shows that IgD~ CD38~ double
negative B cells do not express the follicular mantle B cell markers IgD and CD23
or germinal center B cell markers CD38, CD10, and CD77 (Table 1). They express
high levels of CD39, CD44, and surface 1gG (Table 1). This phenotypic charac-
teristic suggests that IgD~ CD38~ B cells might be memory B cells rather than
germinal center precursor cells, since most of these cells have undergone isotype
switching. Accordingly, these IgD~ CD38" cells have undergone somatic hyper-
mutation in their IgV genes of both IgM and 1gG transcripts, demonstrating their
germinal center origin (PascuaL et al. 1994); they are resting cells which express
Bcl-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-lgD* anti-CD38 (blue color) and anti-CD20 (red
color) showed that IgD~ CD38™ CD20* memory B cells were located mainly within
the intraepithelial areas of mucosal surface (L et al., submitted).

4 Immunoglobulin D* CD38* Double Positive B Cells
Are Germinal Center Precursor Cells

Three-color FACS analysis allows us to characterize the detailed phenotype of the
IgD* CD38" double-positive subset of B cells. They have all the features of
germinal center centroblasts, except that they express surface IgD (Fig. 3): (a)
they express germinal center markers CD10, CD38, CD71, and CD77; (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 - + + -
CD77 - 50%+ 40%+ -
IgM + + 10%+ 5%+
1gG - - + +
Bcl-2 + - - +
fas - + + -
Ki67 - + + -
Somatic mutation -~ 70%+ + +

Ig, immunoglobulin; FM, follicular mantle; GCP, germinal center precursor; GC, germinal center.
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Fig 3. Kinetics of B cell proliferation culftured with and without follicular dendritic cells (FDC). A total of
10° autologous B cells were cultured with 2000 FDC clusters (2000 rad irradiation) for 1, 3, and 5 days;
1u CilPHJ-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 29812

cycling cells as determined by intracellular Ki-67 staining and Hoechst 33342
staining; and (c) they do not express survival gene bcl2, 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-IgD 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 I[gD* CD38* double-positive B cell subsets may represent germinal
center precursor cells which initiate germinal center reaction within the FDC
network (Y.-J. Liu 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. GrRouArD et al., 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 FDC was shown to be mediated
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Fig. 4. a—c The effect of soluble cytokines on follicular dendritic cell (FDC)-dependent B cell proliferation.
The control thymidine uptake by irradiated FDC with interleukin (/L)-2 was 247+52. GM-CSF,
granulocyte-macrophage colony-stimulating factor; TNF, tumor necrosis factor; IFN, interferon. b IL-2
(10 units/ml) and IL-10 (100ng/ml) have an additive effect on FDC-dependent B cell profiferation. The
control thymidine uptake by irradiated FDC with IL-2 and IL-10 is 224+40. ¢ FDC-dependent B cell
proliferation in the presence of IL-2 was completely abolished by depleting FDC with monoclonal
antibody (mAb) 7D6 and anti-mouse immunoglobulin (Igl-magnetic beads
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by adhesion molecules very late antigen (VLA)-4, vascular cell adhesion molecule
(VCAM)-1, lymphocyte function-associated antigen (LFA}-1, and intercellular adhe-
sion molecule (ICAM)-1 (Freepman et al. 1990; Koorman et al. 1991; Kosco 1991).

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

Whether FDC 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 LinpHouT et al. (1993) provides direct evidence in vitro
that FDC rescue germinal center B cells from apoptosis. The FDC-derived survival
factors may include antigens (Liu et al. 1989), complement fragments (Bonneroy
et al. 1993), and adhesion molecule ICAM-1 (Koopman et al. 1994). To achieve
significant FDC-dependent B cell proliferation, BurTon et al. (1993) added T cell
cytokine interleukin (IL}-4 plus anti-lgM or lipopolysaccharide (LPS) into the cell
culture, and Cormann et al. added anti-IgD 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 FDC clusters can be totally blocked by
depleting T cells. Taken together, these experiments suggest that T cells may
play a key role in FDC-dependent B cell proliferation.

Accordingly, we have demonstrated the presence of T cells within the FDC
clusters (G. GrouarD et al., manuscript in preparation). We have screened a wide
range of soluble cytokines on their effect on FDC-dependent B cell proliferation.
Figure 4a shows that IL-2 is the only cytokine which gives consistently moderate
enhancement of FDC-dependent B cell proliferation. |L-2 and IL-10 have some
additive effects (Fig. 4b; G. GrouarD et al., manuscript in preparation). However,
the limited FDC-dependent B cell proliferation cultured with IL-2 or IL-2 plus IL-10
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-CD40 antibody was initially recognized by its strong costimulatory effect for
B cell proliferation with anti-igM, phorbol ester (CLark and LepseTTer 1986;
LepBeTTER et al. 1987; VALLE et al. 1989), or [L-4 (GorpoN et al. 1988). Interestingly,
anti-CD40 antibody G28.5 was found to deliver the strongest signal to prevent
germinal center B cells from apoptosis (Liu et al. 1989). In 1991 BANCHEREAU
et al. found that anti-CD40 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 center
T cells {LepermAN et al. 1992), thus providing direct in vivo evidence that
CD40-CD40 ligand interaction does occur within the human germinal centers.
CDA40 ligand has also been detected in T cell zones when humoral immune
responses are initiated (VAN DEN EERTWEGH et al. 1993)

2. Hyper-IlgM 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; Arurro et al. 1993; DiSanTo
et al. 1993; FuLeiHAN et al. 1993; KorTHAUER et al. 1993).

3. Hyper-IgM syndrome has been reproduced in mouse models by disrupting CD40
genes (Kawage et al. 1994) or by injecting anti-CD40 ligand antibodies to block
CD40-CD40 ligand interaction in vivo during T cell-dependent immune responses
(Fov 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-10 or anti-CD40, IL-4, and IL-10. Proliferation peaks at day 3 of
culture (GrRouARD et al., 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 celi proliferation was observed when anti-
CD40 plus interleukin (/L)-2 plus IL-10 and anti-CD40 plus IL-4 (50 units/ml) plus |L-10 were added to the
culture. A total of 0.5 x 10° B cells were cultured with 2000 FDC; 1 ug anti-CD40 antibody G28.5/ mi (a
kind gift from Dr. E. Clark) was used in the culture. The thymidine uptake by irradiated FDC cultured with
anti-CD40 plus L4 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 |gD- CD38"
memory B cells with FDC in vitro.

We have confirmed earlier reports that FDC could stimulate B cell prolifera-
tion, butin a limited fashion. Further ligatien.of CD40 antigen in combination with
IL-2 and IL-10 or IL4 and IL-10 is essential for maximal FDC-dependent
B cell proliferation in vitro. Together with the data derived from hyper-IgM
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 (FDC) have been noted as one of unique immunological
accessory cells. They are localized within lymphoid follicles as an intricate cellular
meshwaork that helps to maintain follicular structure. FDC 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 FDC are reviewed
and discussed within the context of recent topics and controversial issues.

2 Microscopikc Features:
Light and Ultrastructural Levels

The anatomical localization, light microscopic morphology, ultrastructural fea-
tures, and cytochemical properties of FDC are summarized in Table 1. FDC 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 (FDC)

Feature Reference
Anatomical localization  Within lymphoid follicles (primary and secondary LENNERT (1978)
follicles), especially in the light zone of germinal centers  IMAI et al. (1983)
Light microscopic Nucleus: oval-shaped or elongated, often with irregular LENNERT (1978)
morphology corners or angular; clearly defined nuclear membrane; a PETERS et al.
medium-sized prominent nucleolus; sometimes (1984)
binucleated (26 %) and rarely trinucleated
Cytoplasm: weakly staining cytoplasm: No active
phogocytic activity
Ultrastructure Nucleus: coarser chromatin, markedly condensed in a NOSSAL
narrow zone along the inner nuclear membrane et al.(1968)

(euchromatic); central solitary nucleolus
Cytoplasm: extremely narrow around the nucleus;
well-developed smooth endoplasmic reticulum; no acid

LENNERT (1978)

phosphatase-positive lysosomes; no phagosomes; very  IMAI et al.(1983)
fine interwoven processes that form reticular network
with other FDC; Desmosomal junctions connecting cell RADEMAKERS
projections (1992)
Cytochemistry Nonspecific esterase: moderate (+), o—Naphthyl acetate  MULLER-
esterase: moderate (+), 5'-Nucleotidase: strongly HERMELINK
positive or negative (controversial reports) (1974)
ATPase: weak or moderate (+) LENNERT (1978)
Acid phosphatase: negative (-) HEINEN et al.
Alkaline phosphatase: negative (-) (1985b)
B— glucuronidase: negative () PARMENTIER
diphenylaminopeptidase IV: negative () et al. (1991)

ATPase, adenosine triphosphatase.

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 Rapemakers (1992), and seven different FDC subtypes
have been proposed on the basis of ultrastructure (see ScHuuRMAN et al., this
volume).

In a suspension of isolated FDC, the above-mentioned features are also
exhibited (LiLeT-LEcLerca 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; Tsunopba and
Kouma 1987; Ennas et al. 1989). When FDC were isolated initially as single cells,
they would readily form clusters with cocultured lymphocytes in vitro (Tsunoba
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 (MUOLLER-HERMELINK 1974; Lennert 1978; Heinen et al. 1985b:
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ParavENTIER et al. 1991). These cytochemical features distinguish FDC 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 FDC have been investigated in a number of studies. These accumulated
results suggest and support certain biological properties and immunological
behavior for FDC. However, there are still many discrepancies and controversial
issues concerning the definitive functions of FDC.

3.1 Specific Markers for Follicular Dendritic Cells

Several monoclonal antibodies specific for human, rat, and murine FDC 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, ED5 and Ki-M4R, and FDC-M1 (Fig.1) are especially useful in defining FDC
in human, rat, and mouse tissue, respectively.

3.2 Complement Receptors

It is generally accepted that FDC bear a large amount of complement receptors,
especially CR1 {C3b receptor; CD35) and CR2 (C3d receptor; CD21) (Table 3). In
addition, ScHRIEVER et al. (1991; ScHriEver and NALDER 1992) demonstrated using
single cell polymerase chain reaction (PCR) techniques that FDC contained high
levels of MRNA for CR2. These molecules are thought to involve the constitutive
trapping and retention of immune complexes by FDC.

CR3 (C3bi receptor; CD11b) 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 FDC. Recent observations using isolated cells from tonsils
(ScHRIEVER et al. 1989; SeLLHEYER et al. 1989; PetrascH et al. 1990), however,
confirmed that FDC 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 (Ig)E (FceRll; CD23) was detectable
on the surface of FDC (see Table 3). Interestingly, several reports mentioned that
only a fraction of FDC (not all FDC) bore this molecule (Masuba et al. 1989;
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Table 2. Monoclonal antibodies relatively specific for follicular dendritic cells (FDC)

Human FDC Rat FDC Mouse FDC

R4/23 (DRC-1) MRC OX-2 FDC-M1

(NAIEM et al. 1983) (MCMASTER and WILLIAMS (Kosco et al. 1992;
1979;BARKLAY 1981) MAEDA et al. 1992b)

Cross-reaction with some Cross-reaction with Cross-reaction with

B lymphocytes endothelial cells, sinus lining TBM and some endothelial
cells, etc. cells

KiM4 ED5 -

(PARWARESCH et al. 1983) (JEURISSEN and DIJKSTRA

Cross-reaction with peroxidase— 1986)

positive mononuclear cells in Cross-reaction with reticular

blood and U937 cells fiber

BU-10 KiM4R -

(JOHNSON et al. 1986) (WACKER et al. 1987)

Cross—reaction with endothelial
cells of HEV and sinus lining

cells, etc.
Ki-FDC1p ED11 -
(TABRIZCHI et al. 1990) (VAN DEN BERG et al. 1989)

Recognizes C3

X-11 - _
(WURZBER et al. 1991)

Recognizes C9-related

antigen

DF-DRC1 - -
(manufacturer’s instructions

from Sera-Labo Inc. Sussex,

England) Recognizes a 50-kDa

molecule

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

PeTrascH et al. 1990), suggesting possible heterogeneity among FDC. In addition,
our experimental data in mice using the monoclonal antibody B3B4, which
recognizes the mouse equivalent of human CD23, indicated a clear expression by
FDC at EM level (Fig. 2). This expression could be inducible by certain stimuli such
as Nippostrongylus brasiliensis infection or exogenous antigenic challenges
(MaEeDA et al. 1992). Recently Rieser et al. (1993) demonstrated that FDC could be
induced by interleukin (IL}-4 to express membrane-bound FceRIl and to release a
soluble form of this molecule. Also, FDC could be shown to contain mRNA for a
selected isoform of FCeRIl (CD23b). Although the actual functions of the
molecule on FDC are still being investigated, our experiments suggested that this
molecule be involved in the trapping and retention of IgE immune complexes by
FDC and might possibly contribute certain IgE-mediated immune responses or
allergic reactions (Maepa 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-M1 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-M1. (Not counterstained, x 10 500)

cells from apoptosis. Future investigations on the regulation and kinetics of this
molecule should elucidate the correlation of CD23 expression and its essential
role in FDC in germinal centers.

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

In contrast, conflicting observations have been reported for human FDC
regarding the expression of Fcyreceptors. HeINeN et al. (1985) have reported that
human tonsillar FDC expressed Fc receptors on their surface. In addition,
PetrascH et al. (1990) have described a positive reaction between FDC isolated
from human tonsils and lymphoma tissues and monoclonal antibodies directed
against FcyRIl (CDw32) and FcyRIIlI (CD16). In contrast, several reports involving
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Table 3. Surface phenotype of follicular dendritic cells (FDC); complement receptors (CR), FC receptors {FcyR,
FceR),major histocompatibility complex (MHC) class | and Il, and related molecules

Reference Human FDC
GERDES VAN DER VALK HEINEN Woob JOHNSON SCHRIEVER
et al. (1983) et al. (1984) et al. (1984) et al. (1985) et al. {1986) et al. (1989)
Source Frozen tissues Frozen tissues Isolated cells Frozen tissues Frozen tissues Isolated cells
and suspended of LN, spleen, from tonsils of LN, skin, of LN, skin, from tonsils
cells of tonsils and tonsils spleen, tonsils, spleen, tonsils,
and lymphoma liver, etc. lymphoma
tissues tissue, etc.
CR
CR1{CD35) Pan C3R+++ Anti-CR1 CR1 (ToB)+++ CR1 (543)+
serum ++
CR2 (CD21) CR1 (Tob) ++++ CR2 (BL13)++ CR2 (B2)+
CR3 (CD11a) CR3(OKM-1)+/—~ CR3(OKM-1)— CR3 (Mo1)+
CD19 B4 ++ B4+
FeyR
FcyRI(CD64) CD16(Leu11b)
FcyRIKCD32) -
FcyRINCD16) CD32(1v-3D3)
FeceR (CD23) MHM6 + Blast-2
(subset) +
MHC class | W6/32HL ++ W6/32++ W6/32 +
MHC class Il TU22, ++ TU35 + 1203 + 8/7 +
TU35,
TU39 (+)/+

LN, Lymph nodes; PLP, periodate-lysine-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. (19923, 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 (Tob5)+++ CR1 (Tob)+ CR1++ CR1(8C12)+++
CR1/CR2 (7TE9)+++
CR2 (2G7)+++ CR2 (B2)+ CR1/CR2 (7G6)+++
CR3 (Mo1)++ CR3 (Mo1)+
HD37 —
FeyRI FeyRIl FeyRI FeyRli FeyRll
(10.1)— (40kdFcR) (32.2) (2.4G2) (2.4G2)
FeyRll + +/— + +++
(IV.3, FeyRlll FeyRII
2E1, 2, {Leu11b) (IV.3)
CIKM5) — + +/—
FeyRIII FeyRlI
(BW209/2, (gran 1)
CLB-FcGranl, +/-
Leulla,
Leul1b)—
Blast-2, Ki-B1+ B3B4 ++
MHM®6, TU1 (50% of FDC)
W6/32HL ++/+++ 11-4.1
(H2-K)+
TU35 ++/+++ HLA-DR + J0103 + MRCox4, -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 FceRIl (CD23), in the germinal center of an actively immunized mouse's {C3H/He)
lymph node. A cell body typical of follicular dendritic cells (FDC) and their intricately entangled
cytoplasmic processes is clearly labeled with this antibody. (Not counterstained, x 8500)

the reactivity of FDC isolated from tonsils with a panel of antibodies could not
confirm these results. They included monoclonal antibodies against FcyRl (CD64);
FcyRIl, and FcyRIII (ScHRIEVER et al. 1989; SELLHEYER et al. 1989; PARAMENTIER et al.
1991). These discrepancies might be explained by differences in isolation proce-
dures of FDC, the antibodies employed, functional or biological phases of FDC,
instability of the surface molecules, and/or heterogeneity of FDC. Further inves-
tigations, especially using molecular biological methods, may be able to resolve
these inconsistencies, elucidating more precisely the mechanisms of antigenic
capture by FDC.

3.4 Major Histocompatibility Complex
Class | and Il Molecules

Whereas all reports concurred that FDC express MHC class | molecules on the
surface, their expression of class || MHC molecules was controversial. HUMPHREY
and GRENNAN (1982) reported that FDC did not have MHC class il molecules. In
contrast, many authors have described the presence of these molecules on FDC
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 FeyRill,
inthe 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)

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

3.5 Immunoglobulins and Complement Components

Most of the reports concerning the immunoglobulins present on FDC were
consistent in their observation that FDC bore all isotypes of immunoglobulins
except for IgD (see Table 4). These immunoglobulins are regarded as a
constituent of the immune complexes trapped and retained by FDC. IgM was
especially detected in most cases, and this immunoglobulin isotype might play a
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 (FDC) on the immunoglobulins (Iig) and complement
components
Reference Human FDC
GERDES VAN DER VALK HEINEN IMal 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 suspen-  of LN, spleen, from tonsils of LN, thyroid, of LN, spleen,
sion of tonsils and tonsils synovium, etc. and tonsils
and lymphoma
tissues
19G ++ + ++ or +/— ++
IgM +++ ++ ++ +++
IgA ++ ++ or — +
gD - - -
IgE — or +++
Light K+++ K+
chains A+++ A+
Complement C3b +-+ Clg ++, C3d +
Components C3c +, C5 +
C3d +++, TCC +
Ca +,
C5+, C6—, S-—protein
c8—, C9—,
properdin +, +
C3act —,
C3bINA +,
B1H—

LN, Lymph nodes; PLP, periodate-lysine-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.
et al. (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)
- +++ +/— ++ 1gG1++,
lgG2a++,
1gG2b++,
1gG3++,
+ ++/+++ +++ ++ ++
- ++/+++ ++/+
- — i/— —_
K+
A —
Clg +/+, Clqg ++, C3
Cir+, Cls+, C3b + (ED11)
C2—, ++
C3d +++,
C3c +/—,
Cda—,
C4c +/-,
Cad +++,
C5 ++/—,
C9 +/—,
Cébp ++/—,
factorB —,
factorH —,

properdin —
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Table 5. Surface phenotypes of follicular dendritic cells (FDC) on the molecules restricted to B and T lym-

phocytes

Reference Human FDC
GERDES VAN DER VALK HEINEN Woob CARBONE
etal. (1983) etal. (1984) et al. (1984) et al. (1986) et al. (1988)

Source Frozen tissue Frozen tissues  Isoloated cells  Frozen tissues Frozen tissues
and cell of LN, spleen, from tonsils of LN, spleen, of LN, tonsils,
suspensions and tonsils tonsils skin, etc.  and spleen
of tonsils and
lymohoma tissues

CD1 OKT6 — OKT6 — Leub —
NA1/34 — NA1/34 —

CD2 OKT11 —

CD3

CD4 OKT4 — Leu3a — Leu3a +

CDb5 Leul — Leul —

CDs8 OKT8 — Leu2a —

Other T cell TA1 — Ta1 + or —

markers

CD9 BA-2 + BA-2+/—

CD10 VIL-A1 +/—

CD20

CD22 To15/54 —

CD24 BA-1 —

CD25

CD30

CD37

CD38

CD40

CD45 (LCA)

CD45R

Other B cell L3B12 ++

markers

CD56

CD71

LN, Lymph nodes; PLP, periodate-lysine-paraformaldehyde solution for immunoelectron microscopy; LCA,
leukocyte common antigen; EM, electron microscopy; LM, light microscopy.
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Mouse FDC
SCHRIEVER SELLHEYER PETRASH PARMENTI ER Kosco MAEDA et al.
et al. (1989) et al. (1989) et al. (1989) et al. (1991) et al. (1989) (19923, 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 —
CD1b(T009) —
CD1¢c(T024) —
T11 — T11—
T3 -~ Leud —
T4 — OKT4 — Leu3a + L3T4 —
T310 — ADP336 +
ADP302 +
ADP359 +
T - Leutl — Ly1.1— Lyl —
Ly1.2 —
T8 — Ti102 — Leu2a — Ly2.1 — Lyt2 —
CD6 (2H1) — Thy1.2 —
CD7 (T159) —
J2 —
J5 —
B1 — B1+
G28-7 — Tol5 ++
HD39 —
HB8 — OKB2 +
(50% of FDC)
IL-2R — J0101—
RSC1 — Ki-1 —
G28-1 + 10B-1 +
OKT10 +
G28-5 +
T200 — 2B11 & M1/9.3 + T200 —
PD7/26 +
2H4 — B220 —
B5 —, B7 —,
PCA-1 —
NKH-1 —

LO1.1 +
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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 VAN DER VALK HEINEN Woob CARBONE
etal. (1983) et al. (1984) et al. (1984) et al. (1985) et al. (1986)

Source Frozen tissue Frozen tissues Isoloated cells Frozen tissues Formalin-
and cell sus- of LN, spleen, from tonsils of LN, spleen, fixed, paraffin
pensions of and tonsils tonsils, skin, embedded
tonsils and liver, etc. tissues of
lymphoma lymphoma
tissues

CD11b

CD11c

CD14 —or + ++

CD13

CD15 TU09 +/-

CD33

CD34

CD38

CD39

Lysozyme -

o, ~AT ++

o,~ACT +

S-100 _ +

protein S-1000 ++

S-100B +/—
(TANAKA 1986)

Others Antimonocyte-1 Antihuman 63D3 ++
++ monocyte-1 + 61D3 ++
Antimonocyte-2
+..
TUS —,
TUB —

o,—AT, a,-antitripsin; o,—ACT, a,;—antichymotripsin; LN, lymph nodes; PLP, periodate-lysine-paraformaldehyde
solution for immunoelectron microscopy; EM, electron microscopy; LM, light microscopy.
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Rat FDC Mouse FDC
SCHRIEVER SELLHEYER PETRASCH PARMENTIER VAN DEN BERG HumPHERY and
et al. (1989) et al. (1989) et al. (1990) et al. (1991) et al. (1989) GRENNAN (1982);
Kosco et al.
(1986); MAEDA
et al. {19923, b)
Isolated cells Isolated cells Isolated cells Frozen tissues Frozen tissues Isolated
from tonsils from tonsils from tonsils and isolated of LN, thymus, cells and frozen
LN and cells from spleen, etc. and PLP-fixed
lymphoma tonsils tissues of LN
tissues (LM and EM)
Mo1 + Mac-1
{M1/70)
- SHCI3 —
Mo2 + MEM15 LeuM3 +
+4+/+++
My7 —
LeuM1 —
My9 —
12-8 -
5D2 —
G28-8 ~
— - ++
(CoccHia
et al. 1983)
63D3+ Ber-MAC3 EBM11 + ED10 — Mac-2
- ED11 ++ (M3/38) —
MAC387 — ED12 — Mac-3
ED13 — (M3/84) —
ED14 — F4/80 —
ED15 — MAS 034 —
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demonstrated the presence of IgG,, 1gG,, I1gG,, and IgA, on FDC, but no signi-
ficant presence of IgG, and IgA,. In addition, distinctive retention of IgA immune
complexes on FDC in tonsils of IgA nephropathy patients and IgE immune
complexes in the regional lymph nodes of Kimura's disease (eosinophilic
lymphofolliculoid granuloma with hyper-IgE) have been reported (Kusakasi et al.
1994; Decawa et al. 1994; Masupa et al. 1989) and the presence of these particular
immune complex isotypes associated with FDC suggests the pathological or
pathogenetical roles of FDC 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 FDC. These components are considered to also be components of
the immune complexes trapped and retained by FDC. An interesting question is,
then, why in the presence of these activated complement components FDC 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
(DAF; CD55), which have been reported to be present on FDC, 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, FDC did not express most T cell-restricted markers. Some
authors have described the expression of CD4 by human FDC (Woob et al. 1985;
CarBoNE et al. 1988). CD4 expression by FDC 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

FDC share some similar molecules thought to be exclusively distributed on B
cells, especially CD20, CD22, CD24, CD45b, 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 FDC is quite difficult because FDC 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, FDC have been reported to share some antigens distributed
on the cells of the myelo-macrophage lineages. Several reports confirmed that
FDC bore CD14 and 63D3 on their surface. Some authors argued that FDC may
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be possibly derived from myelo-macrophages or related cells based on these
observations (GERDEs et al. 1983; ParwaARESCH 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 FDC.

In rat, FDC react intensely with anti-S-100 protein (CoccHia et al. 1983; Imal
et al. 1991). In addition, some reports indicated human FDC are also positive
for the antibodies, especially for monoclonal antibody against S-100c. subunit
(CarBoONE et al. 1986; Tanaka 1986). Our observations confirmed these results. In
contrast, murine FDC 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 FDC 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 FDC.

3.9 Molecules Involving Cellular Adhesion

Recently, extensive investigations have been performed to elucidate the
distribution of adhesion molecules on FDC. They have contact with numerous
cells, and the cellular adhesions between FDC and adjacent cells should be an
essential component of the cellular interaction within germinal centers. Thus far,
FDC have been shown to express many adhesion molecules on their surfaces
(see Table 7). In particular, intercellular adhesion molecule (ICAM)-1 (CD54; ligand
for lymphocyte function-associated antigen-1, LFA-1) and vascular cell adhesion
molecule (VCAM)-1 (CD106: inducible cell adhesion molecule, INCAM-110,
ligand for very late antigen-4, VLA-4) were found to be important for celi-cell
interactions.

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

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 HIV-1 for specific host tissues or tissue compartments such as
germinal centers (GC) of the lymphoid tissue was often overlooked. Application of
electronmicroscopic, 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 HIV-1 GC represent permanently
infected foci in which HIV-1 persists even during clinical latency (TENNER-Racz et al.
1986, 1988a) has slowly 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 (ScHnTTMAN et al. 1991;
PanTaLEo et al. 199343, b; ScHmitz et al. 1994; TAMALET et 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 CD4* 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 CD4* lymphocytes (rewieved by
RosenBERG and Fauci 1993).

GC play a 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. 1991, LeanDERSON et al.
1992). These events are critically dependent on antigen trapping and retaining
function of follicular dendritic cells {FDC). It has also been suggested that antigen
held on the surface of FDC could be involved in the maintenance of T cell memory
{Gray and MATzINGER 1991).

The function of FDC 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 FDC handle HIV-1 as antigen shed new light on the pathogenesis of HIV
infection. Over the past decade, a large number of data has been accumulated
that makes a review of the role of FDC in this disease particularly timely.

2 Persistent Generalized Lymphadenopathy

HIV-1 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 Crapsurn 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 CraDBOURN 1992). In 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 CD4* 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., CD45RO* and up to 50% also CD57%, is
unchanged. Characteristically, the number of CD8* lymphocytes also expressing
the CD45RO 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 FDC network shows significant modifications. The expression of the
low-affinity Fc~Immunoglobulin {Ig)E receptor (CD23) on FDC, normally restricted
to FDC of the apical light zone (LIU et al. 1991), is upregulated and expands into
the basal light zone {Janossy et al. 1991). Sometimes CD23* FDC virtually fill the
whole GC.

The meshwork of FDC exhibits a variable degree of damage. This has been
visualized by electron microscopy (TeEnNER-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 CD4* T cells is
markedly decreased, whereas that of CD8" cells is still elevated. Remnants of
shrunken and thickened FDC 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 HIV-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 (FDC) 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 HIV-1 was provided by
electron microscopic analysis in the mid-1980s (ArmsTRONG and HoORNE 1984,
ARMSTRONG et al. 1985; TeENNER-Racz et al. 1985, 1986; DiesoLD 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 etal. 1986, 1988; Racz et al. 1986; Baroni and Uccini 1990; Baroni et al. 1986,
1988; BIBERFELD et al. 1986; PARravICINI et al. 1986; DiesoLD et al. 1988a; SCHUURMAN
etal. 1988; TennEr-Racz 1988; PorwiT et al. 1989; EmiLIE et al. 1990; Fox etal. 1991;
SPIEGEL et al. 1992; PanTaLeo et al. 19933, b; EmBRETSON et al. 1993). Infection of the
splenic follicles and the GC of the gut-associated lymphoid tissue has also been
documented (DieoLD et al. 1988b; Le TourNnEau etal. 1990; Burke et al. 1993; Racz
et al. 1993).

Double immunolabeling shows an intimate relationship between HIV
proteins, mainly p17 and p24, and FDC (TeENNER-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 HlV-associated antigen is mostly extracellular.

Further evidence for the association of HIV-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
etal. 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 (Kiaus 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; Coorer 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. Humanimmunodeficiency virus (HIV)-1 RNA in the sparsely populated zone of a germinal center
from a lymph node with explosive follicular hyperplasia. In situ hybridization with an ¥S-labeled
antisense RNA proble. Epipolarized-light. Magnification, x 90
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Fig. 5. Human immunodeficiency virus (HIV) particles (arrow) on the surface of a follicular dendritic cell
(FDC) isolated from a lymph node with explosive follicular hyperplasia. Original magnification, x 20 000

Revnes et al. 1985; ScHriever and NabLEr 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 FDC is not restricted to HIV-1 infection as has been
reported for several other retroviral infections. Close association of virus particles
with FDC 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.

ChakrasarT and collegues (1994) examined early stages of experimental
infection with SIV,_,. 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 FDC was also demonstrated in
cynomolgus monkeys infected with SIV,_, (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. Viral proteins and HIV-1
particles can already be seen in acute HIV infection (Tenner-Racz et al. 1987,
1988b, 1989; TenNErR-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 HIV-1
has entered the body. The formation of immune complexes containing 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-Racz et al. 1988c). In
experimental infection of macaque monkeys with SIV, ., an enhanced traffic of
productively infected cells through the sinuses was observed before
seroconversion (ReiMann et al. 1994; CHAKRABART! 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 infection, 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 (arrow). Original magnificaiton, x 20 000
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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) Ill 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-RAcCz
et al. 1987, 1988a, 1989).

In addition to diffusely distributed HIV-1 RNA, GC contain cells that replicate
the virus. Previous and recent studies demonstrate that cells expressing HIV-1
RNA are mainly located in the follicles (BiBerreLD et al. 1986; TENNER-RAcz 1988;
Tenner-RAcz et al. 1988c; ScHUURMAN et al. 1988; EmiLiE et al. 1990; FOURNIER et al.
1990; Fox et al. 1991; SpieceL et al. 1992; Fox and CotrLer-Fox 1992; PaNTALEO
et al. 1993b; EmBRrETSON et al. 1993). The majority of productively infected cells
belong to the CD4* CD45R0* 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 lIf of the disease. Original magnification, x 30 000
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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 immune mechanisms
involved in the control of HIV infection of the lymph node. Cytokine production
and cytotoxic T cell response play a 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 (Guettier 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 CD8* T cell-mediated
destruction of FDC.

5.1 Infection by Human Immunodeficiency Virus Type 1

FDC can be infected in vitro (StanMER 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 FDC occurs in vivo, its
frequency is very low. There have been reports of budding virus on FDC. 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 TourNneau et al. 1990;
ARMSTRONG 1991).

PArRMENTIER and associates (1990) isolated FDC from a lymph node of a patient
with an opportunistic infection and were only able to demonstrate glycoprotein
{gp) 41 or HIV RNA in a few cells. JoLing and his coworkers (1993) studied in vitro
the binding of HIV to FDC. 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 FDC
also showed that FDC 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 FDC.

5.2 Cytotoxic T Cell-Mediated Killing

As mentioned above, one of the most characteristic immunohistologic findings in
HIV-1 infection is that CD8* lymphocytes invade the GC. Almost all of the
intrafollicular CD8* T cells coexpress the CD45R0 isoform of the common
leukocyte antigen (Racz et al. 1992). The focal areas of negative immunostaining
within the meshwork of FDC often correspond to areas infiltrated by CD8*
lymphocytes (Racz et al. 1986; Koopman and Pats 1992). With double immuno-
labeling, p24-positive cells can occassionally be seen in clusters of CD8* lympho-
cytes (TEnNER-RACZ et al. 1987). Observations such as these led to postulate the
killing of FDC by cytotoxic T cells (CTL; BiBerreLD et al. 1985, 1986; TennEr-Racz
et al. 1987; Laman et al. 1989; DevereNE et al. 1991)

The function of these intrafollicular CD8* 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 B and perforin
genes was demonstrated in the intrafollicular CD8* T cells (DeveraNEe et al. 1991).
Another granule-associated protein, TIA-1, which is expressed in CTL and natural
killer cells and induces DNA fragmentation (Anperson et al. 1990; Tian et al. 1991;
Kawakami et al. 1992), is also present in the intrafollicular CD8* T Cells (Fig. 8).
Nearly the entire CD8* 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 (HorrensacH et al. 1989; Habiba
etal. 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 | 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.

Itis not unlikely that several factors act in concert to destroy FDC. Beside CTL
and the lytic properties of HiV-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 B and T cells (Karasi et al. 1993).

The continuous overload of FDC by HIV proteins may also damage
mechanisms that physiologically safeguard FDC from membranolysis by
captured immune complexes. Recently, it has been demonstrated that FDC
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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 HIV
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 HIV-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
NabLer 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. HIV-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 HIV-1 infection
(Figs. 8, 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.
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7 Conclusions

During 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 FDC to its benefit places HIV-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 individual- microdissected
splenic white puips 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 FDC 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 FDC-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 FDC
function explains the inability of patients to generate antibodies to new antigens.
SzakaL and collegues (1992) examined the capacity of FDC to trap and retain
neoantigens in mice infected with LP-BMDb virus. Virions were present on FDC,
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 FDC impairment in the context of HIV-
induced immune deficiency, Koorman 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 FDC {Gray and Matzinger 1991), the
authors suggested that FDC 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 HIV-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. ScHUuuRMAN et al. (1985)
differentiated three main stages in lymph node abnormalities, which were similar
to stages described by Baroni and Uccint (1990), BiBerreLD 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 Woop (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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Histology of the swollen lymph nodes shows hyperplasia of the follicies. 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. 1a). 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;
1988), follicle hyperplasia occurs in either CDC group Il (persistent 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 angicimmunoblastic lymphadenopathy can be more evident
during the process of follicle degeneration, as visualized by vascular prolifera-
tion, lymphocyte depletion, and emergence of biastoid cells (Fig. 1b). 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. Inthe 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 play a crucial role in accumulating viral components. This review presents
a survey of these studies in relation to the "normal" hyperplastic lymph node
follicle.

4

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 burned-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



164 H.-J. Schuurman et al.

2 Histophysiologic Features of Follicles
in the Normal Human Lymph Node and Tonsil

The structural components of follicles are FDC. The view that the origin of these
accessory cells is mesenchymal (HEuserMANN et al. 1980; HumpPHREY et al. 1984;
ImazExi et al. 1992; Kiaus 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 (YosHiba etal. 1994). The main function of FDC 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 WAackeRr 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 FDC in the
germinal center, either solitary or in the form of immune complexes, and
subsequently differentiate with the help of (CD4*, 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 FDC in suspension have been hampered by the complications in
isolating the cells from tissue and the absence of FDC 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 DNAse (CLaArk et al. 1992; EnnAs et al. 1989; LILET-
LEcLERca et al. 1984; LiINDHoUT et al. 1993; PARMENTIER et al. 1991a; 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 FDC, identified in cytological pre-
parations as large, binucleated cells with dendritic processes (JoLinG et al. 1993;
Koopman etal. 1991; ParMENTIER etal. 1991a). These suspensions are
contaminated mainly by B cells, which show a strong adherence to FDC
(‘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 (FReebman et al. 1992;
ParRMENTIER et al. 1991a; Schmitz etal. 1993; Stanmer etal. 1991). The FDC-
containing suspensions can be cultured for a short period, after which the cells are
generally lost from culture (CLArk et al. 1992; Tsunopa et al. 1990) or can no longer
be detected by immunocytochemistry. Therefore, most studies on FDC in
suspension or after culture require an analytic readout at the single cell level. In
our hands, FDC 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 etal. 1991a). 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, Gerbes and FLap

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

Immunophenotype Cell suspension Tissue section
CD1 - _
CD2 + +
CD3 - -
CD4 +2 +
CD5 - +
CDs8 - -
CD22 ++ 4+
CD25 - -
CD30 -

CD37 +

CD35 (CR1,C3bR) ++ ++
CD21 (CR2,C3dR) ++ ++
CD11a {LFA-1) 1 - _
CD11b (CRS3, C3biR) ++ T+
CD11c + +
CD18 + +
anti-DRC-1/Ki-M4 ++ ++
CD64 (FeyRl) - +
CD32(FcyRll) + +
CD16(FcyRIIN + +
CD54{ICAM-1) ++ T+
VCAM-1 ++ ++
CD49a—f(VLA-1-6) - -
slgG ++ ++
slgM ++ ++
slgD + +
Clg ++ ++
C3b + +4+
Macrophage® + +
S-100° - _

Data from JOLING et al. (1993, 1994), KOOPMAN et al. (1991), PARMENTIER et al. (1991a), TUIINMAN
et al. (1993), and VROOM et al. (1993).

CD, cluster of differentiation; CR, complement receptor; FcyR, receptor for Fc fragment of 1gG; ICAM,
intercellular adhesion molecule; LFA, Lymphocyte function-related antigen; slg, surface immuno-
globulin; VLA, very late antigen.

2Demonstrated by immunogold electron microscopy on about 20% of FDC

° Anti-macrophage antibody EBM11 (Dakopatts, Glostrup, Denmark).

¢Marker for interdigitating dendritic cells.
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(1992), Heinen et al. (1984, 1985), PAarMENTIER et al. (1991a), Reynes et al. (1985),
ScHRIEVER et al. (1989, 1991), and SELLHEYER et al. (1989) have reported discrepant
data.

Arelevant surface marker in HIV-1 infection is the CD4 molecule, as this is the
classical virus receptor (DaLGLEISH et al. 1984; KiatzmaNN et al. 1984). Using an
antibody to the OKT4a epitope in immunogold electron microscopy, PARMENTIER
etal. {(1991a) 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. (1991a), ReYnEs
etal. (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 (Ig)E (HARDIE et al. 1993; Maeba
et al. 1992; Masupa et al. 1989) and that of IgG (FcyR; Bonneroy et al. 1993; HEiNEN
et al. 1985; ScHRIEVER et al. 1989). The presence and extent of expression may be
different between different species (Gerpes and FLap 1992). In humans, TuNMAN
et al. (1993) have observed different results using various antibodies to the three
FcyR classes. Two CD32 antibodies (IV.3 and KB61, against FcyRlIl) labeled
isolated FDC in suspension, but only KB61 labeled cells in tissue sections. Three
out of five CD16 antibodies (against FcyRIIl) stained FDC in tissue sections, and
two antibodies in this cluster labeled isolated FDC. 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 play a role in the processing of B lymphocytes in
the germinal center (BonnerFoy 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 {(MAebA
et al. 1988; VaN DeN BERG et al. 1992; Yamakawa and Imal 1992; ZwirneRr 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
etal. 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 (ICAM)-1/lymphocyte function-associated
antigen (LFA)-1 and the vascular cell adhesion molecule {VCAM)-1/very late
antigen (VLA)-4 combination (FReepman et al. 1990, 1992; Koorman et al. 1991;
LinbHouT 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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FDC 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, Rapemakers (1992) has differentiated seven
types of FDC in the human tonsil (Table 2, Fig. 2). These features suggest a
gradual spectrum in differentiation, activation, and regression among these FDC
types; this forms the basis of the designations used in Table 2. The spectrum
ranges from primitive to a low stage of differentiation for FDC types 1-3, to
differentiated types 4 and 5, and regressive changes for types 6 and 7. These
types of FDC show a preferential location in different parts of the germinal center
of tonsils. FDC 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 FDC types suggests that the dark and light
zones each have a specific microenvironment of FDC. This underlines the
different support given by FDC 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

FDC type 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; BiserreLD 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; Woob 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 CD57* 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 Uccinit (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. ScHuurmMAN 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 Il 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~c. Immunohistology of lymph node, follicular hyperplasia after human immunodeficiency virus
(HIV)-1 infection. a Anti-DRC-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 FDC. x 250. Frozen tissue section, immunoperoxidase immunolabeling, without counterstaining.
¢ 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 FDC are present. x 400. Frozen tissue section, hybridization with
a *S-radioactive RNA probe complementary to HIV-1 RNA, autoradiographic detection, hemat-
oxylin counterstain. The illustration in ¢ is from a different lymph node than thatinaand 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 etal. 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 TscHorp 1987; Peters et al. 1991). PARMENTIER et al.
(1991b) 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. JouNG et al. (1992) have
made essentially similar observations in lymphoid tissues from cynomolgus
monkeys after infection with SIV__, 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



172 H.-J. Schuurman et al.

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 mMRNA
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 FDC in tissue sections, RADEMAKERS
et al. (1992a) have used the FDC 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 FDC 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 FDC
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, FDC 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 (FDC) types in
germinal centers of lymph nodes from (HIV)-1 infected patients (n = 15) and controls (n = 8), grouped
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
FDC types
Type 1 0.1 04
Type 2 5.7 7.1
Type 3 23.6 22.9
Type 4 33.0 20.1
Type 5 17.8 116
Type 6 11.6 21.6
Type 7 8.9 15.8

"Data 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 multilobated cells, and plasma cells) and that of histiocytic cells
and FDC. The main discriminative parameters in this analysis were the blastoid cells and the
centrocytes (data presented in the table). Subsequently, FDC 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 FDC 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 FDC types 1-3. The observation in the second cluster of lymph
nodes is indicative of an inadequate support by FDC for germinal center B
lymphocyte differentiation after HIV-1 infection.

JouinG et al. (1992) have described similar changes in spleen and lymph nodes
from cynomolgus monkeys after experimental infection by SIV, . A remarkable
observation was the presence of paracrystalline arrays resembling so-called
tubuloreticular structures in FDC 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 FDC. 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 FDC 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 FDC 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 FDC meshwork emerge in the germinal center. Due 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 itis 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 in 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 SIV_ -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 FDC 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 FDC
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 HIV-1 infection (ARMSTRONG and HORNE 1984 ; CAMERON et al. 1987; Le
Tourneau et al. 1986; O’'Hara etal. 1988; RAcz et al. 1990; RADEMAKERS et al.
1992a; TeENNER-RACz 1988; TENNER-RACZ et al. 1985, 1989; WAaRNER 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 FDC (Fig. 4, inset). The
viral particles presumably are present in the form of antigen—antibody complexes
on the surface of FDC. 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 FDC. 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 CD4" cells.
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Baront and Uccint (1990), Baroni et al. (1988), Biserreld et al. (1988), Garcia
etal. (1986), PAarRMENTIER et al. (1990), Pexovic et al. (1987) RAcz et al. (1990),
ScHUURMAN et al. (1988a), Tenner-RAcz etal. (1986), and Woobp (1990) have
identified viral proteins using specific antibodies, either to the 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
SV, -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 Il 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
HIV-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 (PARraviciN et al. 1988; ScHuurmaN et al. 1988b,
1989). This apparent cross reactivity is relevant for diagnostic immunohistology:
one should be very careful in interpreting HIV-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-HIV-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 |l
molecules and HIV-1 env protein (GoLbiNG 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 etal. 1990). For HIV-1 gag (Navior etal. 1987;
ScHuurMAN et al. 1988b) and env (Ncuyen and ScHeving 1987) there is homology
with the thymic hormone thymosin-o,, which has been claimed to underly the
virus-neutralizing capacity of antithymosin antisera (SarN 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-KaAMINSKY et al. (1987) and Havnes et al. (1983) have
successfully applied an antibody to p19 gag antigen of human T lymphotropic
virus | in the detection of thymic epithelium. A second explanation-comes from
the existence in the genome of endogenous proretroviral or retrovirus-ike
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 HIV-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 **S-abeled 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 HIV-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 HIV-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 SpieceL 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 FDC labyrinth.

PARMENTIER et al. {1990) have also detected HIV-1 RNA in FDC isolated from a
lymph node of a HIV-1-infected patient. The cytocentrifuge preparation subjected
to HIV RNA hybridization manifested a signal over the cytoplasm of FDC-like cells.
This has also been interpreted as reflecting HIV-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 FDC in tissue sections, as it can
be the reflection of large numbers of viral particles bound to the isolated cells. Due
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 FDC 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 FDC 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 HIV-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/FITC to FDC proved to be complement component C3, as shown

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

Serum Mean Quenching®
fluorescence
+
Follicular dendritic cells
Background, no HIV-1/FITC 5.3 4.1 39
Contro! 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.
Cbh-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). FDC 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.

2 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 FDC. This is
supported by the presence of complement receptors on FDC. Bakker et al.(1992),
Bover etal.(1991), June etal. (1991), and Monterior etal. (1993) have
demonstrated that complement reinforces the binding of HIV-1 to various cell
types. In addition, HIV-1 is able to activate the complement cascade, especially
the classical pathway (DiEricH et al. 1993; EBENBICHLER et al. 1991; ReiSINGER et al.
1990; SOLDER et al. 1989; SPeaRr et al. 1990). Anti-HIV-1 antibodies have a role in
virus binding and subsequent cellular infection in a number of cell types (Bover
etal. 1991; Howmsy et al. 1989; JouauLT et al. 1989; June et al. 1991; MONTEFIORI
et al. 1990; RosinsoN et al. 1988, 1989; TakeDA et al. 1988). This is not the case for
HIV-1/FITC binding to FDC, which is presumably related to the low expression of
FcyR 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
fluorescence signal. Thus, under the conditions of the experiments, HIV-1/FITC
remains bound on the surface of FDC whereas it is internalized by blood
mononuclear cells (mainly monocytes). This result was confirmed by immuno-
gold electron microscopy with anti-FITC and anti-HIV-1 gag antibody, in which
most label was found on the FDC surface (JoLinG et al.1993). These data are in
accordance with those of StaHMER et al.{1991), who have demonstrated in vitro
infection of FDC by HIV-1 after binding in a CD4-independent manner. Apparently,
the binding of HIV-1 to FDC does not involve the classical interaction between
HIV-1 env protein and the CD4 receptor molecule on the cell surface, as described
for other cell types (Lirson et al. 1986; Sobroski et al. 1986; Yorre et al. 1987).
CHenimi et al. (1993) have reported a similar CD4-independent pathway in infection
of blood dendritic cells.

5 Conclusions

CD4*T-helper lymphocytes and subsequently macrophages were originally
proposed as the most important target cells for HIV-1 infection and virus spread
through the body. Animportant 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 HIV-1 infected patients.
It is now clear that the germinal center, in particular the stromal component or
FDC, represents a third target in the infectious process (Gerbes and FLap 1992;
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Fox and CotrLer-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. ltis 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 Joung et al. (1992) on SIV,,
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. FDC obtained at autopsy 25 weeks later
showed a low intensity of SIVp28 immunoreactivity on cytocentrifuge 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 CD4* cells and the highest CD4 to CD8 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 FDC in the
germinal center. This correlates with data from Rosengerc et al. (1993) on the
association between the extent of viral expression on FDC and the CD4 to CD8 T
cell ratio in blood and lymph nodes in macaques after SIV infection. EMBRETSON
etal. (1993) and PanTeLEO etal. (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.

FDC can be infected by HIV-1 as shown by in vitro infection experiments. It
remains to be established whether this actual infection of FDC 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 FDC are able to
bind virus and that viral particles subsequently internalize less efficiently in FDC
than in blood mononuclear cells.

The changes in the lymphoid follicle are associated with a process of
destruction. Indentation and fragmentation of the FDC-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-4/VCAM-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 Hobakin 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 BuTtLEr 1966). An estimated 4 new patients with Hodgkin's
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disease per 100 000 population will be detected yearly. By chemotherapy and/or
radiation approximately 756% 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 (RappaPoRrT 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 centrocytic, 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 (FDC)
form a web-like network throughout primary B cell follicles and germinal centers.
Due to their long cytoplasmic processes, they are in close contact with many of
the neighboring lymphocytes. FDC 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 FDC 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 FDC, where they undergo proliferation (Mori et al. 1988). FDC
are not only restricted to NHL of the B cell type. They have also been discovered
in T cell lymphoma, i.e., angioimmunoblastic lymphadenopathy (AILD). Further-
more, in Hodgkin's disease, the nodular paragranuloma with lymphocyte
predominance displays FDC 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)(g32; g21) trans-
location. This rearrangement is the result of a breakpoint on chromosome 14 onto
which a gene from chromosome 18 is joined called bck2 (B-cell leukemia/
lymphoma-2). As a result of the translocation, bck2 is brought into the proximity
of the immunoglobulin (Ig}H enhancer. Several investigators have found
indications that the bcl2 protein may act as a survival factor. When the bck2 gene
was transfected into an interleukin (IL)-3-dependent cell line, the cells survived in
a G, 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 FDC are able to rescue germinal center B cells from
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entering apoptosis {PetrascH etal. 1991; LinoHout etal. 1993). However, no
experimental evidence for a contribution of FDC in the oncogenesis of malignant
lymphoma has been published so far. On the other hand, several investigators
were able to show that FDC 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 FDC involvement. The
histological distribution of FDC within the different lymphoma entities and within
FDC sarcoma will be described in detail. Subseguently, the antigenic phenotype
of FDC in normal conditions and in neoplastic disorders will be summarized,
paying special attention to the adhesion molecules expressed on FDC and
neoplastic lymphocytes. Finally, the interactions between FDC, germinal center
B lymphocytes, and lymphoma cells will be discussed.

2 Histological Distributcomn of Follicular Dendritic Cells

The detection of FDC by conventional light microscopy or histochemical
techniques in human lymph nodes is difficult. The production of monoclonal
antibodies (mADb) has enabled pathologists to study the distribution pattern of
FDC in the lymphatic tissue. Of particular interest are those mAb specific for FDC,
namely Ki-M4 (ParwaRescH et al. 1983) and R4/23 (Naiem et al. 1983). The mAb
Ki-M4P and Ki-FDC1 are adequate for formalin-fixed and paraffin-embedded
tissue sections. They are well-established immunoreagents for the recognition
of FDC in routine diagnostic and research work in human lymph nodes (TABRizICHI
et al. 1990) and in rats (WAckeR et al. 1987), respectively.

2.1 Normal Lymphoid Tissue

FDC are restricted to the primary follicles and germinal centers of the secondary
lymphoid tissue (NossaL etal. 1968; Sten etal. 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, FDC are detectable in the mantle zone that surrounds the
germinal center. In the mantle zone their fusiform processes are more loosely
arranged (Woop 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 FDC is less intense. By electron
microscopy, Rademakers observed undifferentiated FDC with only few cell
organelles in the dark zone of the secondary follicles, while FDC in the light
zone presented numerous mitochondria and their cytoplasmic processes carried
electron-dense deposits (RADEMAKERs 1992).
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FDC 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 (PARwWARESCH et al. 1983.)

2.2 Hodgkin’'s Disease

In Hodgkin’s disease, two histological patterns of FDC can be distinguished: FDC
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 FDC has been observed, with the
follicle-occupying cells being Sternberg-Reed, Hodgkin's, and epitheloid cells. In
all the other cases, including the lymphocyte-depleted subtype, FDC are either
rare or absent. In immunostained cryostate sections, only remnants of FDC
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
FDC (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 FDC. Furthermore, FDC may be present in
non-germinal-center cell derived B cell NHL, i.e., centrocytic and lymphocytic
lymphoma. Finally, FDC are frequently detected in low-grade B cell lymphoma of
the gastrointestinal tract and in some cases of T cell neoplasias, i.e., (AILD).

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 FDC, constituting a well-defined, dense, spherical meshwork. In some
cases, however, the number of FDC 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 FDC (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).

FDC have been identified only in some cases of highly malignant NHL
derived from germinal center cells, i.e., centroblastic lymphoma. In this subtype,
FDC are less densely packed or are present in irregular clusters or clumps,
sometimes showing an asymmetrical layout (STEN 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
WeisensurGER et al. (1982), FDC are consistently present. In this disease, the
neoplastic B cellis are small to medium in size, displaying only barely 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 FDC can be seen by microscopy. In the centrocytic lymphoma,
the cytoplasmic extensions of the FDC are rather round and short, presenting
only vestigial ramifications. Interestingly, patients with centrocytic lymphoma
and a weak positivity for the FDC-selective mAb Ki-M4 have a poor prognosis
(Stein et al. 1982a). Although the FDC 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 FDC may still be preserved.

FDC are also found in non-follicular-center cell lymphoma, when
a pseudonodular growth pattern is observed. By immunohistochemistry with the
mAb RFD-3, CHiLosi et al. (1985) detected FDC in 50% of the bone marrow
samples from patients with a nodular marrow involvement of B cell chronic
lymphocytic leukemia. Furthermore, FDC infiltrating lymphoma tissue have been
observed in some patients with Burkitt's lymphoma (Sten 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 (DALLA Favera et al. 1982). Other forms of lymphoblastic lymphoma, even
those with a nodular growth pattern, are devoid of FDC (Maepa et al. 1993a).
Furthermore, no FDC 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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etal. 1985). MALT lymphomas are composed of plasma cells, lymphoplasmo-
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 "lympho-epithelial lesion" by Isaacson and WRIGHT
(1984). In MALT lymphoma, an increase in FDC can be consistently detected
(TieMaNN und PArwARESCH 1991). TaBRizcHI et al. (1990) surveyed 97 cases of low-
grade B cell ymphoma of the MALT type. They observed small clusters of FDC,
randomly distributed throughout the tumor, and interpreted them as tumor-
associated abortive follicles. These abortive follicles, consisting of de novo
developed convolutions of FDC, can only be detected by immunohistochemical
methods, and not by conventional morphology. In other cases and similar to
centrocytic lymphoma, a diffuse increase of FDC may be found in lymphoma of
the MALT type (PETRascH et al. 1994).

2.3.4 Angioimmunoblastic Lymphadenopathy

AILD, a subtype of peripheral T cell ymphomas, 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 FDC in AILD. FDC 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 FDC-selective mAb DRC-1. Only in AILD
were FDC found, forming an expanded network of cells exceeding the confines
of germinal centers. All other T cell neoplasias had either no FDC at all or FDC
restricted to remnant follicle centers. We therefore recommend the routine
staining of FDC in typing T cell lymphomas.

2.4 Follicular Dendritic Cell Sarcoma

In FDC sarcoma, the tumor cells are large with ill-defined celiular borders and
irregular nuclei. The malignant cells are mixed with a polyclonal population of
lymphoid cells. The neoplastic FDC 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 FDC-derived
neoplasias was given by the immunocytochemical staining pattern, identical to
that of FDC in the normal lymphatic tissue. Thus, tumor cells were positive for the
FDC-selective mAb and, in addition, they expressed CD21 (EBV receptor), CD23
(low-affinity Fc-IgE receptor), and Cd35 (C3b receptor). CHan and coworkers
(1994) observed a FDC 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 FDC was detected by
immunohistochemistry. FDC are most predominant in extranodal lymphomas of
the thyroid (FeLLaum et al. 1993). Thyroid lymphomas show the morphological
features of MALT-type lymphomas. Interestingly, the thyroid lymphomas
examined by FeLtBaum et al. were highly malignant in 18 of 19 cases. These
authors also detected FDC in some cases of malignant lymphoma of the kidney
and of the testis. The detection of extranodal NHL with FDC involvement
suggests that FDC 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 FDC and the surrounding
lymphocytes, expression of surface molecules on FDC cannot be easily assessed
when cryostat sections of lymph nodes are examined. Furthermore, the
immunophenotype of human FDC varies according to their topographic
localization within the follicles, indicating the heterogeneity of FDC. This may
explain why the analysis of the antigenic profile of isolated FDC has also resulted
in controversial observations.

3.1 Nonmalignant Tissue

Our own data indicate that FDC express molecules also present on
B lymphocytes, namely CD20 (Bp3b), CD21 (EBV receptor), and CD24
(Phosphatidylinositol-linked glycoprotein), while they are negative for anti-CD19
(Pan-B) and anti-CD 22 (Bgp135) (PeTrAscH et al. 1989. 1990). Other investigators,
evaluating the immunophenotype of FDC in cryostat sections, have attributed the
latter two molecules to FDC (STeiN et al. 1982b; JoHnsoN et al. 1986b). As already
pointed out, the immunophenotype of FDC varies according to their localization
within the reactive follicles. The FDC population of the central portion of the
germinal center displays CD9 (p24) and CD14 (gp 55), while the accessory cells
visualized in the mantle zone of the follicle are negative for anti-CD9 and anti-
CD14 (Carsone et al. 1988). FDC in the light zone present ramificated cytoplasmic
processes with electron-dense deposits, indicating a high degree of differentiation
(Rabemakers 1992). Only these FDC express the low-affinity receptor for IgE
(CD23), a molecule associated with a state of activation (STeN et al. 1980; JoHNSON
et al. 1986a). According to the majority of investigators, FDC isolated from non-
malignant lymphatic tissue carry receptors for C3bi (CD 11b), C3d (CD21), and
C3b (CD35b), components of the complement system (ScHriever et al. 1989;
SELLHEYER et al. 1989; PeTrascH et al. 1989). Membrane-bound immunoglobulin
heavy chains p and y as well as both k and A light chains are detectable on the
surface of FDC. Congruent with the finding of electron-dense deposits only
associated with FDC in the light zone of secondary follicles, anti-immunoglobulin
mADb react with no more than 50% of FDC in single cell suspensions (PETRASCH
et al. 1990). FDC do not stain for IgD or IgA expression.

Other molecules expressed on FDC include class |l antigens (HLA-DR), CD45
(common leukocyte antigen), and the myelomonocytic marker CD14 (gp55)
(Woop 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 FDC may be bone marrow derived. Furthermore, the
glycoprotein gp50 (CD40), 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 (ScHRrIEVER et al. 1989).



Follicular Dendritic Cells in Malignant Lymphomas 197

FDC do not express the T lymphocyte marker CD1, (T6), CD3 (CD3 complex),
CD4 (gpb9), CD5 (Tp67), or CD8 (T8) (ScHRIEVER et al. 1989; SELLHEYER et al. 1989;
PeTrAscH et al. 1989).

3.2 Malignant Tissue

As with normal lymphoid tissue, heterogeneous FDC subpopulations have been
described in NHL. Immunohistochemical analysis of mantle zone lymphomas,
such as the centrocytic lymphoma, revealed that FDC do not express CD9 (p24)
and CD14 {gpb5), molecules visualized on FDC within the central portion of
reactive follicles. However, anti-CD9 and anti-CD14 mAb stained with FDC in
follicular center cell-derived NHL (CarsonE et al. 1987). Thus the-distribution of
CD9 and CD14-negative/positive FDC within the normal lymphatic tissue is
maintained in neoplasias related to these localizations. These findings are in line
with an investigation of Imal et al. (1990), who described a loss of FDC membrane
antigens in lymphomas with a diffuse growth pattern, as compared to FDC in
follicular lymphoma.

An antigenic phenotyping of FDC isolated from NHL was performed by our
group (PeTrascH et al. 1990). The immunophenotype resembled FDC isolated
from hyperplastic tonsils, suggesting that the immunological capacity, i.e. antigen
trapping of FDC, is not compromised by the neoplastic condition. However, the
amount of immunoglobulin deposits on FDC in NHL seems to decrease along
with the neoplastic transformation, and some investigators obtained negative
results when labeling lymphoma-associated FDC for surface immune complexes
(BrayLan and RappaporT 1973). Maepa et al. (1993b) visualized focal or reticular
depositions of immunoglobulins and complement components within neoplastic
follicles. These authors also suggest that FDC in NHL still have the functional
ability to trap and retain antigen. Although the immunological properties of FDC,
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
FDC 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 FDC and lymphocytes
from NHL are incubated together in cell cultures, they spontaneously form small
cellular aggregates with one FDC 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-1a. (LFA-1a/CD11a), LFA-1B (CD18), the very late
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antigen-4 (VLA-4/CD49d), and the intracellular adhesion molecule-1 (ICAM-1/
CD54) on B cells, and by ICAM-1 (CD54), the vascular cell adhesion molecule-1
(VCAM-1), and the complement receptor C3bi (Cd11b) on FDC. FDC 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 FDC.

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
CD11a, CD18, and CD54, 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 Stauper and coworkers (1989), who reported that the loss of ICAM-1
(CD54) in low-grade NHL correlates with the presence of a leukemic phase.
Thus, neoplastic centrocytes and centroblasts, due to their lack of CD11a, CD18,
and CD54 surface molecules may detach from FDC, thus leaving the lymph node
and invading new compartments. According to FreebmaN (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. FDC isolated from NHL express adhesion receptors
complementary to those on extracellular matrixes. Thus, CD51 (VNR a-chain), a
ligand for fibrinogen, and CD49c (VLA a,—chain), a ligand for collagen, were
identified on the surface of FDC isolated from malignant lymphomas (PETRAsCH
etal. 1992b). The adhesion between these extracellular components and the
cytoplasmic processes of FDC may play a crucial role in the constitution and
integrity of the neoplastic nodules in NHL. The antigenic profile of FDC is
summiarized in Table 1.

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

In the preceeding chapters, the enhancing effect of FDC on the activation and
proliferation of germinal centre B cells in the normal lymphatic tissue has been
described in detail. Morl and coworkers (1988) stained lymphoma cryostat
sections with the mAb Ki-67, a reagent specific for a nuclear antigen only present
inthe late G, to M phase. They visualized the majority of proliferating lymphocytes
localized in the proximity of FDC. In low-grade NHL, only a small proportion of
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Table 1. Antigen profile of follicular dendritic cells (FDC) 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-IgE receptor +/-
CD24 Pl-linked glycoprotein +/-
CD29 Integrin B,-chain +/-
CD32 gp40 +
CD35 C3b receptor +
CD38 T10 +
CD40 gp50 +
CD45 T200 +/-
CD49%b VLA o,-chain +/~
CD48c VLA o,-chain +/-
CD49%e VLA o,-chain +
CD49f VLA o,-chain +
CD51 VNR o -chain +/-
CD54 Intercellular adhesion molecule-1 +
CD58 Leukocyte function antigen-3 -
HLA-DR Human leukocyte alloantigen +
o-chain Immunoglobulin a-chain -
y-chain Immunoglobulin y-chain +-
&-chain Immunoglobulin &-chain -
k-chain Immunoglobulin k-chain +/~-
A-chain Immunoglobulin A-chain +/-
p-chain Immunoglobulin p-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; g, immunoglobulin; LFA, lymphocyte
function-associated antigen; EBV, Epstein-Barr virus; Pl, 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% (ScHwaRrTz 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 {CiLosi et al.
1985; RaTeCH et al. 1988).
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In vitro studies with cultured FDC isolated from NHL have not been reported
until recently. FDC isolation from lymphoma tissue has been hindered by the
close association between FDC 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 FDC, the spontaneous formation of cell aggregates with
lymphoma lymphocytes was observed. Each FDC-dependent cellular cluster
contained one to nine lymphoma cells. The expression of Ki-67 by the NHL cells
in FDC-associated clusters was then evaluated. A considerable number of
lymphocytes enclosed by the FDC 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 FDC provide signals
leading to the continued stimulation of NHL B cells. In a second investigation, we
added [*H] thymidine to the FDC/NHL B lymphocyte cell cultures. We were thus
able to demonstrate that in cell preparations from lymphoma tissue enriched with
FDC, an increase in the uptake of [*H] thymidine occurs, even in the absence of
mitogens. In our system, the distribution of [*H] thymidine-positive cells was not
limited to the cellular aggregates. However, at the end of the 24-h culture period,
the ratio of [*H] thymidine-positive cells inside versus outside the FDC-dependent
clustersamounted to 6.7:1 and increased to 16.8:1 after 72 h of incubation. These
observations suggest that in NHL, as in the normal tissue, the FDC 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-lg reagents or by interleukin-4 and immobilized
anti-CD40 mAb (DEe France et al. 1991). It has already been mentioned that FDC
within the neoplastic condition express CD40 on their surface and carry memb-
rane-bound immunoglobulins.

Follicular B lymphocytes with a rearranged Bck2 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-CD40 is added to these cultures, the germinal center B cells are
rescued from death by apoptosis (Liu etal. 1989). As described by several
investigators, a direct membrane contact to FDC also rescues cultured B
lymphocytes from apoptotic cell death (PETrascH et al. 1991; LINDHOUT et al. 1993).
When the formation of FDC/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 (LiNnbHouT 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.
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