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Summary: Follicular dendritic cells (FDC) are found in the follicles of vir-
uiatiy all secondary lymphoid tissues. In health, these cells trap and retain
antigens (Ag) in the form of immune complexes and preserve them for
months in their native conformation. FDC thus serve as a long-term repos-
itory of extracellular Ag important for induction and maintenance of
memory responses. In retroviral infection. FDC trap and retain large num-
bers of retroviral particles with profound effects on FDC. FDC-trapped ret-
rovirus induces follicular hyperplasia, and conventional Ag trapped prior
to infection are lost and new Ag cannot be trapped. Concomiiantly, anti-
body-forming cells (AFC) specific for Ag lost from FDC decrease followed
by loss of specific serum antibody (Ab). Eventually, FDC die and fbllicular
lysis occurs. From the pathogen perspective, binding to FDC is remarkably
beneficial, bringing together virus and activated target cells that are highly
susceptible to infection. Furthermore, FDC permit HIV to infect surround-
ing cells even in the presence of a vast excess of neutralizing Ab. Prelimi-
nary data suggest tbat FDC maintain virus infectivity - even when the virus
cannot replicate. Thus retrovirus infection monopolizes FDC networks,
thereby transforming the FDC Ag repository into a highly infectious retro-
viral reservoir.

Introduction

During the 1980s, researchers studying secondary lymphoid
tissues from infected individuals observed large amounts ofthe
human immunodeficiency virus (HIV) trapped on the den-
dritic processes of follicular dendritic cells (FDC) (1-7). Virus
trapping results in persistent generalized lymphadenopathy,
eventual destruction of FDC and lysis of the lymphoid follicles
(5, 8-11). At the same time FDC are destroyed, viral RNA in
germinal centers decreases and there is a concomitant increase
in circulating levels of infectious virions (12). As FDC are
destroyed, lymphoid folhcles involute and generalized immu-
nosuppression occurs. The major focus of this review is to
examine the consequences of retrovirus association with FDC
from the perspective ofthe host and the pathogen,

FDC are fotuid in virtually every secondary lymphoid tissue
including spleen, lymph node, tonsil and Peyer's patches where
they bind Ag-Ab complexes by virtue of receptors for the Fc
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portion of immunoglobulin (FcR) and/or complement (CR)

(13-16), When an immune animal is exposed to Ag, immune

complexes are rapidly formed (17-19) and most of these art'

eliminated by phagocytic cells. However, a small portion (pico-

gram levels) becomes trapped on the extracellular surfaces of

FDC, This immune'Complexed Ag remahis for months, retains

its ability to be recognized by specific antibody and, after dis-

sociation from FDC, co-migrates (on Sephacryl columns) with

native Ag. Collectively these data indicate that FDC-trapped Ag

maintain their native conformation and are protected from deg-

radation (20). FDC appear to display immmie-complexed Ag in

a manner that surrounding lymphocytes can recognize. Support

for this concept comes from studies by Gray, Kosco-Vilbois &

Stockinger (21) indicating that Ag-specific but not irrelevant

specificities of B cells could acquire immune-complexed Ag

from FDC, process it and present it to T cells. This occurred even

though specific Ab comprising the immune complex would be

predicted to mask epitopes needed for Ag-specific recognition.

This suggests that FDC mechanisms enable these cells to work

with immune-complexed Ag so that lymphocytes in the

microenvironment of the germinal center can interact and rec-

ognize tlie Ag. Our working model postulates that features of

FDC that contribute to induction and maintenance of potent

memory immune responses also contribute to retroviral patho-

genesis. Experiments leading to an understanding of FDC-retro-

viral interactions are reviewed below and are based upon both

human and murine FDC models using Rauscher Leukemia Virus

(RLV), LP-BM5 or MAIDS virus and HIV

Retroviral association with FDC: history

The association between C-type retrovirus particles and FDC

was originally reported by Szakal & Hanna in 1968 (22). These

investigators studied the cell type responsible for the trapping

and retention of antigens in germinal centers using the Ag '^^1-

HGG (human gamma globulin) together with electron micro-

scopic autoradiography This effort revealed not only the iden-

tity of the cell type responsible for trapping antigen in the

spleen but also the co-localization of radio isotope-labeled Ag

with endogenous retrovlruses on splenic FDC. FDC possess

intricate dendritic processes (23) and the 100-140 nm diame-

ter endogenous virus particles were harbored in the convolu-

tions of these dendrites. The particles had the characteristic

morphology of C-type retroviruses associated with murine leu-

kemia. These original observations are revisited in Fig, 1, At the

time these viruses were observed, the importance of their asso-

ciation with FDC was viewed in terms of their i) antigenicity

and ii) handling like other known Ag (22).

Fig. 1. An electron microscopic autoradiogramof an area from the
iymphoid follicle ofa mouse spleen 7 days after injection of

i'*I-Uheled HGG. The eiectron micrngraph shows tiie iocaiization

of the radio-labeied antigen in the iabyrinthine arrangement of the space

surrounding each convoluted antigen-retaining cell (ARCP) or FDC

dendritic process ( • ) . Note thai the sections through the dendrites

appear iess electron-dense than the surrounding exiraceiiuiar space. The

siiver grains of the autoradiogram are located over the electron-dense

extraceiluiar space and never cleariy over tiie sections of dendrites. As

confirmed by high-resoiution EM autoradiograms (not shown here),

the antigen is localized extracellularly. Observe the proximity of the

immunobiasi (IB) to the antigen and the numerous virus particles

(circied) iocaiized in the extraceiiular space, x i4.700. inset: The high

magnification inset at top left shows the C-type virus particles (^ ) in the

extraceiiular space around the dendritic processes. Observe that the silver

grains take tiieir origin at the site of exposure over the extraceituiar space

(near one of the viruses), indicating the location of the antigen.

X 56,000.

[Reproduced with permission from Szakal & Hanna. Exp Moi Pathol

i968;8:75-89,]

In a follow-up study, these investigators demonstrated thi'

selective retention of C-type virus particles (RLV) by murini'

FDC in pre existing lymph node and splenic germinal centers

of Balb/c mice (24). In this study, infectious RLV was injected
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I'ig. 2. Electron micrograph illustrating the large numhers of mostly
mature, C-type Rauscher leukemia virion in the convolutions of the
aiiligen-retaining cell (ARC), or FDC (as it is referred to at the present
lime) 20 days after inoculation with RLV Note that the virion are in the

ixtratt'liiilar space in rclalioii lo the dendritic processes. Observe also the

[iroxitnity oftiif iiiimutioblas! (IB) to the viruses. X 28,500.

[Reproduced with permission from Haima. Szakal, Tyndall. Cancer Res

I'»70;30:I748-1763.]

i.p. and virus particles were found localized within 6 h in the

labyrinthine convolutions created by FDC dendrites. Between

days 4 and 7 after infection, the number of virus particles

i iicreased in the germinal centers of both spleens and mesen-

teric lymph nodes with the largest proportion of virus being

associated with FDC. Virus particles budding from the plasma

membranes of immunoblasts were frequently encountered

during this interval. By day 20. the large numbers of virus par-

iLcles observed in germinal centers were associated witli the

slu-unken, electron-dense dendrites of FDC that were devoid of

prominent convolutions and normal cytological features

observed at earlier times. These apparently pyknolic changes in

i'DC were thought to represent an opportunity for the release

of infectious virus particles.

The significance of FDC-virus association was already seen

ill 1970 as a functional adaptation of FDC in performing a spe-

•* "̂  cialized role in antigen/virus retention necessary for the devel-

opment ofimmune responses. However, it was thought that in

the case of viruses which have biological activity, their binding

to FDC may lead to infection of susceptible lymphoblasts

present in this FDC microenvironment (Fig. 2). Thus, antigen

retention by FDC may contribute directly to the pathogenesis of

the RLV-induced disease (24).

The original observation of HIV on human FDC was made

by Armstrong & Home in 1984 (25). The presence of HIV on

FDC was confirmed by a number of other workers who also

studied HIV interactions with FDC and the subsequent loss of

follicular organization. These reports focused attention on both

the capacity of FDC to trap and retain retroviral particles and on

the destruction of the FDC microenvironment (3. 6, 26). The

potential significance of FDC-trapped HIV was further eluci-

dated in 1993. when Embretson et al. and Pantaleo et al. (27,

28) described active infection in germinal centers surrounding

virus-laden FDC

Host perspective: germinal center anatomy in

retroviral infection

Infection of mice with LP-BMS results in an acquired immuno-

deficiency syndrome (MAIDS) with a number of similarities to

AIDS including follicular hyperplasia. hypergammaglobuline-

mia and marked immunodeficiency (29-31). We used this

model to explore relationships between virus trapping on FDC

and anatomical changes associated with disease.

Anatomy: tight microscopic analysis

To study the effects of retroviral infection on germinal center

anatomy and FDC functions. CS7BL/6 mice were injected with

one infectious dose of LP-BM5, sacrificed (on days 14. 21, 28,

60 and 120). and their lymph nodes, and spleens examined

using immunohistochemistry (Fig. 3) (32, 33). Witliin 3 to 4

weeks after infection (early stage of disease), lymphoid follicles

show marked hyperplasia and FDC networks appear well devel-

oped. Subsequently, FDC and the normal foUicular architecture

progressively degenerated. In the advanced stage of disease,

detection of FDC (using FDC-Ml - an FDC-specific mAb) was

no longer possible. FDC-like cells could, however, be detected

using CR1/CR2 labeling. This was especially notable in the

spleen (Masuda et al. unpublished). Although these

CR 1 /CR2 (-I-) cells no longer possess all the usual labeling char-

acteristics of typical FDC (labehng and, as noted below, func-

tional characteristics), immuno-electron microscopic analysis

revealed that their ultrastructure was similar to conventional

FDC.
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Time id Weeks After Virus Inoculation
1 2 3 4 S 6 7 8 9
I I I t I I I i I

Morphological change
Popliteal Lymph Node

A) Follicular hyperplasia

B) Destruction of follicles

Spleen

C) Follicular hyperplasia

D) Destruction of follicles

Loss of antigen trapped prior to LP-BM5 infection
Popliteal Lymph Node

E) HSA retained {% control)

-100
so

3 0
F) anti-HSA in Germinaf Centers

Spleen
G) HSA retained control)

100

SO
I 0

H) anti-HSA in Germinal Centers (+) {*) (-) {-) {-)

Loss of abiiity to maintain specific antibody response
!) anii-HSA producing cells (+) (+) (+—)

in popliteal lymph node

J) anti-HSA in serum

1% control)

Loss of ability to trap new antigen after LP-BMS infection
Popliteal Lymph Node

K) HSA trapped {% control'
100
50

I 0
L) HSA in Germinal Centers

Spleen
M) HSA trapped {% control)

N) HSA m Germinal Centers

(-)#

100
SO

0
(-)#

Fig. 3. Tbe comparative kinetics of functional and morpbological

changes caused by LP-BM5 infection. This figure summarizes and

correlates results from 2 studies (32, 33). Panels A-D: The degree of

destruction (B, popliteal lymph node (LN) and D, spleen) and

hyperplasia of the follides (A, popliteal LN and C. sp)een) in

draining LNs and spleens assessed using immtinohislochemlstry on

tissue sections. Resulis were recorded from (-) lo (++).

E-J: Actively immunized mice with human serum albumin (HSA)

were inoculated with virus 1 week after the final booster injection

of I'M-HSA in the left hind foot. Mice were killed on days 10, 21.

30, 44 and 64 after virus inoculation, the amount of retained HSA

was determined in left popliteal LN (E) and spleen (G), and the

amouns of anti-HSA in serum was determined by solid phase

radloimmunoassay using anti-mouse IgG (J). Non-inoculated mice

were used as controls, and data are shown as percentages of the non-

infected control. To determine if immune complexes of HSA and

anti-HSA were trapped in germinal centers, immunohistochemistry

using biotinylated HSA was performed to detect anti-HSA in ihe

immune complex {F, popliteal LN and H, spleen). Tlie number of

HSA-specific Ab-producing cells in popliteal LN persisting at various

times determined using biotinylated HSA on the sections is similarly

represented (i).

K-N: The day after passive immunization, '"I-HSA was given to

MAIDS-infected mice. The mice were allowed to rest 7 days to allow

macrophages to degrade endocytosed Ag-Ab complexes, and ihe

amount of '"I-HSA persisting in pophteal LN (K) and the spleen

(M) was determined. To determine the location of the trapped

'"I-HSA, autoradiography was performed (L, popliteal LN and N,

spleen). Each data point represents data from 4 to 10 mice. (# , on

day 80).

[Reproduced with permission from Masuda et al. Lab Invest

199S;73;Sl7,Fig. 9.]

Differences in the extent and temporal progression of ana-

tomical changes were apparent in actively immunized vs non-

immunized mice and in draining vs non-draining lymphoid

tissues. Popliteal LN from actively immune mice showed

weight increases from 10-25 mg/LN compared with only

2-9 mg/LN in non-immune mice. Furthermore, examination

of actively immune animals revealed a more pronounced

destruction of FDC and typical follictilar architecture. By 4

months after infection, secondary lymphoid follicles (those

with germinal centers) could not be found and FDC destruc-

tion appeared complete. In contrast, in some small non-drain-

ing LN, FDC were still observed (using FDC-M1 labeling). Thus

it would appear that the stale of activation in a given secondary

lymphoid tissue can alter the temporal course of tissue destruc-

tion. We reason that in active lymphoid follicles, non-infected

B and T memory cells could enter the follicle, become activated

in the specialized microenvironment and be ideal targets for

retroviral infection. Additionally, latently infected lymphocytes

participating in germinal center reactions could be activated in

this same environment, thus facilitating active viral replication.

The net result of lymphocytes entering the germinal center

would be an increase in virus production and the subsequent

changes this virus might induce. More will be said about this

mechanism below as it applies to FDC co-stimulation and HIV

pathogenesis.

The exact cause of the morphological changes observed in

lymphoid follicles and the eventual loss of FDC in LP-BM5 ret-

roviral infection is not known. Interestingly, there is an increase

in an unusual phenotype of T cell that isThy-l(-)CD4(*) (34).

Infiltration of these unusual T cells into lymphoid follicles has

been noted in the early stages of MAIDS and may be related to

functional changes observed in FDC during disease (described

below) (35). CD4+ T cells are required for the development of

MAIDS (36). Furthermore, MAIDS does not develop in nude

mice (37) nor does the destruction of FDC and lymphoid fol

licles associated with MAIDS (35). Pathology is not confined to

B-cell-dependent areas of secondary lymphoid tissues. In fact,

the overall structure of lymphoid tissue is altered. Thy-1(+)

188 Immunological Reviews 156/1997
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T cells appear diluted in the T-ceU zones 4 weeks after infection

and thereafter the distinctive structure of the T-cell zone is no

longer detected. In this stage of the disease. Thy-1 (-)CD4(*)

T cells can be observed infiltrating throughout the lymphoid

tissue, suggesting an important role for this T cell in the

changes in lymphoid tissue architecture observed in MAIDS.

These data suggest a complex interaction of cells (including

Thy-1 (-)CD4(*) T celts) leading to the eventual destruction of

FDC and lymphoid follicles.

Anatomy: electron microscopic analysis

Ultrastructural analysis of antigen trapping by FDC after retro-

viral infection was also performed. Mice were infected with LP-

BM5 and passively immunized to provide specific Ab for

immune complex formation and FDC trapping 5, 12, 15. 21

and 36 days after infection. The day after passive immuniza-

tion, animals were injected with the histologically detectable

.\g. horseradish peroxidase (HRP). and the fate of the antigen

was then followed by electron microscopy during the develop-

jnem of MAIDS.

Rapid spread of virus to the draining lymph node was

demonstrated by the association of typical C-type retrovirus

particles with FDC by 5 days after infection. Virus particles

co-localized with antigen, confirming our previous observa-

tions in the 1960s (22), A lack of LP-BM5 in the subcapsular

sinus, from which antigen is typically transported to follicles,

suggested that the virus was carried into the follicles by other

routes. We believe that infected B lymphocytes carried the virus

to the follicles via postcapillary venules when recruited to folli-

cles in response to antigenic stimuli, hi the folhcles, these lym-

phocytes were seen to bud viruses; however, we failed to

observe any budding of viruses from FDC. That this localization

of virus took place in pre-existing germinal centers is suggested

by the presence of tingible body macrophages at 24 h after anti-

gen injection, since these cells typically do not appear in ger-

minal centers until 3-5 days following the injection of anti-

gens. The viral inoctilum. in the long term, elicited destructive

changes in both antigen transport cells (ATC. that normally

transport the antigen to follicles and are presumed to be pre-

cursors of FDC - see Tew et al. in this volume for further

description) and in the FEKI antagen-retaining reticulum with a

consequent loss of FDC-retained antigens. At day 5 after inoc-

iiUiion, HRP was transported in a typical manner (I 7) from the

Liitcrent lymph in the lymph node subcapsular sinus to follicles

where the HRP appeared to be trapped on FDC dendrites.

Therefore, neither HRP-bearing ATC or FDC appeared affected

early after virus infection. However, with increasing time after

infection (beginning at day 12), HRP transport and trapping

became progressively more defective. Changes accompanying

this phenomenon included the tendency of ATC to become

phagocytic and degrade the transported antigen, and the loss of

immune-complexed HRP from the surface of FDC dendrites.

This was accompanied by atrophic changes in FDC such as

increased electron density, condensation of the cytoplasm, and

nuclear pyknosis. By the end of the third week after inocula-

tion, the dendrites of FDC were essentially lost and the trapped

antigen released. We postulate that the loss of bound immune

complexes from FDC during atrophy may contribute to the

development of large numbers of plasma cells seen in certain

follicles by 6 weeks after inoculation. This antibody-forming

cell response may be related to the polyclonal antibody

responses observed in HIV infections.

Host perspective: FDC functions in retroviral infection

In this section we examine FDC functions in retroviral infection
and correlate these with the temporal changes in the anatomy
of the germinal center described in the previous section. Spe-
cifically, we examine the FDC functions of: retention of Ag,
maintenance of Ag-specific memory responses, trapping of
newly introduced Ag. and FDC-mediated co-stimulation of
lymphocytes. We also discuss a potential mechanism contribut-
ing to FDC loss,

FDC retention of previously trapped Ag

Since a major function of FDC is to serve as an Ag depot for

induction and maintenance of long-term Ab responses, we

sought to determine what happens to retained Ag after retrovi-

ral infection. To study this, mice were immunized, boosted

with '"I-labeled Ag and infected with LP-BM5, At various

intervals thereafter, mice were sacrificed, their draining LN

removed and the amount of FDC-retained Ag determined by

counting radioactivity in the LN. By 2-3 days after Ag chal-

lenge, by far the most radioactivity persisting in draining lym-

phoid organs is on FDC. (The effectiveness of '"I-labeled Ag in

detecting immunogenic Ag on FDC using bulk counting of LN

and spleens and/or tissue autoradiography has been reviewed

elsewhere (20) and is not further addressed here,)

Retroviral infection reduces Ag on FDC in both draining

lymph nodes and spleen (Fig. 3) (32). This reduction is appar-

ent by 3 weeks after infection. Examination of tissue sections

using autoradiography indicates that '"I-HSA (human serum

albumin) is strictly localized on FDC witliin the lymphoid fol-

hcles. By 4 weeks after LP-BM5 infection, no follicular localiza-

tion of '"I-HSA was observed in the spleen, and by 80 days

post infection none was seen in draining lymph nodes (33).

immtinoiogical Rfvifm 156/1997 189
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Thus, prior to the time when FDC are destroyed and follicular

lysis occurs, FDC lose their ability to retain previously trapped

Ag.
One possible explanation for the loss of retained Ag after

retroviral infection is that significant amounts of viral replica-

tion occur and this new Ag (virus), by virtue of increased con-

centration, competes better (than previously trapped Ag) for

binding on FDC. To determine if Ag of one specificity could

displace Ag of another specificity on FDC. mice were immu-

nized with egg-albumin (OVA) and HSA. These animals were

then boosted with '"I-HSA in a single leg to localize Ag in the

LN draining that site. 1 week later, unlabeled HSA. OVA or

unrelated Ag (bovine serum albumin) was injected in the same

site and 5 days later the animals were sacrificed and the spleens

and draining LNs collected and counted for radioactivity. Ag-

locahzation on FDC requires immune complex formation

and/or complement and is exquisitely localized to draining

lymphoid tissues (38). We reasoned that if competition occujs.

injection of either OVA or HSA (for which specific Ab for

immune complex formation would be present) should displace

the previously injected '̂ Î-HSA whereas irrelevant Ag should

have no effect. This was observed in the spleen but not in the

LN (32). Injection of HSA resulted in displacement of about

66% of the radiolabeled HSA. Injection of OVA, which should

have been able to compete for binding on FDC, had no apparent

effect. We interpret these results to suggest that although com-

petition may occur in the spleen, it is unlikely that this accounts

for the loss of Ag in LN. Another cause of reduction of FDC-

retained Ag could be an alteration in expression of immime

complex receptors (FcR and CR) on FDC. However, immuno-

histochemical analysis showed that FDC still express FcyRII 3

weeks after infection (33) when FDC already have a reduction

in retained Ag. Furthermore, recent work indicates that FDC

also continue to express CRI /CR2 (Masuda et al. unpubhshed

data). Accordingly, the loss of retained Ag is not likely to be

attributable to a loss of receptors for Ag-Ab complexes. Addi-

tional work is needed, however, to establish the functional state

of FcR and CR present on FDC.

Other mechanisms may account for the ahihty of retrovi-

ruses to monopohze the FDC network. One possibility is that

there are increased interactions between virus and FDC that

permit differential binding of virus vs conventional Ag.

Whereas conventional Ag-Ab complexes are bound via Fc and

CR. we envision at least 4 mechanisms by which virus can bind

to FDC: i) immune complexes of antibody and virus; ii)

immune complexes containing complement (39); iii) adhe-

sion molecules present on the virion that were acquired by

budding through an activated host cell; and iv) formation of an

immune complex-like structure via interaction v̂ dth envelope

giycoproteins and VH3 family immunoglobulins (which pos

sess an HIV gpl20 binding site (40)). Additional work needs

to be performed to unravel the factors which account for retro-

virus displacement of conventional Ag from FDC.

FDC maintenance of specific Ab responses

The FDC repository of Ag plays an important role in the main-

tenance of serum antibody (16, 20, 41, 42). To assess the

effects of losing FDC-retained Ag, specific antibody-forming

cells (AFC) and serum IgG levels were monitored after infec-

tion (32. 33). AFC specific for Ag lost from FDC were rarely

seen by 4 or 5 weeks post infection in spleen and lymph nodes,

respectively (Fig. 3) (33). By 30 days after infection, specifit

antibody titers were markedly depressed. Considering the half

hfe of IgG, the loss of retained Ag on FDC has a close relation

ship to the reduction of titer of specific Ab. These results arc

particularly striking when one considers that the total number

of Ig-secreting cells in spleen and lymph nodes increase more

than tenfold during the first several weeks after infection and

that there is an overall increase in the level of total serum TgG

between 4 and 12 weeks post infection (43). Thus even at times

when total immunoglobulin levels are increased, specific recall

responses are markedly depressed and correlate with a loss ol

specific Ag on FDC. As furtlier information is gathered, othei

aspects of immunological dysfunction may also be shovra to

relate to the selective loss of conventional Ag on FDC.

FDC trapping of newly injected Ag

Although infected mice quickly lost ihe ability to retain previ-

ously trapped Ag, it was not known if FDC could still trap newly

injected Ag after retrovirus infection. To determine this, mice

were infected, passively immunized (to provide specific Ab for

immune complex formation) and injected with '̂ 'I-HSA

(Fig. 3) (33). In this experiment, the data reflect both initial

trapping of radiolabeled Ag plus a 7-day period of retention

(mice were rested 7 days prior to LN counting to ensure ehm-

ination of non-FDC virus-immxme complexes by phagocytic

cells). FDC trapping and retention of Ag was clearly reduced by

3 weeks after infection. Virtually no Ag localization was

observed in spleens by week 4 of infection or in draining LN

by day 80 after infection. Thus the major FDC functions of Ag

trapping and retention are severely impaired early in the course

of retrovirus infection.

FDC co-stimulation

FDC provide germinal center lymphocytes with both Ag

dependent and -independent signals (16. 44). One such Ag-
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independent signal results in a two-to-tenfold increase in lym-

phocyte proliferation. This signal is co-stimulatory in nature

.since responding lymphocytes must first receive a primary sig-

nal (supplied by Ag or mitogen) before the FDC signal has any

effect. Since FDC functions were dramatically impaired by ret-

roviral infection, we reasoned that FDC-mediated co stimula-

tion would be likely to be impaired also. To test this, we isolated

FDC at various intervals after infection and co-cultured them

with stimulated B cells (anti-p-dextran plus IL-4) from unin-

fected mice and measured tritiated thymidine incorporation to

detect CO-stimulation (32). Surprisingly, FDC recovered from

tnice 35 days after infection still retained their abihty to co-

stimulate aiiti-)i and IL-4-activated B cells. This was in stark

contrast to other FDC functions described above. Our data in

the mice also correlate with data obtained from macaques

infected with simian immunodeficiency virus where FDC show

potent CO-stimulatory activity post infection (Y.J, Rosenberg,

personal communication). Although the reason for preserva-

tion of CO-stimulatory signaling is not clearly understood, it

may relate to the presence of complement component C3 prod-

ucts (C3d, C3dg, iC3b) on FDC and/or in viral immune com-

plexes. In support of this concept, immunohistochemical anal-

ysis of tissue sections from infected mice showed the presence

(if CRl and CR2 on FDC late in disease progression (Masuda et

al, unpublished). We reason that these receptors would have C3

products bound and these products may be responsible, at least

in part, for the observed co-stimulation, (For a more detailed

explanation of FDC co-stimuUtion and the contributions of C3

components, see the accompanying article by Tew et al.)

Mechanisms of FDC destruction

The reasons for FDC atrophy and destruction in retroviral infec-

tions of mice and men have not yet been resolved. A similar

type of FDC atrophy can also be observed in the pathological

changes brought on by the process of aging where there is a

concomitant loss of ability to trap and retain antigens and

maintain secondary humoral immune responses, and tlie loss

of memory B cells (45). The similarities observed between FDC

destruction in retroviral infection and with aging suggest a

commonality of pathological mechanisms. Although there are

a variety of hypotheses to account for FDC destruction based on

viral infection or destruction by cytotoxic (CD8*) T cells (1).

we hypothesize that there may be a non-virally related mecha-

nism. In studies to reconstitute FDC in SCID mice, we found

tlut fully functional FDC required reconstitution with both B

jnd T cells (46, 47). We reason that a perturbation of such a

B-T-cell requirement or the cytokines produced by them may

account, at least partly, for the destruction of FDC in retroviral

infections as well as in aging. We postulate that since there

would be a virus-related destruction of B cells in viral leuke-

mias (including the development of MAIDS) and a gradual,

virally-related destruction of T cells in AIDS (as well as the

development of a T-ccU deficit in aging), the change in the

ratios of B and T cells and, ultimately, in their interactions and

cytokine production, may help to account for the atrophy of

FDC and subsequent immunological deficits (45).

In summary, from the perspective of the host the associa-

tion of retrovirus with FDC is deleterious and leads to follicular

hyperplasia, loss of Ag retained on FDC prior to infection,

marked depression of specific antibody responses, an inability

to trap new Ag and the eventual destruction of FDC and folli-

cular architecture. The following section wilt illustrate that the

association of retrovirus (HFV) with FDC that is so harmful to

the host is remarkably beneficial to the pathogen.

Pathogen perspective: FDC and retroviral infection

HIV on FDC is highly infectious

Since the mid-1980s. it had been known that large amounts of

HIV were trapped on FDC. However, although it had been pos-

tulated that virus in FDC immune complexes was infectious

(2), this had not been tested experimentally We therefore

sought to determine if FDC-trapped HTV immune complexes

were infectious by isolating human tonsilar FDC (via cell sort-

ing) and allowing these to trap HIV immune complexes com-

prised of HIV+ patient sera and exogenous HIV. We reasoned

that the patient sera would contain both virus-specific antibody

and complement needed for immune complex formation and

FDC trapping. To ensure that any contaminating T cells in our

FDC preparations could not support HIV infection, we exposed

the FDC to 1000 R of gamma irradiation. This dose effectively

blocks lymphocyte proliferation yet does not adversely affect

radiation-resistant FDC. After the virus had associated with

FDC. they were extensively washed to remove unbound virus.

We then incubated these cells or control FDC (from the same

donor but that had never been exposed to HIV immune com-

plexes) with autologous activated CD4* T-cell targets to deter-

mine if infection could take place. Infection was assessed after

4 days of culture by examination of cellular DNA for proviral

sequence (gag) using the polymerase chain reaction (PCR) fol-

lowed by Southern blotting and autoradiography (48). We

observed HIV DNA in target cells cultured with FDC bearing

HIV immune complexes, whereas no HIV signal was found

from the virus-bearing FDC in the absence of CD4^ target cells.

Furthermore, target cells co-cultured with control FDC (not

bearing HIV) showed no evidence of proviral DNA. Electron
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Fig. 4ii. Fig. 4b.

microscopic examination of FDC confirmed virus binding to

dendritic processes and showed portions of the FDC with 5-10

viral particles in an area capable of binding a single lymphocyte.

These data are consistent with in vivo reports where a number of

viral particles are present on FDC (1, 8, 27, 28).

Since the above study used HTV immune complexes trapped

by FDC in vitro, we next sought to determine if HIV trapped on

FDC in vivo would also be infectious. To test this we employed a

murine model where HIV immune complexes could be trapped

in a physiological marmer. The choice of a murine model was

based on experience in localizing conventional antigens on FDC

via passive immunization followed by injection of Ag (13, 49,

50). For virus trapping on FDC, mice were passively immimized

with HIV envelope-specific antibody followed by injection of

HIV in a number of sites to allow immune complex formation

and FDC trapping in multiple draining lymph nodes. Mice were

rested 5 days to allow clearance of non-FDC-associated HIY and

their FDC were isolated and cultured with susceptible human

CD4'̂  target cells to determine if the trapped virus was infec-

tious. Previous studies had indicated that FDC could provide

accessory cell functions to lymphocytes across species lines

(51), and we reasoned that gpl60 on the viral particle could

interact with CD4 on the human target cell regardless of the spe-

cies of FDC. FDC bearing in vivo-trapped HIV were clearly able to

cause infection of superantigen-activated human T cells,

whereas controls of FDC alone bearing in vivo-trapped HTV, target

cells alone and FDC bearing in vivo-trapped virus cultured with

unactivated target cells showed no evidence of infection (48).

The absence of infection in co-ctiltures containing murine FDC

and resting human CD4+ T cells suggested that FDC do not pro

vide significant induction of xenogeneic responses in these

mixed cultures (mixed lymphocyte reaction) since mitogen or

superantigen was required to activate lymphocytes sufficiently

for infection. In fact, FDC, in contrast to other types of dendritic

cells, do not appear to evoke significant allogeneic or xenoge-

neic responses (Qin, Tew, Burton, Smith, unpublished). These

data also indicated tliat FDC do not need to be infected wilh HIV

to cause infection of other cells since the mouse is non-permis-

sive for HIV infection.

HIV on FDC remains infectious even with high levels

of neutralizing Ab

In some experiments, HIV-specific neutralizing monoclonal

antibody was used for passive immunization. After injection of

virus, FDC were isolated as before and we found that their

trapped HIV complexes were infectious (48). This result

prompted us to consider that FDC may be able to permit infec-

tion even in the presence of neutralizing antibody. To begin to

test this hypothesis, we formed HIV immune complexes in tis-

sue culture plates using increasing concentrations of neutrahz-

ing monoclonal antibody (H902) (52). We then added super-

antigen-stimulated CD4* T cells ± human FDC and assessed
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infection as before after 4 days of culture, When only target

cells and HIV immune complexes were present, infection was

observed with a sub-neutralizing dose of Ipg mAb (Fig. 4<i).

NeutraUzation was achieved with as little as 1 ng of Ab and, as

expected, addition of more neutralizing mAb (10^ to IO*'-fold

excess) continued to block infection in the absence of FDC.

However, when FDC were present in cultures containing iden-

tical concentrations of HIV immune complexes and target cells,

a markedly different result was observed (Figs. 4b and c). A dense

hybridization signal was obtained with the previously neutral-

izing dose of 1 ng H902. Furthermore, addition of 1000 and

1.000,000-fold more neutralizing mAb still did not block

infection when FDC were present. We reason that this system

models a vigorous attempt by the immune system to block

infection since virtually every antibody molecule present has

neutralizing activity for HIV Yet, in the presence of FDC, this

was not sufficient to block infection.

Although the PCR assays used to detect infection were

qualitative in nature, comparison of the intensity of the HIV

signal between the different doses of neutralizing mAb and that

obtained from a control of 50,000 ACH-2 cells tested in parallel

(each cell contains a single copy of proviral DNA) suggested

that higher concentrations of antibody - although not capable

of blocking infection - may decrease the amount of infection.

To confirm infection in our cultures, electron microscopic

analysis was also performed (Fig. 4tl). This particular ceU is

Fig. 4<i.

Fig. 4«-d. FDC mediate HIV infection of T cells in the presence of
neutralizing antibody PCR amplification of HIV proviral DNA (right
panels) and contml B-gl(ibin DNA (left panels) from ciiltiires of SEE

activated CD4' T cells (T+SEE) and HIV immune complexes (HIV-IC)

formed with various doses of neutralizing antibody in the absence (a) or

presence of human FDC (b & c). Infection was confirmed by electron

microscopy (d). (a) Infection of SEE activated CD4-' T cells by HIV-1 ,,IB

immune complexes formed with I pg of neutralizing anti-gpl 20 (H902)

was evident whereas infection was blocked when viral complexes were

formed using 1 ng. 1 |ig and I mg of antibody.

Signal intensity is compared with 50,000 ACH-2 cells. Addition of FDC

to cultures reverses the effect of neutralizing antibody even in vast excess

of the 1 ng quantity needed to block infection when FDC were not

present, (d) Flectron micrograph of a small portion of an infected cell

from an FDC-T-ceil culture containing HIV and a neutralizing

concentration of antibody (I ng H902). Note the numerous HIV vjrions

budding from the cell surface (magnification x 54.000).

[Reproduced with permission from Heath et al. Nature 199S;377:742,
Fig. 3.]
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H9 100.000
FDC 100.000

100 FDC

1000 FDC

10.000 FDC

100.000 FDC

ACH-2 50.000

Fig, S. HIV trapped in vivo on FDC remains infectious for 42 days in
the absence of viral replication, PCR amplification of HIV proviral DNA

(right panel) and control B-globin DNA (left patiel) from cultures of H9

neoplastic target cells and murine FDC bearing Iti vivo-trapped HlVms

immune complexes. H9 cells (1 x 10') were cultured for 6 days with

I 0 \ 10'', 10'and 10'FDC-bearing HIV trapped in vivo 42 days previously.

Note that sufficient infectious virns remained on 100 FDC after 42 days

without replication to infect target cells. Infection was confirmed

using p24 Ag production in cultures.

Striking because ofthe large number of virus particles budding

from the plasma membrane. We estimated that between 1000

and 3000 viral particles were found on this single cell in the

presence of an otherwise neutrahzing quantity of antibody!

To confirm the general nature of FDC-mediated negation

of neutrahzing antibody, we used two other mAb and other lab

and primary isolates of HIV In each instance, regardless of viral

strain or mAb, FDC permitted infection with an otherwise neu-

tralizing dose of antibody (48). One ofthe HIV strains we used

was particularly noted for its ability to be easily neutralized

(SF2 strain). When it was tested in our system with the same

concentration of neutralizing antibody used to block infection

with less-easy-to-neutralize isolates, we again saw infection in

the presence of FDC. Since even small amounts of antibody

could neutralize SF2, the presence of infection with larger

quantities of Ab suggested that the FDC activity that permits

infection to occur is a potent one. Thus from the pathogen per-

spective, binding to FDC is highly beneficial.

One explanation as to how FDC can permit infection in the

presence of a vast excess of neutrahzing antibody may relate to

the ability of FDC to work with Ag in the form of immune

complexes in typical memory responses. Even though Ab

formed during immune responses would be predicted to mask

or neutralize epitopes on FDC retained Ag, it remains capable

of inducing potent memory responses. (See accompanying

article by Tew et al.) FDC appear to have high levels of FC7R and

CR on their surfaces and we reason that these play important

roles in allowing cells to interact with immune complexes in

general and HIV immune complexes specifically. In support of

this concept, preliminary work in the laboratory suggested that

blocking either FcyR or CR decreases the ability of the FDC to

permit infection (Heath & Burton, unpubhshed). Blocking

both receptors simultaneously blocked the vast majority of

FDC-mediated negation of neutralizing antibody. These studies

are presently being confirmed and extended and, as more

information becomes available, it may be possible to design

reagents and/or strategies to interfere with this feature of FDC

biology The abihty of FDC to trap and retain HIV extracellularly

and to permit infection in the presence of a vast quantity of

neutralizing antibody may begin to explain why HIV infection

can persist in sites where FDC and germinal center T cells inter-

act.

FDC preservation of HIV Infectivity

Early work studying FDC retention of conventional Ag indi-

cated that it persisted in vivo with a half-life of about 8 weeks

(20). In HIV infection, virus can be found on FDC as long as

these cells remain. We hypothesized that the same mechanisms

that permit FDC to maintain conventional Ag in an undegraded

state might also preserve HIV from degradation and thus con-

tribute to maintaining virus infeciivity. Preliminary studies

have suggested that this hypothesis was correct. We first sought

to determine how long HIV remained infectious in vitro in a

minimally selective environment. This was determined by

incubating virus in tissue culture medium (RPMI containing

20% heat-inactivated FCS) at 37°C for increasing intervals and

monitoring the number of infectious units remaining using a

MAGI assay (53). An input virus suspension with 600 lU lost

50% of its infectious activity by 1 2 h and all infectivity by 5

days. Linear regression analysis ofthe data suggested a half-life

of between 12 and 20 h using HlVma. These values were con-

sistent with data obtained from patients undergoing potent

anti-retroviral therapy where in vivo plasma virus half-hfe

ranged from about 6 h to 48 h (54—56).

To assess whether or not FDC can maintain HW infectivity,

we again used our murine model. Mice were passively immu-
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nized with anti-HIV gp41 followed by injection of HIV FDC

bearing in vivo-trapped HIV were then isolated weekly and the

abihty of trapped virus to infect susceptible T-cell targets deter-

mined using DNA PCR and p24 production. Since mice lack the

human CD4 receptor and cannot support rev-mediated replica-

tion (57), injected virus could not replicate and any infectious

virus isolated from the mice would necessarily come from the

initial inoculum. Analysis of DNA from target cells obtained

after I month in vivo showed strong HIV hybridization signals

(Fig. 5) and these were confirmed by p24 production. In most

instances, the intensity of the HIV signal was comparable to

controls of 50,000 ACH-2 cells. Our results indicated that as

few as 100 virus-bearing FDC were sufficient to cause infec-

tion. These preliminary studies also suggested that HIV infec-

(ion appeared optimal when 10,000 FDC were present per

100,000 H9 target cells. This ratio of 1 FDC per 10 target cells

may allow optimal exposure to FDC bound virus particles.

These data support the hypothesis that the FDC reservoir of

virus maintains its infectious nature and should be considered

an important target of future intervention strategies. They also

further illustrate the highly beneficial result of pathogen inter-

action with FDC.

Other FDC contributions to HIV pathogenesis

There may be additional features of FDC biology that contribute

to HIV pathogenesis. One such feature is the ability of FDC to

provide potent co-stimulatory signals that augment lympho-

cyte prohferation. Preliminary studies in our laboratory have

suggested that de novo infection of T cells cultured in the pres-

ence of FDC is significantly increased (perhaps by 2 orders of

magnitude) (Burton & Heath, unpublished). Interestingly,

infection also appears to be augmented when latently infected

lymphocytes are incubated with FDC (Burton & Smith, tmpub-

lished). Although this system used FDC from unrelated donors

(or from mice), we reason that allogeneic (or xenogeneic)

stimulation does not play a major role in augmented infection

since in our hands FDC do not serve as good inducers of these

responses. Furthermore, mitogen activation of lymphocytes

was always required for FDC to augment infection, suggesting

that FDC co-stimulation (which requires mitogen or antigen

activation) and not allogeneic stimulation resulted in the

increased infection. These preliminary experiments are being

confirmed and extended and we believe they may be indicative

of contributions to HIV pathogenesis mediated hy the special

microenvironment provided hy FDC.

Extracellular trapping of virus on FDC may of itself benefit

HIV pathogenesis. Current anti-retroviral agents are designed to

attack pathways in the HIV life cycle. Since virus on the den-

dritic processes of FDC is not actively replicating, it should not

be affected by the presence of these antiviral drugs. In support

of tliis concept is recent work by Haase et al. (58), who ana-

lyzed HIV in lymphoid tissues and found no evidence of a

response to reverse transcriptase inhibitors in the FDC pool of

HIV. Thus not only tnay viral infectivity be maintained on FDC,

but current therapeutic strategies may be ineffective in dealing

with this reservoir.

Conclusion

Retroviral infection leads to a number of changes in the anat-

omy and function of the germinal center microenvironment.

Viral particles rapidly associate with FDC and trapped virus

induces marked changes in the anatomy of lymphoid follicles

and the function of FDC. Recall Ag trapped on FDC prior to

infection are lost as is the ability to trap new Ag. As a conse-

quence, memory responses to Ag previously retained on FDC

are lost wliile total immunoglobulin levels increase. During the

period when conventional Ag are lost, retrovirus is trapped and

retained in large numbers on FDC and lymphoid follicles

become hyperplastic. Eventually FDC are destroyed and the fol-

licles involute. White host effects are detrimental, virus patho-

genesis is benefited by association with FDC. Localization in

germinal centers brings together virus and very susceptible

CD4+ target cells. Furthermore, FDC contribute to the ability of

HIV to infect target cells by negating the ability of neutrahzing

antihody to block infection. FDC also appear to maintain HIV

infectivity in the absence of viral rephcation and FDC co-stim-

ulatory signals may further contribute to infection. Thus the

anatomy ofthe germinal center and the function of FDC create

an ideal environment to promote retroviral pathogenesis. As we

improve our understanding of the contributions of this envi-

ronment and the mechanisms by which FDC promote viral

pathogenesis, it may be possible to devise intervention strate-

gies that focus on this important reservoir of infectious virus.
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