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It has been reported that human immunodeficiency virus type 1 (HIV-1) bound to follicular dendritic cells
(FDCs) remains highly infectious to CD4™ T cells even when it forms immune complexes with neutralizing anti-
body (HIV-1/IC). To elucidate the role of FDCs in HIV-1 transmission to CD4™" T cells in lymph nodes, we have
isolated and purified FDCs from human tonsils and examined whether the HIV-1/IC trapped on their surface
is infectious to CD4™ T cells. To our surprise, not the HIV-1/IC but the antibody-free HIV-1 on FDCs could be
transmitted to CD4™ T cells. Furthermore, in contrast to previous studies showing that FDCs are productively
infected with HIV-1, the present study clearly demonstrated that FDCs were not the target cells for HIV-1 in-
fection. FDCs could capture the viral particles on their surface; however, the binding of HIV-1 to FDCs was strong-
ly inhibited by the presence of anti-CD54 (ICAM-1) monoclonal antibody (MAb) and anti-CD11a (LFA-1) MAD,
suggesting that the adhesion molecules play an important role in the interaction between HIV-1 and FDCs.

The germinal centers play a key role in producing memory B
cells and plasma cells. The main constituents of germinal cen-
ter microenvironment are activated germinal-center B cells
(centroblasts and centrocytes), follicular dendritic cells (FDCs),
macrophages, CD4™ and CD8™ T cells, and dendritic cells (6,
10, 12, 13, 16, 17, 26). FDCs belong to so-called B-cell-associ-
ated dendritic cells with desmosomal junctions (29), and they
have two notable characteristics. First, FDCs have very inti-
mate relationships with the germinal-center B cells such as
thymic nurse cells in vitro and in vivo (13, 15, 34, 36). Second,
they are long-term antigen-presenting cells for the germinal-
center B cells (18, 19, 28). The latter function seems important
in pathological conditions such as with infectious diseases.

In human immunodeficiency virus type 1 (HIV-1) infection,
FDCs not only handle the viral antigens but also interact with
infectious virions. This is particularly relevant to the pathogen-
esis of this disease, since the CD4™ T cells that migrated into
the light zone of the germinal centers can be infected with
HIV-1 trapped on the surface of the FDCs. The first evidence
that the germinal centers were infected with HIV-1 was pro-
vided by ultrastructural analysis for lymph nodes obtained from
infected patients (1). The virions were located in the interden-
dritic extracellular spaces and embedded in a moderately elec-
tron-dense material covering the surface of the FDCs. This
localization indicated that the capture of HIV-1 with immuno-
globulins by FDCs was responsible for the infection of the
germinal centers. Stahmer et al. reported that normal human
tonsil FDCs were highly susceptible to HIV-1 infection in a
CD4-independent fashion in vitro (25). Furthermore, the HIV-
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1-infected FDCs not only contain proviral DNA but also pro-
duce viral particles and transmit them to CD4™ T cells (24).
When HIV-1 formed immune complexes with its neutralizing
antibody (HIV-1/IC) and was trapped by FDCs, the virus re-
mained highly infectious to CD4™ T cells (11). However, our
previous study demonstrated that FDCs themselves were not
susceptible to HIV-1 infection (33). We also found that more
HIV-1 particles were trapped by fresh FDCs than by dediffer-
entiated FDCs or control fibroblasts, yet the surface molecules
mediating this binding could not be determined. In the present
study, we have isolated and purified FDCs from human tonsils
and examined the infectivity of HIV-1 particles trapped on
their surface. We have shown that not the HIV-1/IC but the
antibody-free HIV-1 on FDCs can be transmitted to CD4™ T
cells. Furthermore, the adhesion molecules CD54 (ICAM-1)
and CD11a (LFA-1) play an important role in the interaction
between HIV-1 particles and FDCs.

MATERIALS AND METHODS

Isolation and cultivation of FDCs. FDCs were isolated and purified from
surgically resected fresh palatine tonsils, which were kindly provided by M.
Hattori (Fujita General Hospital, Fukushima, Japan). The methods for enucle-
ation and subsequent digestion of lymph follicles have been previously described
(31-33). Briefly, more than 200 lymph follicles were enucleated from ca. 1-mm-
thick slices of tonsil under an anatomical microscope. The follicles were then
digested with an enzyme cocktail of collagenase A (0.5 mg/ml; Boehringer Mann-
heim, Mannheim, Germany), dispase IT (0.5 mg/ml; Boehringer Mannheim) and
DNase I (0.04 mg/ml; Boehringer Mannheim). FDC clusters (FDCs engulfing
several germinal-center lymphocytes) (14) were then separated from the free cell
suspension by four repeated sedimentations. After final purification, the ratio of
FDC clusters to mixed free cells was approximately 97% (vol/vol). To remove
contaminating macrophages, the FDC cluster-enriched fraction was cultured in
plastic culture dishes with RPMI 1640 supplemented with 10% fetal calf serum
(BioWhittaker, Walkersville, Md.) at 37°C for 60 min. The nonadherent popu-
lation was transferred to other plastic culture dishes (Corning Glass Works,
Corning, N.Y.) and maintained under the same conditions. After a 6-h incuba-
tion, the plastic wells were washed with culture medium, and weakly adherent
cells (FDC clusters) were collected with a cell scraper. To eliminate possible
contamination with CD4™" T cells, the final FDC clusters were further purified by
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negative selection with CD4 antibody-labeled magnetic beads (Dynabeads
M-450; Dynal A.S., Oslo, Norway).

Purification and stimulation of human CD4* T cells. Autologous tonsillar
lymphocytes were separated with Lymphprep (Nyomed Pharma, Oslo, Norway)
from fresh tonsillar cells. The CD4* T-cell population was further purified by
positive selection with the above-mentioned CD4 antibody-labeled magnetic
beads and detached antibody. CD4 " T cells were activated by the incubation with
100 pg of staphylococcal enterotoxin E (Toxin Technology, Sarasota, Fla.) per
ml.

HIV-1 exposure of FDCs and coculture with CD4" T cells. HIV-1/IC were
prepared by incubating 5,000 50% cell culture infective doses per 100 ul of
HIV-1 (Il strain) at 37°C for 2 h with 100 pl of fresh serum obtained from
HIV-1-infected patients. FDCs were exposed to either HIV-1/IC or free HIV-1
for 12 h at 4°C. The cells were then extensively washed to remove untrapped
virions and cocultured with CD4™ T cells in fresh culture medium. After a 5-day
incubation at 37°C, DNA was isolated from the cells and stored at —20°C until
use. The p24 antigen levels in culture supernatants were measured by a p24
antigen capture enzyme-linked immunosorbent assay (ELISA) kit (Cellular
Products, Inc., Buffalo, N.Y.), according to the manufacturer’s instructions. In
some experiments, the HIV-1-exposed FDCs were cocultured with activated
CD4™" T cells by using a cell culture insert (0.4-wm diameter; Becton Dickinson,
Franklin Lakes, N.J.) to avoid cell-to-cell contact between FDCs and CD4* T
cells. In the experiments with anti-adhesion molecule monoclonal antibodies
(MAbs), FDCs were exposed to HIV-1 together with 10 pg of anti-CD54,
anti-CD11a, or anti-CD106 MAD per ml at 4°C for 12 h, extensively washed, and
incubated at 37°C for 5 days. The antibodies were purchased from Becton
Dickinson. The cells were cocultured with activated CD4 ™" T cells in fresh culture
medium for 4 days, and the p24 antigen production and the proviral DNA
synthesis were determined.

Detection of HIV-1 proviral DNA. DNA was isolated from the cells (10° cells)
with a nucleic acid extraction kit (IsoQuick; Orch Research, Bothell, Wash.).
PCR analysis for HIV-1 gag and B-globin DNA was performed with the primer
pairs SK38/39 (20) and GH20/PC04 (3), respectively. The PCR products were
analyzed by electrophoresis (1.5% agarose), stained with ethidium bromide for
detection of B-globin DNA, and transferred to Hybond-N* membranes (Amer-
sham, Buckinghamshire, United Kingdom) for detection of HIV-1 gag DNA.
The blot was hybridized with the 3?P-labeled oligonucleotide probe SK-19 (20).
OM-10.1 cells (7), a chronically infected clone harboring a single HIV-1 provirus,
were used as a positive control.

TEM analysis. FDCs were exposed to HIV-1/IC or HIV-1 at 4°C for 12 h in
the absence or presence of anti-CD54 and anti-CD11a MAbs. For transmission
electron microscopy (TEM) analysis, the FDCs were treated in a routine man-
ner, including fixation in ice-cold 2.5% glutaraldehyde buffered with 0.1 M
phosphate solution (pH 7.4) for 2 h, postfixation in 1% osmium tetroxides for 1 h,
dehydration, embedding in Epon, ultrathin sectioning, counterstaining, and ob-
servation by TEM (Jeol, Tokyo, Japan).

RESULTS

FDCs are not the target cells for HIV-1 but transmit the
virus to CD4™ T cells. Heath et al. reported that FDCs could
convert the neutralized HIV-1 into an infectious form even in
the presence of a vast excess of neutralizing antibody (11).
Therefore, we first examined whether CD4™" T cells could be
infected with HIV-1/IC, which might be trapped by FDCs.
Establishment of infection was monitored by p24 antigen pro-
duction in culture supernatants and by proviral DNA synthesis
in the cells. When purified FDCs were exposed to HIV-1/IC
for 12 h at 4°C, extensively washed, and cocultured with acti-
vated CD4™ T cells for 5 days at 37°C, the levels of p24 antigen
in the culture supernatants were 0.16 and 0.10 ng/ml in exper-
iments 1 and 2, respectively (Table 1). These values were only
four- to fivefold higher than those in the FDC culture without
CD4™" T cells (0.04 and 0.02 ng/ml, respectively).

The patient sera used in this assay seemed to efficiently
neutralize the infectivity of HIV-1 because a high level of
HIV-1 production (>1 ng/ml) was not observed in CD4" T
cells simply exposed to HIV-1/IC without FDCs (Table 1). In
order to confirm their neutralizing activity and specificity, the
patients’ sera, as well as HIV-1-negative human sera, were
examined for the effects on HIV-1 infectivity in MT-4 cells
(a T-lymphoblastoid cell line). The patients’ sera but not the
HIV-1-negative sera could reduce the viral infectivity in a
dose-dependent fashion (data not shown). For instance, a pa-
tient serum achieved >3.6, 2.5, and 1.4 log,, reductions of the

J. VIROL.

TABLE 1. Infectivity and replication of HIV-1 trapped
on the surface of FDCs

) Cell p24 antigen (ng/ml) Presen.ce of
Virus I proviral
combination gy B2 Expt3 DNA®
HIV-1/I1C® FDC/TC 0.16 0.10 ND
HIV-1/IC FDC/— 0.04 0.02 ND
HIV-1/IC —/TC 0.05 0.20 ND
HIV-1 FDC/TC 6.0 26.0 12.9 +
HIV-1 FDC/— 0.07 0.01 ND ND
HIV-1 —/TC 0.34 6.0 12.5 +
Control FDC/TC ND ND ND ND

“ Determined by PCR and Southern blot analysis. ND, not detectable (below
the threshold of ELISA or PCR-Southern blot analysis).

> HIV-1 in the form of immune complexes. Sera from different patients were
used for HIV-1/IC formation in experiments 1 and 2.

¢ Activated CD4™" T cells.

infectivity of the viral suspension when mixed at ratios (vol/vol)
of 1:1, 1:9, and 1:99, respectively. Furthermore, HIV-1 parti-
cles could be identified on the surface of FDCs, as determined
by TEM analysis (Fig. 1A). Twenty-eight viral particles were
observed on the surface of 54 FDCs (51.9%). These results
suggest that the reduced infectivity of HIV-1/IC is not due to
the lack of HIV-1/IC capture by FDCs. Thus, we could not
confirm the previous finding that FDCs converted the neutral-
ized HIV-1 into an infectious form in the presence of neutral-
izing antibody (11). PCR and Southern blot analysis revealed
that specific amplified products (proviral DNA) were not de-
tectable for all samples extracted from the culture cells (Table
1), indicating that the transmission of HIV-1/IC from FDCs to
CD4™" T cells does not commonly occur.

We next examined the same experiments with antibody-free
virions. In contrast to the experiments with HIV-1/IC, the free
HIV-1 retained a high degree of infectivity and, except for
experiment 1, infection of the CD4" T cells with the virus
brought about a high level of p24 antigen production (6.0 and
12.5 ng/ml in experiments 2 and 3, respectively) (Table 1).
When FDCs were exposed to the free virus and extensively
washed, the trapped HIV-1 was found to be highly infectious.
After cocultivation with CD4™ T cells, the p24 levels in the
culture supernatants ranged between 6.0 ng/ml (experiment 1)
and 26.0 ng/ml (experiment 2). However, it is unlikely that
FDCs produced such amounts of viral antigens, and almost all
of the viral particles and antigens were considered to be pro-
duced by CD4" T cells after viral transmission from FDCs
because the p24 antigen levels in the culture supernatant of
FDCs alone were extremely low (undetectable levels to 0.07
ng/ml). Furthermore, the PCR analysis showed that the provi-
ral DNA was undetectable for the samples extracted from the
FDCs alone after viral exposure (Table 1), confirming that
FDCs themselves are not the target cells for HIV-1 replication.
In addition, it is also clear that the virions trapped on the
surface of FDCs (Fig. 1B and C) were highly transmissible to
the susceptible cells.

Cell-to-cell contact is necessary for HIV-1 transmission
from FDCs to CD4* T cells. To examine whether the trans-
mission of HIV-1 from FDCs to CD4" T cells requires cell-
to-cell contact, HIV-1-exposed FDCs were separated from
CD4™" T cells in the same wells by using a filter with a 0.4-pm
diameter (cell culture insert). Again, high levels of p24 antigen
production were observed in two separate experiments when
HIV-1-exposed FDCs and CD4 " T cells were in contact with
each other (Table 2). In contrast, much less amounts (unde-
tectable levels and 0.7 ng/ml) of the antigens were produced in
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FIG. 1. TEM for HIV-1/IC or HIV-1-exposed FDCs. An HIV-1/IC particle (arrow in panel A) was observed on the surface of FDC (x25,000). Twenty-eight viral
particles were observed on the surface of 54 FDCs (51.9%). Similarly, an antibody-free HIV-1 particle (arrow in panel B) was captured on the top of a delicate
cytoplasmic process of FDCs (x10,000; inset, X75,000). Twenty-seven particles were observed on the surface of 55 FDCs (49.1%). Pleural virions (arrows in panel C)
were often observed among the extracellular spaces of fine cytoplasmic processes of FDCs in isolated FDC-lymphocytes complex (FDC cluster) (X8,000). In contrast,
such virions were scarcely identified on the surfaces of FDCs treated with a combination of anti-CD54 MAD and anti-CD11a MAb (panel D). Only one particle was
identified on the 64 FDCs (1.6%). Desmosomal junctions, which are a reliable morphological marker of FDCs, were observed in panels B and D (arrowheads). These
pictures are representative electron micrographs of some FDCs analyzed in this study.

the culture supernatants when HIV-1-exposed FDCs and
CD4" T cells were incubated without this contact. In these
experiments, proviral DNA was detected for the cocultured
cells but not for the cells separately cultured (Table 2). These
results indicate that cell-to-cell contact is required for HIV-1
transmission from FDCs to CD4™ T cells.

TABLE 2. Infectivity and replication of HIV-1 trapped on the
surface of FDCs under different culture conditions

p24 antigen Presence of

Virus Qell . (ng/ml) proviral
combination _— DNA“
Expt 1 Expt 2
HIV-1 FDC/TC? 26.3 7.1 +
HIV-1 FDC/TC (filter) ND 0.7 ND
HIV-1 FDC/— 0.01 0.8 ND
HIV-1 —/TC 5.95 1.9 +
Control FDC/TC ND ND ND

“ Determined by PCR and Southern blot analysis. ND, not detectable (below
the thresholds of ELISA or PCR-Southern blot analysis).

b Activated CD4™" T cells.

¢ HIV-1-exposed FDCs were separated from CD4™ T cells by a filter (0.4-pm
diameter).

Adhesion molecules play a crucial role in HIV-1 binding to
FDCs. Although it is clear that FDCs capture HIV-1 on their
surface, the molecular mechanism of their interaction is not yet
fully understood. Therefore, we examined the influence of
various anti-adhesion molecule MAbs on the HIV-1 capture
activity of FDCs. To this end, FDCs were isolated and purified
from the tonsils of several donors and exposed to HIV-1 in the
absence or presence of the MAbs. After a 12-h incubation at
4°C, the cells were extensively washed to remove untrapped
virions and cultured at 37°C for 5 days. Then the cells were
cocultured with CD4™" T cells. As shown in Fig. 2, the treat-
ment with anti-CD54 MADb or the combination of anti-CD54
MADb with anti-CD11a MAD significantly reduced the produc-
tion of p24 antigens from cocultured CD4™" T cells. However,
the treatment with anti-CD106 (VCAM-1) MAD did not affect
the p24 antigen production. These results suggest that anti-
CD54 and anti-CD11a MADs either block the entrapment of
virions on the surface of FDCs or interfere with the transmis-
sion of trapped virions to cocultured CD4™" T cells. To distin-
guish between these two possibilities, HIV-1-exposed FDCs in
the absence or presence of the MAbs were analyzed by TEM.
HIV-1 particles were observed on the surface of FDCs fre-
quently (49.1% of total FDCs observed) when the cells were
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not treated with the anti-CD54 and anti-CD11a MAbs (Fig. 1B
and C). In contrast, such particles were hardly (1.6%) identi-
fied on the surface of FDCs that had been treated with the
MADs (Fig. 1D).

DISCUSSION

Initial studies on HIV-1 pathogenesis in lymph nodes have
revealed a novel and surprising finding that FDCs are respon-
sible for the infection of germinal centers. FDCs are peculiar
dendritic cells that carry immune complexes on their surfaces
(18, 35). Health et al. reported that, once HIV-1 was trapped
by FDCs, the virus became highly infectious to CD4" T cells
even in the presence of antibodies that would otherwise neu-
tralize it (11). However, we demonstrated that FDCs could not
transmit HIV-1/IC to CD4" T cells, though FDCs could cap-
ture HIV-1/IC on their surface (Table 1 and Fig. 1A). The
reason for this discrepancy may be due to the differences in
neutralizing antibodies used in our experiments. We speculate
that, in the earlier experiments, the formation of HIV-1/IC
might have been incomplete and therefore the antibody-free
particles were also trapped on the surface of FDCs together
with HIV-1/IC. In our study, we repeated the experiment with
FDCs from different donors and with sera from different pa-
tients, yet a reproducible result was obtained (Table 1). Fur-
thermore, HIV-1/IC was found to be much less infectious to
CD4™" T cells than was the free HIV-1 and, even when trapped,
FDCs could not convert the virus into its infectious form.

Another important finding in this study is that FDCs them-
selves were not susceptible to HIV-1 infection, irrespective of
the viral forms (immune complex or free) and did not produce
the viral antigens during at least a 5-day culture period (Table
1). Previous studies in immunohistochemistry and electron mi-
croscopy demonstrated that FDCs play an important role in
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FIG. 2. Inhibitory effects of anti-adhesion molecule MADbs on the entrapment
and infectivity of HIV-1 in FDC cultures. FDCs were isolated and purified from
human tonsils and exposed to HIV-1 at 4°C for 12 h in the absence (a) or in the
presence of anti-CD54 (ICAM-1) MAb (b), anti-CD11la (LFA-1) MAb (c),
anti-CD54 MADb plus anti-CD11a MAb (d), or anti-CD106 (VCAM-1) MAD (e).
The cells were extensively washed and incubated at 37°C. After a 5-day incuba-
tion, FDCs were cocultured with activated CD4* T cells in fresh culture medium
for 4 days. The p24 antigen levels were determined by antigen capture ELISA
and expressed as a percentage of the control culture (a). The mean values in each
group are indicated by horizontal bars, and the statistical significance was ana-
lyzed by the ¢ test.
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the pathogenesis of AIDS, serving as a major reservoir of
HIV-1 (1, 23, 27). Our electron microscopic observations also
indicated that the trapped virions were morphologically intact.
Thus, FDCs appear to be sequentially supplied with infectious
virions and to function as a viral reservoir, where the virus
remains infectious to CD4™ T cells for several days.

Although the molecular mechanism involved in the entrap-
ment of HIV-1 by FDC:s is of particular importance, it has not
been elucidated yet. Blauvelt et al. reported that the produc-
tive infection of T-cell-associated dendritic cells with HIV-1
and their ability to capture the virus were mediated through
separate machineries. The former was dependent on the CD4
molecule and HIV-1 coreceptors, while the latter was not (4).
FDCs do not express CD4 and the coreceptors on their surface
(5,22, 37), suggesting that FDCs use other mechanisms for the
capture HIV-1 particles. We previously reported that the in-
fectivity of FDC-trapped HIV-1 was lost during a 25-day incu-
bation period (33). The expression of adhesion and costimu-
latory molecules on FDCs were rapidly downregulated in vitro,
and the amount of expressed CD54 after a 35-day incubation
was less than one-hundredth of that after a 7-day incubation
(32). Furthermore, the interaction between the virus-incorpo-
rated and the host cellular adhesion molecules CD54 and
CDl1a is known to markedly enhance the capacity of HIV-1
for its binding and entry into CD4" T cells (2, 8, 9, 21, 30).
These findings and our present observations strongly suggest
the use of CD54 and CDlla in the FDC capture of HIV-1
particles.

In conclusion, we have demonstrated that (i) FDCs are able
to capture HIV-1 on their surfaces in vitro, (ii) that the FDC-
trapped virions remain infectious and are transmitted to cocul-
tured CD4™ T cells but (iii) that the FDCs themselves are not
susceptible to these virions, and (iv) that the adhesion mole-
cules expressed on FDCs and the viral envelope play an im-
portant role in the interaction between FDCs and HIV-1. Fur-
ther studies are required to elucidate the complete functions of
the FDCs in the pathogenesis of HIV-1 infection.
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