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Introduction

Summary

The germinal centre (GC) is a specialized microenvironment where high-
affinity antibodies are produced through hypermutation and isotype
switching. Follicular dendritic cells (FDCs) are the stromal cells of the
GC. The timely expansion and establishment of an FDC network is essen-
tial for a protective GC reaction; however, only a few factors modulating
FDC development have been recognized. In this study, we report that
interleukin-15 (IL-15) enhances human primary FDC proliferation and
regulates cytokine secretion. The FDCs express IL-15 receptor complexes
for IL-15 signal transduction as well as for specific binding. Moreover, the
secretion of chemokines CCL-2, CCL-5, CXCL-5 and CXCL-8 was reduced
by blocking IL-15 signalling while the secretion of other cytokines, and
the expression of CD14, CD44, CD54 (ICAM-1) and CD106 (VCAM-1)
proteins remained unchanged. These results suggest that IL-15 plays a
crucial role in the development of FDC networks during GC reaction,
offering a new target for immune modulation.

Keywords: chemokine; follicular dendritic cell; germinal centre; germinal
centre B cells; interleukin-15

CXCL13, to direct the migration of lymphocytes and
other bone-marrow-derived cells.'*'> While the functions

The germinal centre (GC) is a dynamic microenviron-
ment where protective high-affinity antibodies are pro-
duced through extremely rapid B-cell proliferation and
extensive modification of their immunoglobulin genes.'™
The follicular dendritic cells (FDCs) are the stromal cells
of the GC.>” The major function of FDCs is to retain
intact antigen—antibody complexes to provide selective
signals to GC-B cells expressing the highest affinity anti-
gen receptor.*” The FDCs also provide other crucial
microenvironmental factors for GC development. They
prevent apoptosis of GC-B cells by cellular interaction
and stimulate proliferation by providing adhesion mole-
cules, such as intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1);? the
anti-apoptotic molecules BAFF/BLys;'® and a number of
growth factors, such as 8D6, interleukin-6 (IL-6) and
IL-15.""""* In addition, FDCs secrete chemokines such as

of FDCs have been investigated, the factors that control
FDC development have begun to be identified recently. B
cells and T cells are essential for the development of the
FDC network.'®'” Mice deficient in tumour necrosis fac-
tor-o. (TNF-o) or lymphotoxins (LTs) reveal profound
defects in FDC development.'"”'®' In addition, other
cytokines including IL-4 and IL-6 appear to be associated
with FDC development.”**! In this report, we present evi-
dence that IL-15 enhances the proliferation of human
FDCs and regulates chemokine secretion of human FDCs.

Interleukin-15 is an IL-2-like T-cell proliferation factor
that is required for the generation of cytotoxic T lympho-
cytes and natural killer cells.**** It is also important in
humoral immunity.”>*’ Interleukin-15 enhances the pro-
liferation and immunoglobulin secretion of human
peripheral B cells and is involved in B-cell lymphomagen-
esis.”®* The heterotrimeric IL-15 receptor (IL-15R)

Abbreviations: Ab, antibody; CD40L, CD40 ligand; FACS, flow cytometric analysis; FDC, follicular dendritic cell; GC, germinal
centre; ICAM-1, intercellular adhesion molecule 1; IL-15R, interleukin-15 receptor; IL-15Ra, interleukin-15 receptor o chain;
IL-15Rf, interleukin-15 receptor f chain; IL-15Ry, interleukin-15 receptor y chain; LT, lymphotoxin; mAb, monoclonal

antibody; VCAM-1, vascular cell adhesion molecule 1.

536

© 2010 Blackwell Publishing Ltd, Immunology, 130, 536-544



specifically binds IL-15. The IL-15 receptor «-chain (IL-
15Ra) is the distinctive component for this specific bind-
ing, whereas the IL-15 receptor f-chain (IL-2Rf) and
IL-15 receptor y-chain (IL-2y) chains in the receptor
complex, which are shared with the IL-2 receptor, are
involved in signal transduction.’® Unlike IL-2, however,
IL-15 is expressed in various cell types including dendritic
cells, keratinocytes,”® monocytes,””*® thymic epithelial
stromal cells,’”” bone marrow stromal cells* and fibro-
blasts.! The membrane-bound form of IL-15 plays an
essential role in proliferation, or apoptosis of various
kinds of cells in an autocrine fashion.?”4* ™4 Previously,
we showed that IL-15 is produced by human FDCs and
presented on the surface in a membrane-bound form."
The IL-15 enhances GC-B-cell proliferation rather than
protecting GC-B cells from apoptosis. Furthermore, the
level of IL-15 on the surface of FDCs increased following
the cellular interaction with GC-B cells. However, the
functional role of IL-15 in FDCs has not been investi-
gated.

In this study, we show that IL-15 augments the pro-
liferation of human primary FDCs in vitro. The FDCs
express the IL-15R complex that is functional because
anti-IL-15 or anti-IL-15R antibodies that block IL-15
signalling reduced FDC proliferation. In addition, block-
ing of FDC IL-15 signalling reduced FDC secretion of
CCL-2, CCL-5, CXCL-5 and CXCL-8, suggesting poten-
tially important roles for recruitment of other cellular
components required for GC reaction. Because IL-15 is
expressed by FDCs within the GC microenvironment
and enhances the proliferation of both GC-B cells and
FDCs, IL-15 may contribute to the rapid expansion
and formation of the GC structure, suggesting an
important role of IL-15 in the humoral immune
response.

Materials and methods

Antibodies

Anti-IL-15 monoclonal antibodies (mAbs) [M110, M111
and M112: immunoglobulin G1 (IgG1)] were kindly pro-
vided by Dr R. Armitage (Amgen Inc., Seattle, WA).
Anti-IL-2Rf (Mik-f2) was purchased from BD Bioscienc-
es, (San Jose, CA). Mouse IgGl (MOPC 21; used as an
isotype control) was purchased from Sigma (St Louis,
MO). All mAbs for fluorescence-activated cell sorting
(FACS) staining were purchased from BD Biosciences;
these were phycoerythrin (PE) -conjugated anti-CD14,
anti-CD44, anti-CD54 (ICAM-1), and anti-CD106
(VCAM-1); allophycocyanin (APC) -conjugated anti-
CD38; fluorescein isothiocyanate-conjugated —anti-IgD;
PE-conjugated anti-CD3; and peridinin chlorophyll pro-
tein (PerCP) -Cy5.5-conjugated anti-CD20. Blocking and
the corresponding control mAbs contained < 0-00002%

© 2010 Blackwell Publishing Ltd, Immunology, 130, 536-544

IL-15 regulates human follicular dendritic cell function

[weight/volume (w/v)] sodium azide at working concen-
tration. This is 100-fold lower than the concentration of
sodium azide that started to show toxicity in our in vitro
culture experiments (data not shown).

Cytokines and reagents

The culture media used were Iscove’s modified Dul-
becco’s medium (Irvine Scientific, Santa Ana, CA) and
RPMI-1640 (Sigma) supplemented with 10% (v/v) fetal
calf serum (CFS; Life Technologies, Inc., Grand Island,
NY), 2 mm glutamine, 100 U/ml penicillin G and 100 ug/
ml streptomycin (Irvine Scientific). Recombinant human
IL-15 and recombinant trimeric human CD40 ligand
(CD40L) were provided by Dr R. Armitage. Interleukin-2
was obtained from Hoffmann-La Roche (Nutley, NJ).
Recombinant IL-4 was kindly provided by Dr Y Choi
(Ochsner Clinic Foundation, New Orleans, LA). Percoll
and Ficoll were purchased from Pharmacia LKB Biotech-
nology (Uppsala, Sweden) and bovine serum albumin was
obtained from Sigma. The TNF-o was purchased from
PeproTech, Inc. (Rocky Hill, NJ).

Preparation and culture of human tonsillar FDCs and
GC-B cells

Primary human FDCs were established as described previ-
ously.* Briefly, tonsils freshly obtained from routine ton-
sillectomies were cut into small pieces and subjected to
enzymatic digestion. The released cells were pooled and
subjected to Percoll gradient centrifugation for 10 min at
1200 g. Cells with densities < 1-050 g/ml were collected
and washed with Hanks’ buffered salt solution (HBSS).
Cells were re-suspended in RPMI solution and centri-
fuged at 300 g for 10 min at 4° over a discontinuous gra-
dient of 1-05 and 1-03 g/ml bovine serum albumin. FDC-
enriched fractions were collected from the interface. The
cells were washed with HBSS and cultured on tissue cul-
ture dishes. Cells isolated and cultured after these proce-
dures initially contained large adherent cells with attached
lymphocytes. Non-adherent cells were removed and
adherent cells were replenished with fresh medium every
3—4 days. Adherent cells were trypsinized when conflu-
ence was attained. The cultured cells were morphologi-
cally homogeneous non-phagocytic cells. Purity of FDCs
was > 95% as assessed by the expression of 8D6 anti-
gen."'

GC-B cells were purified from tonsillar B cells by
MACS® procedure (Miltenyi Biotec Inc., Auburn, CA), as
described previously.*® GC-B-cell purity was greater than
95% as assessed by the expression of CD20 and CD38. All
samples were obtained with written informed consent in
accordance with the guidelines set forth by the Institu-
tional Review Board of the Clinical Research Institute, the
Asan Medical Center.
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Reverse transcription—polymerase chain reaction

RNA extraction and reverse transcription—polymerase
chain reaction (RT-PCR) were performed as described
previously.”” Briefly, total RNA was extracted from cells
using the RNeasy kit (Qiagen, Valencia, CA). RNA was
reverse-transcribed using Moloney murine leukaemia
virus reverse transcriptase (Invitrogen Corporation, Carls-
bad, CA). Complementary DNA was amplified as follows:
denaturation at 94° for 50 seconds, annealing at 57° for
50 seconds, and extension at 72° for 50 seconds. Human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a control to ensure equal sample loading. Primers
used were as follows: for IL-15Ra, 5-GTCAAGAGCTA-
CAGCTTGTAC-3' and 5-CATAGGTGGTGAGAGCAG-
TTTTC-3'; for IL-2Ra, 5'-AAGCTCTGCCACTCGGAA
CACAAC-3’ and 5-TGATCAGCAGGAAAACACAGC-3';
for IL-2Rf, 5'-ACCTCTTGGGCATCTGCAGC-3" and 5'-
CTCTCCAGCACTTCTAGTGG-3; for IL-2Ry, 5'-CCAG-
AAGTGCAGCCACTATC-3' and 5-GTGGATTGGGTGG
CTCCAT-3'; and for GAPDH, 5-CCCTCCAAAATCAAG
TGGGG-3' and 5'-CGCCACAGTTTCCCGGAGGG-3'.

CFSE labelling

For cell division experiments, FDCs (1 X 107 cells/ml)
were labelled with carboxyfluorescein succinimidyl ester
(CFSE; Sigma, 0-2 um in phosphate-buffered saline) and
incubated at 37° for 10 min. Cold CFS was added to stop
staining, and labelled cells were next washed twice with
culture media. After 3 days of culture, CFSE intensity was
measured using a FACSCalibur™ flow cytometer and
analysed using rLowjo software (Ashland, OR).

Apoptosis assay

The apoptosis assay employed staining with Annexin V
and  3,3'-dihexyloxacarbocyanine iodide [DiOCq4(3);
Molecular Probes, Eugene, OR]. The FDCs (1 X 10° cells/
ml) suspended in 100 ul of Annexin V binding buffer
[0-1 m HEPES/NaOH (pH 7-4), 1-4m NaCl, 25 mm
CaCls] were stained with 5 ul Annexin V-APC and 5 ul
propidium iodide (BD Biosciences). Cells were incubated
for 15 min at 25° in the dark. The same number of cells
was employed for DiOCg(3) staining; 20 ul 8 um
DiOC¢(3) was added, followed by incubation for 10 min.
Samples were analysed on a FACSCalibur™ running CELL-
QUEST-PRO® programs (BD Biosciences).

Flow cytometric analysis

Follicular DCs at passages 4-9 were used in experiments.
For FACS analysis, FDCs were collected using Enzyme-
free Cell Dissociation Solution (Specialty Media, Philips-
burg, NJ). All FACS staining for surface CD14, CD44,
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CD54 and CD106 detection was performed as follows.
Briefly, cells were washed in cold FACS buffer [0-05% (v/
v) FCS, 0:01% (w/v) NaNj in phosphate-buffered saline]
and subsequently incubated with the appropriate concen-
tration of anti-CD14, anti-CD44, anti-CD54 or anti-
CD106 mAbs for 15 min at 4°. After washing with cold
FACS buffer, cells were fixed in 1% (v/v) paraformalde-
hyde. Subsequently, samples were analysed on a FACSCal-
ibur™ running CELLQUEST-PRO® program (BD Biosciences).

LUMINEX assay

Follicular DCs at passages 4-9 were seeded at 2 x 10* cells/
well in 24-well plates. The next day, the medium was chan-
ged and a combination of reagents was added as indicated
in the legend to Fig. 4. The concentration of each reagent
was as follows: anti-IL-15 mAb (100 ng/ml), mouse IgGl
(100 ng/ml), GC-B cells (2 x 10° per well), TNF-« (10 ng/
ml), IL-2 (30 U/ml), IL-4 (50 U/ml) and CD40L (100 ng/
ml). GC-B cells were removed after 12 hr by gentle pipett-
ing until most of the GC-B cells disappeared under inverted
microscopy. The efficiency of the removal was validated by
comparing the total cell number of collected GC-B cells
with that of GC-B cells in the control culture. After remov-
ing GC-B cells by centrifugation, the supernatant was
returned to the original wells. Then cells were cultured for
an additional 24 hr, supernatants were harvested by centri-
fugation at 16 000 g for 5 min and stored at —70° for
LUMINEX analysis (Rules Based Medicine, Austin, TX).

Results

IL-15 enhances FDC recovery

In the previous report, we showed that IL-15 on the sur-
face of FDCs strongly enhanced the proliferation of GC-B
cells.”> We also suggested a possible autocrine effect of
IL-15 on FDCs per se. To evaluate the effect of IL-15 on
FDCs, we first examined the FDC recovery in the pres-
ence of the exogenous IL-15 by counting viable cell num-
bers in the culture for 3 days. The number of FDCs
cultured with 100 ng/ml of IL-15 increased approximately
two-fold compared with the control (Fig. la). In addition,
the number of recovered cells decreased, in a dose-depen-
dent manner, when three different anti-IL-15 blocking
antibodies (M110, M111, M112)"*3%%7 were added to the
FDC culture (Fig. 1b). These results strongly suggest that
IL-15 increased cell recovery of cultured FDCs in an auto-
crine fashion.

FDCs express IL-15R components for signal
transduction

As IL-15 enhanced the FDCs proliferation, we examined
whether FDCs had the components necessary for IL-15

© 2010 Blackwell Publishing Ltd, Immunology, 130, 536-544
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Figure 1. Interleukin-15 (IL-15) increases follicular dendritic cell
(FDC) recovery. (a) 1 x 10* FDCs were cultured for 4 days in 24-
well plates either with or without additional IL-15. Cells were har-
vested and viable cells were counted by the trypan blue exclusion
assay. Numbers of cells are represented as a relative value with the
control sample set to 1. Results are expressed as the mean of relative
cell numbers * standard deviation (SD) of two independent experi-
ments. (b) 1 x 10* FDCs were cultured for 3 days with 1, 3, 10 or
30 ug of anti-IL-15 monoclonal antibody (M110, M111, or M112),
or control immunoglobulin G. Cells were harvested and counted on
day 3. Absolute cell numbers from each antibody treatment are indi-
cated on the graph at each concentration. Each antibody is repre-
sented by a different symbol.

signal transduction. The IL-15 binds strongly to IL-15R
through IL-15Ra, a component for the specific binding,*®
and transmits signals through IL-2RA* and IL-2Ry.”°
Although FDCs express the high-affinity receptor compo-
nent, IL-15Ra, " it is not known whether FDC express the
signal transduction components of IL-15Rs. Hence, we
determined the expression of the other receptor compo-
nents, IL-2Rf and IL-2Ry by RT-PCR. The transcripts for
IL-2Rf and IL-2Ry were detected in the three human pri-
mary FDCs as well as in GC-B cells, which were included
as a positive control. In agreement with previous
reports,"”’ messenger RNA for IL-15Ra was not detected
in GC-B cells (Fig. 2a).

© 2010 Blackwell Publishing Ltd, /mmunology, 130, 536-544
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The signal transduction function of IL-15R was further
determined by the blocking experiments as follow. After
FDCs were cultured with anti-IL-2Rff mAb for 3 days, the
number of recovered cells was 40% less than the number
of cells obtained after culture with control IgG (Fig. 2b).
Under the same conditions, the number of recovered cells
in the presence of anti-IL-15 antibody, decreased by 60%.
These results suggest that human FDCs contain all IL-15R
components required for the IL-15 signalling.

IL-15 enhances FDC proliferation

To identify the mechanism involved in the IL-15-medi-
ated increase in cultured FDC recovery, we analysed cell
division profiles by CFSE labelling. When CFSE-stained
FDCs were cultured with anti-IL-15 mAb, the number of
recovered cells decreased by 60% compared with that
of control IgG-treated cells, which was comparable to that
of the unstained blocking experiment (Fig. 3b). In cell
division analysis by CFSE labelling, CFSE intensity was
reduced as cell division progressed at day 3. However, the
downshift of CFSE intensity was evidently reduced in
FDCs cultured with anti-IL-15 mAb rather than in FDCs
cultured with control IgG (Fig. 3a). This result suggests
that blocking of the IL-15 signal retards cell division.
There was no significant difference in apoptosis between
cells cultured with anti-IL-15 antibody or control IgG as
determined by Annexin V and DiOCg(3) (Fig. 3¢,d).
These results imply that the increase in recovery of cul-
tured FDCs by IL-15 is mainly through enhancement of
cell proliferation, although contribution of proapoptotic
mechanism cannot be excluded entirely.

Anti-IL-15 decreases FDC secretion of chemokines

To investigate whether IL-15 had effects on FDC function
other than the cellular proliferation, we examined the
amounts of secreted cytokines in FDC culture medium in
the presence or absence of IL-15 signalling using the
LUMINEX assay. We designed a co-culture system
whereby FDCs were grown with GC-B cells.>'® We
included various controls (as indicated in Fig. 4a) to
focus exclusively on the effect of IL-15 on FDCs under
stimulation by GC-B cells. The FDCs and GC-B cells were
co-cultured overnight (12 hr) to permit cell-cell interac-
tion. Next, GC-B cells were removed, to minimize possi-
ble consumption of FDC factors by GC-B cells, TNF-«
instead of GC-B cells were added in one control experi-
ment set. This control was used to ascertain the factors
produced by FDCs, and to distinguish such components
from any contaminating factors secreted by GC-B cells.
An additional control, with cytokines IL-2, IL-4 and
CD40L, was included to eliminate possible direct effects
attributable to these cytokines. These cytokines are essen-
tial for GC-B-cell co-culture because they are required for
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Figure 2. Expression of interleukin-15 (IL-15) receptors in primary follicular dendritic cells (FDCs) and reduction in FDC recovery by anti-IL-15
and anti-IL-2Rf treatment. (a) Expression of three components of the IL-15 receptor (IL-15Rax, IL-2Rf and IL-2Ry) was examined by reverse
transcription—polymerase chain reaction of messenger RNA from three different human primary FDCs (FDCI, FDC2, FDC3) and freshly isolated
GC-B cells. (b) 0-5 x 10* FDCs were cultured for 3 days in 24-well plates with 10 ug/ml of anti-IL-15, anti-IL-2Rf, or control immunoglobulin
G (IgG). Cells were counted on day 3 by the trypan blue exclusion assay. Data are presented as the mean of relative cell numbers = SD of four
independent experiments.
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Figure 3. Anti-interleukin-15 (IL-15) monoclonal antibody suppresses the proliferation of follicular dendritic cells (FDCs). (a) The FDCs were
labelled with carboxyfluorescein succinimidyl ester (CFSE). After 3 days, the CFSE intensity was measured using a FACSCalibur™ and analysed
on rLowjo software. (b) FDC recovery was diminished by anti-IL-15 administration when cells were stained with CFSE. (¢, d) FDCs cultured
with anti-IL-15 or control immunoglobulin G (IgG) were stained with allophycocyanin (APC) -conjugated Annexin V and propidium iodide
(PI) (c) or DiOCg(3) (d). Apoptotic cells were analysed using a FACSCalibur™. There was no significant difference between the control and
anti-IL-15-treated groups.

survival of cultured GC-B cells. The TNF-o control con-
tained the same amount of IL-2, IL-4 and CD40L cyto-
kines, to permit a direct comparison. The ‘medium-only’
control set baseline values for the experiment. The TNF-
o, produced from B cells, is known to induce changes in
both cytokine and surface molecule expression in
FDCs.”'™>® Both the FDC and GC-B-cell co-culture, and
the TNF-o control, showed an increase in the concentra-
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tions of IL-6 and IL-8 cytokines in the culture medium,
and an enhanced surface expression of CD54 (ICAM-1),
when compared with the cytokine-only or medium-only
controls (Fig. 4a). Of note, the amount of IL-16 and
CCL21 was increased only by the GC-B-cell co-culture,
but not by the additional TNF-o (Fig. 4a), which showed
that there are other factors affecting the secretion of cyto-
kines from FDCs than TNF-o in GC-B co-culture. These

© 2010 Blackwell Publishing Ltd, Immunology, 130, 536-544
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Figure 4. Anti-interleukin-15 (IL-15) mono- IL-2, IL-4, CD4
clonal antibody (mAb) -mediated changes in Medium only
cytokine secretion levels in media from follicu-
lar dendritic cells (FDCs). The FDCs were (b) 4
seeded in 24-well plates (2 x 10* cells/well)

1

and anti-IL-15 mAb, or control immunoglobu-
lin G (IgG), with GC-B cells or tumour necro-
sis factor-oo (TNF-o), was added. GC-B cells (if
present) were removed after 12 hr and the

1

1
supernatants were returned to the original

wells. Supernatants were harvested after an
additional 24 hr and analysed by LUMINEX
assay. (a) Expression levels of IL-6, IL-8, IL-16
and CCL22 in supernatants and CD54 (ICAM-
1) on the surface of FDCs cultured with GC-B,
and controls. IL-2, IL-4, and sCD40L were
added to maintain GC-B-cell survival in the
culture system. The cytokine-only (IL-2, IL-4
and sCD40L) control was included to exclude
possible cytokine effects on FDCs. The
amounts of IL-6 IL-8, IL-16 and CCL22 were
measured with the LUMINEX assay. Values
represent the concentration of each cytokine

Relative to control Ab (%)

—
)

1

1
(pg/ml) in the culture media. Expression of
CD54 (ICAM-1) was measured by fluores-
cence-activated cell sorting analysis and is rep-

1

1
resented by the mean fluorescence intensity

(MFI). <LOW> values reflect samples below
the range measurable by the LUMINEX assay.
(b, ¢) Relative amount of secreted chemokines
(b) and cytokines (c) when IL-15 antibody was

Relative to control Ab (%)

present, shown as a percentage of the amount
when the corresponding control IgG was pres-
ent. Each experiment with GC-B cells or TNF-
o was duplicated. Data are presented at the
mean of relative cell numbers + SD.

results suggested that the co-cultured GC-B cells appeared
to be more physiological than additional TNF-o alone
and provide sufficient FDC-stimulating factors Hence,
co-culture of FDCs and GC-B cells is useful for the study
of FDC function in vitro.

We employed this system to investigate the effect of
anti-IL-15 antibody on the secretion of cytokines from
FDCs. Secretion of some chemokines, such as CCL-2,
CCL-5, CXCL-5 and CXCL-8, was significantly reduced
when anti-IL-15 mAb was added to the culture medium
(Fig. 4b). However, other cytokines, including CCL-4,
CCL-11, granulocyte-macrophage colony stimulating fac-
tor and vascular endothelial growth factor were not
affected. These data suggest that blocking by anti-IL-15
antibodies has a selective effect on secretion, of particular
chemokines, rather than causing a general non-specific
suppression of FDC function (Fig. 4c).
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Growth factors

Anti-IL-15 did not alter the FDC surface expression
levels of CD14, CD44, CD54 (ICAM-1) or CD106
(VCAM-1)

CD14, CD44, CD54 (ICAM-1) and CD106 (VCAM-1) are
some of the major surface molecules that play important
roles in the cellular interactions between GC-B cells and
FDCs.° We therefore investigated the effect of blocking of
the IL-15 signal on FDC surface expression of CD14,
CD44, CD54 (ICAM-1) and CD106 (VCAM-1) via FACS
analysis. However, the expression of these surface proteins
was not altered by anti-IL-15 mAb treatment (Fig. 5).

Discussion

During GC formation, stromal cells in primary follicles
proliferate rapidly and differentiate into FDCs.° Both
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Figure 5. The surface expression levels of CDI4, CD44, CD54
(ICAM-1) and CD106 (VCAM-1) are unchanged by anti-interleukin-
15 (IL-15) monoclonal antibody (mAb) addition. Follicular dendritic
cells (FDCs) were stained with the corresponding phycoerythrin-con-
jugated antibodies and analysed by fluorescence-activated cell sort-
ing.

TNF-o and LT from GC-B cells have been considered
essential soluble factors for FDC development because
genetically engineered TNF-a-knockout and LT-knockout
mice are defective in GC formation. However, a number
of gene-knockout mouse studies do not distinguish
between FDC development in primary B-cell follicles
rather than in the GC.° Therefore, a proliferation assay
with in vitro culture of human primary FDCs could be a
plausible system with which to investigate the FDC
development during the mature GC formation. Although
in vitro culture of human primary FDCs has been
established, and studied for decades, only a few prolifera-
tion factors, including TNF-oo and IL-1f, have been
identified.”>

Previously, we demonstrated that IL-15 expressed in
human tonsillar FDCs enhanced the proliferation of GC-
B cells."” The function of IL-15 has not been extensively
studied in FDCs because there is little difference in the
humoral immune response of genetically modified
mice.”>” We therefore investigated the biological func-
tion of IL-15 on human FDCs. In the present study, we
examined the functional role of IL-15 in FDCs using
human primary FDCs. First, we found that the addition
of IL-15 enhanced recovery of the FDC proliferation in
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cultures and that the addition of anti-IL-15 antibody
reduced the recovery of cultured FDCs. The FDCs have
the IL-15R components necessary for signal transduction
by IL-15, as well as IL-15 binding. These observations
strongly suggest that IL-15 plays a functional role in
FDCs.

Interestingly, the effect of IL-15 in increasing the recov-
ery of cultured FDCs is mainly attributed to enhanced
proliferation rather than protection from apoptosis, as
determined by CFSE labelling. Previously, we demon-
strated that IL-15 enhanced GC-B-cell proliferation and
that the amount of IL-15 on the surface of FDCs was
increased by co-culture with GC-B cells. Together, these
results suggest the existence of a strong positive-feedback
loop, using IL-15 as a common trophic signal, in early
GC development. Once IL-15 signalling is induced, prolif-
eration of GC-B cells and FDCs is augmented, and the
amount of IL-15 per se will be dramatically amplified by
reciprocal signalling between the cells. Given the urgency
of generation and production of protective high-affinity
antibodies in case of infection, this sharing of common
pro-proliferative cytokines, by both functional GC-B cells
and microenvironmental stromal cells, FDCs, may be
advantageous for the timely development of the GC reac-
tion. Moreover, proliferation of FDCs is thereby coupled
to antigen-specific proliferation of GC-B cells, augment-
ing the selective generation of GC-B cells with high-affin-
ity B-cell receptors for antigen.

Interleukin-15 does not have a significant effect on the
apoptosis of FDC in our in vitro culture model (Fig. 3¢) in
contrast to previous reports on the anti-apoptotic effects
of IL-15 in various cells.***®*” The reported anti-apoptotic
effects were measured in the presence of strong apoptotic
signals, including stimulation of other surface molecules
by anti-Fas, TNF-a, anti-CD3 and IgM, or use of toxic
chemicals. In contrast, we examined the effect of IL-15 in
the absence of apoptotic inducers, which may be more rel-
evant to the early GC reaction in vivo. We attempted to
induce apoptosis of FDCs using anti-Fas antibody or TNF-
o to investigate an anti-apoptotic function of IL-15 on
FDCs; however, apoptosis was not detected in freshly
isolated FDCs (C-S. Park, unpublished data). Therefore,
although an anti-apoptotic effect of IL-15 on FDCs under-
going apoptosis during the GC response®® cannot be
excluded, the major role of IL-15 in the developing GC is
to enhance proliferation of both FDCs and GC-B cells.

Another important question regarding the function of
IL-15 on FDCs is whether IL-15 is involved in FDC differ-
entiation. One of the major obstacles in FDC research has
been the lack of a reliable, functional, experimental sys-
tem. For instance, it is difficult to distinguish between any
changes in FDCs from those of other cellular components
of the GC reaction, using a genetically modified mouse
model. Immunohistochemical analysis has limitations
because such analysis cannot be used to measure func-
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tional changes. In vitro culture experiments are a plausible
alternative. However, the culture experiments also have
limitations, including the possible loss of functional com-
petency during in vitro culture. The FDCs needs various
factors from GC-B cells to develop and to maintain their
function. To compensate for these problems, we designed
a culture protocol to mimic in vivo functional FDCs by
co-culturing primary human FDCs with GC-B cells.
Hence, signals from GC-B cells essential for FDC func-
tion'®*® are provided in our experimental model. The
TNF-a control set is included for two purposes. First, to
validate the efficacy of in vitro cultured GC-B cells as FDC
stimulators by comparing them with that of TNF-o. GC-B
cells stimulated FDCs to enhance the expression of the
cytokines and the adhesion molecules as much as TNF-«
did (Fig. 4a). The enhanced secretion of IL-6 and IL-8 and
elevated surface expression of ICAM-1 by TNF-« treat-
ment in our experiment (Fig. 4a) is consistent with previ-
ous reports.”’™ In addition, GC-B cells can induce
secretion of IL-16 and CCL22, which were not increased
by the TNF-o. This suggests that GC-B cells produced
more factors stimulating the FDCs other than TNF-a.
Together, the results in Fig. 4(a) indicate that our co-cul-
ture system is a useful in vitro model to investigate the
function of FDCs. The second purpose is to ensure that
the change of IL-15 blocking originated from FDC not
from GC-B cells. The co-culture experiment has its own
limitations. Testing anti-IL-15 can affect stimulator GC-B
cells not only FDCs, resulting in the alteration of cytokine
profiles in the culture supernatant as the result of contam-
inating GC-B cell factors, and because of FDC factor con-
sumption by GC-B cells. We can determine the exclusive
effect of the change of the cytokine profile of IL-15 on
FDC in the co-culture experiment by comparing the result
with that of the TNF-o set because FDC is the only cellu-
lar component in the TNF-a set. For this reason, we only
included the secreted factors augmented by both GC-B co-
culture and TNF-uo addition for the analysis in Fig. 4(b,c).

In Fig. 4(b), we suggest that IL-15 signalling is neces-
sary for the increased production of some chemokines.
However, it is not definite whether IL-15 alone is suffi-
cient to the increased production of those cytokines.
Interleukin-15 can be a co-factor of GC-B-cell factors
because there are other GC-B-cell factors including TNF-
o in our co-culture experiments. Alternatively, increased
amounts of surface IL-15 per se can be sufficient for aug-
mented production of the cytokines because IL-15 expres-
sion on the surface of FDCs is increased remarkably upon
co-culturing with GC-B cells or addition of TNF-o."* The
effect of IL-15 blocking without GC-B-cell factors cannot
be determined effectively in our system because very low
or undetectable amounts of cytokines are produced in
cultured FDCs without stimulation.

Interestingly, the altered production of CCL-2, CCL-5
and CXCL-8 by blocking of IL-15 signalling corresponds
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well with findings from earlier studies, which reported
that IL-15 increased production of these chemokines
from human T cells and monocytes.””®® There are also
reports that IL-15 is a potent inducer of chemokines
involved in chemotaxis in other cellular systems.*>®'~
Further investigation of the functional roles of these
chemokines produced by FDCs with IL-15 may provide
important clues regarding development of the GC reac-
tion.

Protective immune responses against an invading path-
ogen are a race against time.”* The rapid expansion of
GC should be accompanied by a comparable fast develop-
ment of FDCs, as well as timely recruitment of other cel-
lular constituents. In this report, we have demonstrated
that IL-15 plays an important role in supporting FDC
proliferation and in the production of certain chemokines
by FDCs. These findings suggest that IL-15 is one of the
key factors in the production of protective antibodies by
stimulating rapid GC formation, offering a potential tar-
get for immune modulation.
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