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Abstract

The presence of Langhans giant cells (LGCs) is one of the signatures of systemic granulomatous
disorders such as tuberculosis and sarcoidosis. However, the pathophysiological mechanism leading
to LGC formation, especially the contribution of the T cells abundantly found in granulomas, has not
been fully elucidated. To examine the role of T cells in LGC formation, a new in vitro method for the
induction of LGCs was developed by co-culturing human monocytes with autologous T cells in the
presence of concanavalin A (ConA). This system required close contact beiween monocytes and

T cells, and CD4+ T cells were more potent than CD8+ T cells in inducing LGC formation. Antibody
inhibition revealed that a CD40-CD40 ligand (CD40L) interaction and IFN-y were essential for LGC
formation, and the combination of exogenous soluble CD40L (sCD40L) and IFN-y efficiently replaced
the role of T cells. Dendritic cell-specific transmembrane protein (DC-STAMP), a known fusion-related

molecule in monocytes, was up-regulated during LGC formation. Moreover, knock-down of
DC-STAMP by siRNA inhibited LGC formation, revealing that DC-STAMP was directly involved in
LGC formation. Taken together, these resulis demonstrate that T cells played a pivotal role in a new
in vitro LGC formation system, in which DC-STAMP was involved, and occurred via a molecular
mechanism that involved CD40-CDA4OL interaction and IFN-y secretion.

Keywords: concanavalin A, granuloma, multinucleated giant cell

Introduction

Granuloma formation is a specialized inflammatory response
observed in infections by certain pathogens such as Myco-
bacterium and Cryptococcus (1, 2). Granulomas are also
found in immunodeficient conditions such as chronic granu-
lomatous disease (CGD) (8). In addition, this response is
a pathological hallmark of non-infectious idiopathic inflam-
matory disorders including systemic sarcoidosis and Blau
syndrome/early-onset sarcoidosis (BS/EOS) (4-7). Granulo-
mas consist of various cell types including macrophages,
T cells, plasma cells and epithelioid cells, but the presence
of multinucleated giant cells (MGCs) is the cardinal feature
of granulomatous inflammation (1, 4). Granuloma formation
is generally considered a host defense mechanism against
persistent irritants or chronic infection and occurs as a con-
sequence of the failure of the host to eliminate invading
pathogens. When the irritants are large and indigestible,
MGCs are formed by the fusion of monocyte-macrophage
lineage cells (1, 4, 8). However, the pathophysiological
mechanism of MGC development and associated granuloma
formation is not well understood.

MGCs are morphologically classified into Langhans giant
cells (LGCs), which show a circular peripheral arrangement
of nuclei, and foreign body giant cells (FGCs), which show
irregular scattering of nuclei (9). LGCs are characteristic of
systemic granulomatous disorders such as tuberculosis,
sarcoidosis and BS/EOS, whereas FGCs are observed as
a consequence of a reaction against foreign bodies such as
an implant. To explore the mechanisms of MGC formation,
particularly LGC formation in systemic granulomatous dis-
ease, several in vitro systems of human monocyte culture
have been developed. These involve the use of stimuli such
as phorbol myristate acetate (10-12) and lectins such as
concanavalin A (ConA) to induce LGCs (13, 14). However,
a considerable degree of concurrent FGC formation is
observed in systems that employ ConA.

Cytokines are also used to induce MGCs. For example,
IFN-y (15-19), IL-3 (15, 18, 19) and granulocyte macro-
phage colony-stimulating factor (15) are frequently used to
induce LGCs, while IL-4 is known to induce FGCs (15,
20-23). Notably, IFN-y has been regarded as a crucial factor
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for LGC formation because LGC formation is inhibited by
antibodies against IFN-y (24). However, the roles of other
factors and cell types in LGC development have not been
elucidated.

T cells are one of the main components of granulomas.
Therefore, the present study focused on T cells and investi-
gated their role in the development of LGCs. A novel system
was developed in which LGC-dominant MGCs could be
generated from freshly isolated monocytes co-cultured with
autologous T cells in the presence of ConA, and this system
was used to evaluate the role of the CD40-CD40 ligand
(CD40L) interaction and IFN-y in the formation of LGCs.
Moreover, the hypothesis that the stimulation of monocytes with
exogenous soluble CD40L (sCD40L), recombinant human IFN-y
(rhIFN-y) and ConA would be sufficient to induce monocyte
fusion into LGCs in the absence of T cells was investigated.
The findings of this study revealed a pivotal role for T cells
in LGC formation and suggest a new pathophysiological
mechanism contributing to LGC formation in granulomatous
disorders.

Methods

Reagents and antibodies

Blocking antibodies against human CD40 (clone 82102; an-
tagonistic antibody), CD40L, IFN-v, IL-12 and isotype control
IgG and rhil.-12 were purchased from R&D systems (Minne-
apolis, MN, USA). ConA, LPS and PMA were purchased
from Sigma Chemical Co. (St Louis, MO, USA). sCD40L was
kindly provided by Dr Ashish Jain (NIAID/NIH, Bethesda,
MD, USA) and also purchased from Adipogen (Incheon,
Korea). rhiFN-y was purchased from PeproTech (Rocky Hill,
NJ, USA). Inhibitory reagents JSH-23, BMS-345541, U0126,
JNK-inhibitor Il and SB-203580 were purchased from Calbio-
chem (San Diego, CA, USA).

Differentiation of MGCs from peripheral CD14+ monocytes

Blood was collected from healthy volunteer donors after in-
formed consent was obtained in accordance with the guide-
lines of the Institutional Review Board of Kyoto University.
PBMCs were isolated from whole blood using the Lympho-
prep system (Axis-Shield PoC, Oslo, Norway). PBMCs were
incubated with anti-CD14 microbeads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), and CD14+ cells were isolated
using an AutoMACS benchtop magnetic cell sorter according
to the manufacturer’s protocol (Miltenyi Biotec). Similarly,
CD3+, CD4+ and CD8+ cells were collected in a similar fash-
jon, using CD3, CD4 and CD8 beads (Miltenyi Biotec), re-
spectively. The purity of the isolated cells was >95%, as
demonstrated by flow cytometry using a FACS Calibur system
- (BD Biosciences, Franklin Lakes, NJ, USA). In some experi-
ments, CD3+ T cells were first depleted from PBMCs, and
CD14+ monocytes were isolated from the negative fraction
to obtain highly purified monocytes. (Contaminating T cells
comprised <0.5% of the total cell population.)

The isolated CD14+ monocytes were re-suspended at
a density of 100 000 cells per well in 48-well plates in RPMI-
1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan) con-
taining 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50
uM B-mercaptoethanol, 100 U mi~" penicillin and 100 pg mi™"

streptomycin. Cells were then cultured for 72 h with various
supplemental reagents as described in Results. At the end of
the culture period, cells were treated with Giemsa stain to de-
tect nuclei. MGCs were defined as cells with more than three
nuclei per cell, according to definitions established by previ-
ous studies (9-24).

The stained plates were examined under an Olympus IX70
microscope (Olympus, Tokyo, Japan) using a X20 or X10
objective lens with a X10 eyepiece, and the number of nu-
clei and MGCs in the representative area was counted. The
fusion index was calculated according to the following for-
mula: fusion index = (number of nuclei within MGCs)/(total
number of nuclei counted). More than 300 nuclei were
counted for each experiment. Images were acquired with an
Axio Cam camera (Carl Zeiss, Germany).

Enzyme-linked immunosorbent assay

The concentration of IFN-y in the culture supernatants was
measured by enzyme immunoassay using an OptEIA human
IFN-y ELISA set (BD Biosciences) according to the manufac-
turer’s instructions.

Immunohistochemistry

Immunohistochemical staining was performed using an indi-
rect immunofluorescent technique. Briefly, after fixation with
4% paraformaldehyde, the cells were incubated with
a mouse antibody directed against-human CD3 (BD Bio-
sciences), followed by incubation with an Alexa488-labeled
goat anti-mouse IgG (Invitrogen, Carlsbad, CA, USA). Cells
were then stained with DAPI (Sigma) and visualized with an
Olympus laser microscope IX70. Merged reconstruction
images were created using Axio Vision SP4 software (Carl
Zeiss).

Reverse transciption-PCR

RNA was extracted directly from culture plates using the
RNeasy mini kit (Qiagen, Hilden, Germany). After DNase
treatment, cDNA was obtained by reverse transcription
using the Omniscript RT system (Qiagen). Reverse transcrip-
tion (RT)-PCR was performed using TaKaRa LATaq (Takara,
Shiga, Japan) with the following primer pairs: 5'-GATTG-
GGTCAGCACTITITG-3" and 5'-CCTCCCAAGTGAATG-
GATTG-3’ for CD40L; 5'-GGGAGATTTACGTGTCTCCAAG-
3’ and 5'-GGGAGGACAACACCTCTGTG-3' for dendritic
cell-specific transmembrane protein (DC-STAMP); 5'-GCCA-
GCTGGGAGAGAAGG-3' and 5'-CCTGGTGGGACTTCTC-
CTG-3’ for triggering receptor expressed on myeloid cells 2
(TREM-2); 5'-TGGAACTCTGCCTCAGGATG-3' and 5'-ATCA-
CAGCCACTCCAAAAGG-3’ for dedicator of cytokinesis 180
(DOCK180); 5'-GGCAGAGAACCAGGTGAATG-3” and 5'-GG-
CATACTCCGTGTGGTTG-3' for signal regulatory protein
(SIRP) o; 5'-CGCAGATCGATTTGAATATAACC-3’ and 5'-GGA-

TTCTGTCTGTGCTGTCG-3' for CD44; 5'-CAAGAGCATCTTC-

GAGCAAG-3' and 5-TCCTGCTCAGGGATGTAAGC-3’ for
CD9; 5'-ATCTGGAGCTGGGAGACAAG-3' and 5'-CCTCAG-
TACACGGAGCTGTTC-3" for CD81; 5'-GAGACCGGTGA-

GCTGGATAG-3' and 5'-GCCGTCCTGGGTGTAGAGTC-3' for |

matrix metallopeptidase 9 (MMP-9) and 5'-AGGTGAAGGT-
CGGAGTCAAC-3' and 5'-ACCTGGTGCTCAGTGTAGCC-3’
for glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 1. Co-culture of human monocytes with autologous T cells induces LGC formation. (A) Photomicrographs of Giemsa-stained LGCs induced
by co-culture of monocytes and autologous T cells stimulated with ConA. The images show typical LGCs with a circular peripheral arrangement
of nuclei. (B-D) T cell-induced LGC formation depends on the ratio of T cells to monocytes. ‘Monocyte’ refers to the number of monocytes x 10°
and 'Tcell refers to the number of Tcells X 10°. Values represent (B) the mean fusion index calculated without distinguishing between monocytes
and T cells, (C) the mean total number of LGCs derived from 1 X 10° monocytes and (D) the mean number of nuclei per LGC. Error bars indicate
the standard mean of the error of the indicated ratio of monocytes to T cells stimulated with ConA (5 ug mi™") (n = 3 independent co-cultures).

SiIRNA transfection

Pre-designed siRNAs against DC-STAMP or control siRNAs
(Applied Biosystems, Carlsbad, CA, USA) were transfected
into newly isolated CD14+ cells using Lipofectamine RNAI-
MAX (Invitrogen) according to the manufacturers’ instruc-
tions. Additional transfections were performed after 12 and
24 h of culture.

Western blotting

Antibodies against phospho-(p)-ERK1/2, ERK1/2, p-JNK,
JNK, p-p38, p38, p-p65 and p65 were purchased from Cell
Signaling Technology (Danvers, MA, USA). Isolated CD14+
cells were incubated without stimulation for 2 h, followed by
stimulation with ConA, rhiFN-y, sCD40L and LPS for 1 h.

The harvested cells were lysed with RIPA buffer (50 mM
Tris-HCI, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS and 1 mM orthovanadate) containing a prote-
ase inhibitor cocktail (Nacalai, Kyoto, Japan). Equal amounts
of total protein were resolved on SDS-polyacrylamide gels
and transferred onto Immobilon PVDF membranes (Millipore,
Billerica, MA, USA). The membranes were treated with
blocking buffer (10 mM Tris-HCI, 150 mM NaCl, 0.1%
tween-20, 0.05% NaN3 and 1% FBS) and then incubated
overnight with primary antibody. The membranes were then
incubated for 1 h with an HRP-conjugated goat anti-rabbit
secondary 1gG (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and developed with ECL Plus Western blotting detec-
tion kit (GE Healthcare, Uppsala, Sweden).
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Fig. 2. IFN-y is required for LGC formation in the co-culture of human
monocytes and autologous T cells. (A) An antibody against IFN-y
abrogated LGC formation by the co-culture of monocytes and
autologous T cells stimulated with ConA (2.5 ng mi~"). The ratio of
monocytes to T cells was 1:1. ‘Iso’ refers to the isotype control.
(B) Addition of rhIFN-y to the co-culture of monocytes and autologous
T cells stimulated with ConA enhanced LGC formation. Values
represent the mean fusion index, and error bars indicate the standard
mean of the error (n = 3 independent co-cultures).

Statistical analysis

Statistical analysis was performed by applying the Student's
ttest, and a P value of <0.05 was considered to be significant.

Resulis

Co-culturing human monocytes with autologous T cells
induces LGC formation

LGCs in granulomas are a specific indication of systemic
granulomatous disorders. The observation that T cells are
one of the main constituents of granulomas led to the hy-
pothesis that T cells may play a key role in LGC formation.
To understand the pathophysiology underlying LGC forma-
tion, a new in vitro LGC formation system was developed
using human monocytes and T cells. When freshly isolated
peripheral blood monocytes were co-cultured with autolo-
gous T cells under ConA stimulation, LGCs formed within
3 days (Fig. 1A, left), while very few FGCs were detected
(Fig. 1A, right). LGC formation, as measured by the fusion
index, as well as the number of LGCs per monocyte and
the number of nuclei per LGC, increased along with the
number of co-cultured T cells, peaking at a monocyte:T cell
ratio of 1:1 (Fig. 1B-D).

IFN-y is required for LGC formation in the co-culture of human
monocytes and autologous T cells

The cytokine IFN-y, which is reported to be critical in LGC
formation (15-19, 24), was detected in the supernatants of
the ConA-stimulated co-cultures (data not shown). The addi-
tion of a neutralizing antibody against IFN-y to the co-culture
system resulted in a dose-dependent inhibition of LGC for-
mation (Fig. 2A). Furthermore, exogenous addition of rhIFN-
v accelerated LGC formation in a dose-dependent manner
(Fig. 2B). These results show that IFN-y is important in LGC
formation in this co-culture system of human monocytes and
autologous T cells.

Close contact between monocytes and T cells is required for
LGC formation

ConA-stimulated T cells secrete several cytokines and up-
regulate the expression of surface molecules that can
stimulate nearby cells. Notably, differentiated LGCs were
surrounded by CD3+ T cells (Fig. 3A), suggesting that direct
contact between monocytes and T cells also contributed
to LGC formation. The separation of T cells and monocytes
by a semipermeable membrane reduced LGC formation
(Fig. 3B).

We next co-cultured monocytes with either CD4+ or CD8+
T cells and assessed whether these two T cell subtypes dif-
fered in their ability to induce LGC formation. At every
T cell-to-monocyte ratio tested, CD4+ T cells induced LGCs
more efficiently than an equivalent number of CD8+ T cells
(Fig. 3C). Since IFN-y was required for LGC formation, the
IFN-y concentration was measured in the supernatants of
the various culture conditions. The co-cultures with CD4+
T cells contained more IFN-y than cultures with CD8+ T cells
(Fig. 3D). However, the exogenous addition of rhIFN-y to
co-cultures with CD8+ T cells did not enhance LGC forma-
tion to the levels observed with CD4+ T cells (Fig. 3E). These
results showed that factors other than IFN-y, potentially
surface molecules preferentially expressed on CD4+ T cells,
are required for the efficient formation of LGCs in this
system.

The CD40-CD40L axis is necessary for LGC formation

A literature search for differentially expressed surface molecu-
les between CD4+ and CD8+ T cells in the expression profiles
of activated human T cells (25) identified tumor necrosis fac-
tor super family 5 (TNFSF5 or CD40L) as a candidate mole-
cule affecting LGC formation. The preferential expression of
CD40L by CD4+ cells was confirmed in our co-culture system
(Fig. 4A). To evaluate whether CD40L was indeed important
in LGC formation, antibodies that disrupt the CD40-CD40L
interaction were added to the co-culture. Blocking antibodies
against CD40 and CD40L inhibited LGC formation in a dose-
dependent manner (Fig. 4B). Furthermore, exogenous
addition of sCD40L to the co-culture system enhanced LGC
formation in a dose-dependent manner (Fig. 4C).

The importance of IFN-y and CD40-CD40L axis in LGC
formation suggested that IL-12 might contribute to LGC
formation in this co-culture system since IL-12 is produced
by monocytes in response to CD40 ligation and causes
T cells to produce IFN-y (26). The blocking antibody
against IL-12 failed to inhibit LGC formation (Fig. 4D), al-
though the exogenous addition of rhiL-12 to the co-culture
system enhanced LGC formation (Fig. 4E). CD40 ligation
also enhanced LGC formation in the presence of anti-lL-12
antibodies (Fig. 4D). Interruption of the CD40-CD40L inter-
action as well as the neutralization of IFN-y abrogated LGC
formation even in the presence of exogenous IL-12 (Fig.
4E). These data together indicate that the mechanisms
through which CD40/CD40L and IFN-y enhance LGC for-

mation under the co-culture conditions employed in this |

study are mostly IL-12 independent, although IL-12 may
enhance the LGC formation process when it is present in
a high concentration.
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Fig. 3. Direct contact between monocytes and T cells is required for LGC formation. (A) Immunohistochemical staining of LGCs. Co-cultured
cells were stained with an antibody against CD3 (green), and nuclei were stained with DAPI (blue). (B) A semipermeable membrane between the
monocytes and Tcells (1:1 ratio) stimulated with ConA (2.5 pg mi™") abrogated LGC formation. Nuclei were distributed in a circular pattern in the
absence of the semipermeable membrane (upper left), whereas this distribution was disturbed in the presence of the membrane (upper right).
The mean fusion index of the cultures are shown, and error bars indicate the standard mean of the error (n = 3 independent co-cultures) (bottom).
(C) CD4+ T cells induced LGCs more efficiently than CD8+ T cells. ‘Monocyte’ refers to the number of monocytes X 10°, and ‘T cell’ refers to the
number of Tcells X 10°. Values represent the mean fusion index calculated without distinguishing between monocytes and Tcells, and error bars
indicate the standard mean of the error of the indicated ratio of monocytes to T cells stimulated with ConA (5 ug mi™") (n = 3 independent co-
cultures). (D) CD4+ T cells produced more IFN-y than CD8+ T cells. The data show the results of triplicate ELISAs for IFN-y concentration in the
supernatants of the experiment shown in Fig. 3(C). Error bars indicate the standard mean of the error of three independent cultures. (E) Addition
of rhiFN-y to the co-culture of monocytes with CD8+ T cells did not enhance LGC formation to the degree observed with CD4+ T cells. The culture
condition was the same as Fig. 3(C and D), and the ratio of monocytes to T cells was 1:0.2. Values represent the mean fusion index and error bars
indicate the standard mean of the error (n = 3 independent co-cultures).

T cells induce LGC formation by providing IFN-y and CD40
stimulation

To more specifically evaluate the role of T cells in inducing
LGCs, monocytes were cultured with either rhlFN-y or
sCD40L in the presence of ConA without T cells. The addi-
tion of rhiFN-y alone did not induce LGC formation from

LGC formation induced by stimulating cultured monocytes
with exogenous sCD40L and ConA required IFN-y.

Because monocytes do not produce large amount of IFN-y,
it was possible that contaminating T cells were the source of
IFN-y when monocytes were stimulated with exogenous
sCD40L and ConA. Indeed, when highly purified CD14+ cells

ConA-stimulated monocytes (Fig. 5A), suggesting that T-cell
factors besides or in addition to IFN-y were required to in-
duce the formation of LGCs. Stimulation with exogenous
sCD40L did induce monocytes to differentiate into LGCs
(Fig. 5B), indicating the necessity for an interaction between
T cell-derived CD40L and monocyte-expressed CD40.
Despite the fact that rhIFN-y alone had no effect on LGC for-
mation from ConA-stimulated monocytes in the absence of
T cells, IFN-y was required for LGC formation when mono-
cytes were co-cultured with autologous T cells under ConA
stimulation (Fig. 2A). Furthermore, a blocking antibody
against IFN-y abrogated LGC formation by monocytes cul-
tured with sCD40L and ConA (Fig. 5C), indicating that the

were stimulated with exogenous sCD40L and ConA, signifi-
cantly less LGC formation was observed than in cultures
using crude monocytes (Fig. 5D). In addition, supplementing
the culture medium of highly purified monocytes with rhlFN-y
as well as exogenous sCD40L and ConA enhanced LGC for-
mation to the same extent that was observed when crude
monocytes were used (Fig. 5D). These results indicate that
IFN-y produced from T cells is required for the efficient
induction of LGCs.

The next hypothesis to be evaluated was that the stimula-
tion of highly purified monocytes with rhIFN-y and sCD40L
would be sufficient to induce LGC formation. However, this
was not the case; ConA was also required for LGC formation
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