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Abstract

 

IL-18 inhibits osteoclast (OCL) formation in vitro indepen-
dent of IFN-

 

g

 

 production, and this was abolished by the ad-
dition of neutralizing antibodies to GM-CSF. We now estab-
lish that IL-18 was unable to inhibit OCL formation in
cocultures using GM-CSF–deficient mice (GM-CSF 

 

2

 

/

 

2

 

).
Reciprocal cocultures using either wild-type osteoblasts
with GM-CSF 

 

2

 

/

 

2

 

 spleen cells or GM-CSF 

 

2

 

/

 

2

 

 osteo-
blasts with wild-type spleen cells were examined. Wild-type
spleen cells were required to elicit a response to IL-18 indi-
cating that cells of splenic origin were the IL-18 target. As T
cells comprise a large proportion of the spleen cell popula-
tion, the role of T cells in osteoclastogenesis was examined.
Total T cells were removed and repleted in various combi-
nations. Addition of wild-type T cells to a GM-CSF 

 

2

 

/

 

2

 

coculture restored IL-18 inhibition of osteoclastogenesis.
Major subsets of T cells, CD4

 

1

 

 and CD8

 

1

 

, were also indi-
vidually depleted. Addition of either CD4

 

1

 

 or CD8

 

1

 

 

 

wild-
type T cells restored IL-18 action in a GM-CSF 

 

2

 

/

 

2

 

 back-
ground, while IL-18 was ineffective when either CD4

 

1

 

 

 

or
CD8

 

1

 

 

 

GM-CSF 

 

2

 

/

 

2

 

 T cells were added to a wild-type co-
culture. These results highlight the involvement of T cells in
IL-18–induced OCL inhibition and provide evidence for a
new OCL inhibitory pathway whereby IL-18 inhibits OCL
formation due to action upon T cells promoting the release
of GM-CSF, which in turn acts upon OCL precursors. (

 

J.
Clin. Invest.

 

 1998. 101:595–603.) Key words: bone devel-
opment 

 

•

 

 cytokines 

 

•

 

 osteoblasts 

 

•

 

 spleen 

 

•

 

 T lymphocyte
subsets

 

Introduction

 

Bone remodeling involves the highly regulated coupling of re-
sorption and formation. Osteoclasts (OCL)

 

1

 

 are the principle
bone resorbing cells, whereas osteoblastic stromal cells are re-
sponsible for matrix deposition. A multitude of local and sys-

temic factors act directly or indirectly via other cell types to in-
fluence OCL differentiation and activation (1). The most
important cell types influencing OCL formation are those of
the osteoblast lineage (2) which promote this process by a con-
tact-dependent mechanism (3). The precise role of other cells,
such as T lymphocytes, in bone homeostasis is yet to be fully
elucidated. Postmenopausal osteoporosis has been linked with
variations in the ratio of T lymphocyte markers, CD4

 

1

 

/CD8

 

1

 

(4). However, subsequent studies have failed to show a signifi-
cant difference in T lymphocyte ratios between untreated os-
teoporotic postmenopausal women and nonosteoporotic post-
menopausal women (5, 6). The administration of cyclosporin
A, a T lymphocyte–mediated immunosuppressant, leads to
high bone turnover with resorption exceeding formation, re-
sulting in severe osteopenia in rat models (7). Furthermore, it
has been postulated that CD8

 

1

 

 T cells may be involved in os-
teoclastogenesis since depletion of this cell type results in in-
creased OCL formation (8).

IL-18 was isolated from activated murine macrophages and
Kupffer cells in response to toxic shock and shares functional
similarities with IL-12 (9). Human IL-18 acts to enhance pro-
duction of IFN-

 

g

 

 and GM-CSF in peripheral blood mononu-
clear cells (10), whereas production of T helper type 1 cyto-
kines, IL-2, GM-CSF, and IFN-

 

g

 

, are enhanced by IL-18
stimulation of human T cells (11). Interestingly, B cells stimu-
lated by IL-18 also produce significant quantities of IFN-

 

g

 

(12). Recently, we have shown that IL-18 was produced by os-
teoblastic stromal cells and inhibits OCL formation in a cocul-
ture system of mouse hematopoietic and primary osteoblastic
stromal cells (13). This action appeared to be mediated via
GM-CSF production, not IFN-

 

g

 

, since neutralizing antibodies
to GM-CSF were able to rescue IL-18–induced inhibition of
osteoclastogenesis.

This study has been designed to investigate the role of GM-
CSF in determining the response to IL-18 stimulation in cocul-
tures and the significance of T cells in OCL development.

 

Methods

 

Animals, cell lines, and drugs.

 

Newborn (0–1-d-old) C57/BL6J mice
(wild-type, WT) were purchased from Monash University Animal
Services Centre (Clayton, Australia). GM-CSF–deficient mice were
as published (GM-CSF 

 

2

 

/

 

2

 

) (14) and GM-CSF/IL-3/IL-5 

 

b

 

 chain re-
ceptor-deficient mice (GM-CSF R 

 

2

 

/

 

2

 

) were provided by Glenn
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1. 

 

Abbreviations used in this paper:

 

 GM-CSF 

 

2

 

/

 

2

 

, GM-CSF knock-
out; GM-CSF R 

 

2

 

/

 

2

 

, GM-CSF 

 

b

 

 chain receptor knockout; M-CSF,
macrophage colony-stimulating factor; OCL, osteoclast-like multinu-
cleated cells; TRAP, tartrate-resistant acid phosphatase; WT, wild-
type.
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Begley (Walter & Eliza Hall Institute of Medical Research, Austra-
lia) (15). 1

 

a

 

,25(OH)

 

2

 

D

 

3

 

 was purchased from Wako Pure Chemical
Co. (Osaka, Japan) and PGE

 

2

 

 was obtained from Sigma Chemical Co.
(St. Louis, MO). Recombinant mouse IL-18 and rabbit polyclonal
antibodies to mouse IL-18 were prepared as described (9). GM-CSF
and anti–mouse GM-CSF polyclonal antibody (

 

a

 

GM-CSF) were pur-
chased from R&D Systems (Minneapolis, MN). Bacterial collagenase
was obtained from Worthington Biochemical Co. (Freefold, Austra-
lia). Other chemicals and reagents were of analytical grade.

 

Coculture system.

 

Osteoblastic cells were prepared from the cal-
varia of newborn mice (WT, GM-CSF 

 

2

 

/

 

2

 

, or GM-CSF R 

 

2

 

/

 

2

 

) by
sequential digestion with 0.1% collagenase (Worthington Biochemi-
cal Co.) and 0.2% dispase (Godo Shusei, Tokyo, Japan). Spleen cells
were also obtained from each type of newborn mice by disaggrega-
tion through a wire sieve (3). Osteoblastic cells were cocultured with
spleen cells as described previously (3, 16). The expression of calcito-
nin receptors was also assessed by autoradiography using [

 

125

 

I]-
salmon calcitonin as described (3) and the OCL were tested for the
ability to resorb bone (17).

 

Murine GM-CSF ELISA.

 

A murine GM-CSF ELISA kit was
purchased from Endogen Inc. (Cambridge, MA) and used according
to the manufacturer’s instructions. Supernatants from the cocultures
were collected at two time points, days 3 and 7, and stored at 

 

2

 

70

 

8

 

C
immediately. Standards (250–10 pg/ml) were serially diluted in 

 

a

 

-MEM.
Coculture supernatants were not diluted before assay.

 

Methylcellulose cultures.

 

Bone marrow mononuclear cells were
obtained from the tibiae of 7–9-wk-old male C57/BL6J mice and re-
suspended at a concentration of 10

 

5

 

/ml in 

 

a

 

-MEM containing 0.88%

methylcellulose, 100 

 

m

 

M 

 

b

 

-mercaptoethanol, and 10% FCS. Marrow
cells (2

 

 3 

 

10

 

5

 

/dish) were cultured in 35-mm plastic petri dishes in the
presence of 50 ng/ml of recombinant human macrophage colony-
stimulating factor (M-CSF; kindly provided by Morinaga Milk Co.,
Kanagawa, Japan). After 6 d of culture, the petri dishes were thor-
oughly washed with 

 

a

 

-MEM to recover all the cells grown in the
methylcellulose. These cells were subsequently washed three times
in 

 

a

 

-MEM before resuspending in 

 

a

 

-MEM 

 

1

 

 10% FCS for coculture
with osteoblastic cells. According to the morphology of the cells and
staining with F4/80, the colonies induced by M-CSF were predomi-
nantly macrophages (

 

. 

 

95%), in agreement with previous studies
(18). A T cell–enriched fraction of mouse spleen cells was prepared
(high capacity mouse T cell recovery column kit; Cedarlane, Ontario,
Canada) according to the manufacturer’s instructions.

 

T cell depletion/repletion.

 

Total T cells were removed from spleen
cell preparations using mouse pan T (Thy 1.2) Dynabeads (Dynal,
Oslo, Norway) for the positive isolation or depletion of all T cell subsets.
Before incubation, the Dynabeads were washed twice in 

 

a

 

-MEM.
After disaggregation, spleen cells were resuspended at a concentra-
tion of 5

 

 3 

 

10

 

6

 

 cells/ml and mixed with Thy 1.2 precoated Dynabeads
for 1 h at 4

 

8

 

C on a rotating wheel. T cells were considered to comprise
30–40% of the spleen cell population (

 

z 

 

2

 

 3 

 

10

 

6

 

 cells/ml) and the
Dynabeads were added in a 10-fold excess (

 

z 

 

2

 

 3 

 

10

 

7

 

 beads/ml). Sub-
sets of T cells, CD4

 

1

 

 and CD8

 

1

 

, were also separated from the spleen
cells using Dynabeads mouse CD4 (L3T4) and Dynabeads mouse
CD8 (Lyt2), respectively, with 

 

.

 

 90% efficiency as determined by
FACS

 

®

 

 analysis. Each of the T cell subpopulations were assumed to
account for 50% of the total T cell population (or 15–20% of the

Figure 1. (A) OCL formation in cocultures 
of mouse spleen cells and osteoblastic cells 
with 1a,25(OH)2D3 (1028 M) and PGE2 
(1027 M) in the presence of increasing con-
centrations of IL-18 or GM-CSF. For nega-
tive and positive controls, cocultures were 
performed in the absence and presence of 
1a,25(OH)2D3 and PGE2, respectively. Af-
ter culture for 7 d, tartrate-resistant acid 
phosphatase (TRAP)-positive OCLs were 
counted. Each coculture was repeated five 
times in quadruplicate wells and expressed 
as the means6SEM. (B) OCL formation in 
cocultures of spleen cells and osteoblastic 
cells derived from C57/BL6J, GM-CSF
2/2, and GM-CSF R 2/2 mice, respec-
tively. Cocultures were performed in the 
presence of 1a,25(OH)2D3 and PGE2 and 
treated with IL-18 or GM-CSF. For nega-
tive and positive controls, cocultures were 
performed in the absence and presence of 
1a,25(OH)2D3 and PGE2, respectively. Af-
ter culture for 7 d, TRAP-positive OCLs 
were counted. Each coculture was repeated 
four times in quadruplicate wells and ex-
pressed as the means6SEM.
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spleen cell population). T cells were immunomagnetically separated
from the remaining spleen cells using a magnetic particle concentra-
tor (Dynal) and rinsed three times in 

 

a

 

-MEM to remove contaminating
spleen cells. The final T cell/Dynabead mix was resuspended in 

 

a

 

-MEM
for addition to the cocultures. Cocultures were established using vari-
ous combinations of primary osteoblasts, T cell–depleted spleen cells,
and T cells attached to the Dynabeads in the presence of test chemi-
cals as described above.

 

Results

 

OCL formation in cocultures from knockout and WT mice.

 

We have demonstrated previously that both IL-18 and GM-
CSF are potent inhibitors of OCL formation in the mouse
coculture system (13). Both IL-18 and GM-CSF dose-depen-
dently inhibit OCL formation with maximally effective con-
centrations of 10 and 0.1 ng/ml, respectively (Fig. 1 

 

A

 

). These
maximal doses were used in subsequent experiments unless
otherwise stated. Using neutralizing antibodies to GM-CSF,
we were able to rescue the IL-18 inhibition of OCL formation
(13), indicating that GM-CSF was a central component in the
action of IL-18 on OCL formation. To define the mechanism
of IL-18 and the cells responsible for eliciting IL-18 actions, we
used GM-CSF 

 

2

 

/

 

2

 

 and GM-CSF R 

 

2

 

/

 

2

 

 mice. Cocultures es-
tablished using primary osteoblasts and spleen cells from GM-
CSF 

 

2

 

/

 

2

 

 newborn mice, in the presence of 1

 

a

 

,25(OH)2D3 and
PGE2, formed OCL in equivalent numbers to the WT cocul-
tures (Fig. 1 B). However, in cocultures with GM-CSF 2/2 os-
teoblasts and spleen cells, IL-18 was no longer able to inhibit
OCL formation (Fig. 1 B), even at concentrations as high as
100 ng/ml (data not shown). Conversely, exogenous GM-CSF
was able to completely inhibit OCL formation at a concentra-
tion of 0.1 ng/ml as seen in the WT cocultures (Fig. 1 B). Inter-
estingly, IFN-g (50 U/ml) was also able to inhibit OCL forma-
tion in the GM-CSF 2/2 cocultures, in agreement with our
earlier findings that IL-18 acts independently of IFN-g (data
not shown). Cocultures with the primary osteoblasts and

spleen cells from the GM-CSF R 2/2 newborns were, like the
other coculture regimes, able to form OCL in the presence of
1a,25(OH)2D3 and PGE2. The addition of either IL-18 (10 ng/
ml) or GM-CSF (0.1 ng/ml) showed no effect on OCL forma-
tion, presumably due to the lack of a functional high-affinity
GM-CSF receptor (Fig. 1 B). These results demonstrated con-
clusively that IL-18 inhibited OCL formation via the produc-
tion of GM-CSF.

IL-18 target cells. To address the potential cellular tar-
get(s) of IL-18 within the coculture system, either GM-CSF 2/2
or GM-CSF R 2/2 mice were used in conjunction with WT
mice. Reciprocal cocultures were established using either WT
osteoblasts with spleen cells from deficient mice or osteoblasts
from deficient mice with WT spleen cells. Each of the four
coculture combinations formed OCL in the presence of
1a,25(OH)2D3 and PGE2 (Fig. 2, A and B). IL-18 inhibited
OCL formation in the presence of WT spleen cells and osteo-
blasts from either GM-CSF 2/2 or GM-CSF R 2/2 mice, yet
failed to show any inhibitory effect on OCL formation with
spleen cells from either GM-CSF 2/2 or GM-CSF R 2/2 mice
and WT osteoblasts (Fig. 2, A and B). Whereas the addition of
GM-CSF (0.1 ng/ml) completely inhibited OCL formation in
cocultures using either WT spleen or GM-CSF 2/2 spleen
(Fig. 2 A), this agent was unable to inhibit OCL formation
when GM-CSF R 2/2 hematopoietic cells were used as a
source of OCL precursors (Fig. 2 B). In the absence of GM-
CSF production or a functional receptor for GM-CSF in cells
of splenic origin, IL-18 was unable to inhibit OCL formation,
thus highlighting the spleen cell population as the target of
IL-18 action.

GM-CSF production in coculture. To confirm that IL-18
inhibited OCL formation in vitro by the production of GM-
CSF, a mouse GM-CSF ELISA was used to determine the con-
centration of endogenous GM-CSF secreted into the culture
media. Media from each of the coculture wells were collected
at days 3 and 7. In cocultures of GM-CSF 2/2 osteoblastic
cells and WT spleen, IL-18 induced GM-CSF production to a

Figure 2. (A) OCL formation in reciprocal cocultures of GM-CSF 2/2 osteoblastic cells with WT spleen or WT osteoblastic cells with GM-CSF 
2/2 spleen. Cocultures were performed in the presence of 1a,25(OH)2D3 and PGE2 and treated with IL-18 (10 ng/ml) or GM-CSF (0.1 ng/ml). 
For negative and positive controls, cocultures were performed in the absence and presence of 1a,25(OH)2D3 and PGE2, respectively. After
culture for 7 d, TRAP-positive OCLs were counted. Each coculture was repeated four times in quadruplicate wells and expressed as the 
means6SEM. (B) OCL formation in reciprocal cocultures of GM-CSF R 2/2 osteoblastic cells with WT spleen or WT osteoblastic cells with 
GM-CSF R 2/2 spleen. Cocultures were performed in the presence of 1a,25(OH)2D3 and PGE2 and treated with IL-18 or GM-CSF. For nega-
tive and positive controls, cocultures were performed in the absence and presence of 1a,25(OH)2D3 and PGE2, respectively. After culture for
7 d, TRAP-positive OCLs were counted. Each coculture was repeated three times in quadruplicate wells and expressed as the means6SEM.
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level of 55 pg/ml at day 3 and 150 pg/ml at day 7 as compared
with the control [1a,25(OH)2D3 and PGE2] measurements of
20 and 65 pg/ml, respectively. The levels of GM-CSF produced
in response to IL-18 stimulation equate with the concentration
of exogenous GM-CSF (100 pg/ml) required to inhibit OCL
formation (Fig. 1 A). Coculturing WT osteoblasts with WT
spleen led to the production of similar quantities of GM-CSF
in response to IL-18. However, when WT osteoblasts were
cocultured with GM-CSF 2/2 spleen cells, IL-18 was unable
to elevate GM-CSF levels beyond that of the control level,
, 20 pg/ml (Fig. 3). These data further illustrated the impor-
tance of the spleen cell population rather than the osteoblastic
cells as the target of IL-18 action as well as confirming that
the production of endogenous GM-CSF occurred in response
to IL-18.

IL-18 action on T cells. As T cells comprise 30–40% of the
spleen cell population, we investigated the role of T cells in
IL-18–induced inhibition of OCL formation. Using cocultures
of osteoblastic cells and mature macrophages isolated from
M-CSF–induced colonies in methylcellulose culture, OCL were
formed in the presence of 1a,25(OH)2D3 and PGE2, yet IL-18
(100 ng/ml) showed no inhibitory effects (Fig. 4 A). As both
bone marrow and spleen contain a significant number of T lym-
phocytes, T cells were extracted from mouse spleen using a
T cell recovery column. The addition of the enriched T cell
fraction was able to restore the inhibitory action of IL-18 (25
ng/ml) in these cocultures (Fig. 4 B). Although the T cell re-
covery column removed virtually all mouse B lymphocytes, the
monocyte/macrophage component of the spleen population
was not completely removed, thus it may contaminate the
T cell–enriched eluant. A definitive conclusion as to the target
cell of IL-18 could not be reached because of this potential
contamination. Subsequently, both nude mice and severe com-
bined immune deficient (SCID) mice were used in coculture
experiments, yet the addition of IL-18 was still able to inhibit
OCL formation, contrary to what would be expected in these
predominantly T cell–deficient mice (data not shown). Finally
we used mouse pan T Dynabeads for the depletion of total
T cells. These beads are precoated with a rat monoclonal anti-
body to the Thy 1.2 membrane antigen which is predominantly
expressed on peripheral T cells, thymocytes, and intraepi-
thelial T lymphocytes. All the cocultures were established us-
ing GM-CSF 2/2 primary osteoblasts to remove any back-
ground effects of endogenous GM-CSF production. WT or
GM-CSF 2/2 spleen cells depleted of T cells and the T cells
attached to the Thy 1.2–precoated Dynabeads were used, giv-
ing rise to six different combinations: (1) GM-CSF 2/2 spleen
with WT T cells; (2) GM-CSF 2/2 spleen with GM-CSF 2/2
T cells; (3) GM-CSF 2/2 spleen alone; (4) WT spleen with
WT T cells; (5) WT spleen with GM-CSF 2/2 T cells; or (6)
WT spleen alone. Combination 2 served as the control for the
GM-CSF 2/2 coculture where IL-18 was unable to inhibit OCL
formation and GM-CSF was still inhibitory (Fig. 5). Combina-

Figure 3. Murine GM-CSF ELISA. Coculture media from 
1a,25(OH)2D3 1 PGE2 as control (open bars) and media from 
1a,25(OH)2D3 1 PGE2 1 IL-18 (10 ng/ml; filled bars), respectively. 
Media were aspirated at days 3 and 7 and GM-CSF levels measured 
in picograms per milliliter. Coculture combinations were GM-CSF 2/2 
osteoblasts with WT spleen, WT osteoblasts with GM-CSF 2/2 
spleen cells, and WT osteoblasts with WT spleen cells, respectively. 
Statistical analysis was performed using Dunnett two-tailed test.
*P , 0.05, **P , 0.01 compared with the control.

Figure 4. (A) OCL formation in cocultures of primary osteoblasts and methylcellulose-derived macrophages. Cocultures were performed in the 
presence of 1a,25(OH)2D3 and PGE2 and treated with increasing doses of IL-18 (1, 10, and 100 ng/ml) or GM-CSF (0.1 ng/ml). For negative and 
positive controls, cocultures were performed in the absence and presence of 1a,25(OH)2D3 and PGE2, respectively. After culture for 7 d, TRAP-
positive OCLs were counted. Each coculture was repeated three times in quadruplicate wells and expressed as the means6SEM. (B) Effect of 
the addition of a T cell–enriched spleen fraction on OCL formation in cocultures of primary osteoblasts and methylcellulose-derived macro-
phages. Cocultures were performed in the presence of 1a,25(OH)2D3 and PGE2 and treated with increasing doses of IL-18 (25, 50, and
100 ng/ml) or GM-CSF (0.1 ng/ml). For negative and positive controls, cocultures were performed in the absence and presence of 1a,25(OH)2D3 
and PGE2, respectively. After culture for 7 d, TRAP-positive OCLs were counted. Each coculture was repeated three times in quadruplicate 
wells and expressed as the means6SEM.
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tion 3 showed that in the complete absence of T cells, IL-18 re-
mained ineffective, whereas GM-CSF was inhibitory (Fig. 5).
The inclusion of WT T cells in an otherwise GM-CSF 2/2 co-
culture as depicted in combination 1 led to the total inhibition
of OCL formation after either IL-18 or GM-CSF treatment
(Fig. 5). Further proof of the importance of T cells and their
production of GM-CSF was gained from the remaining three
combinations. Combination 4 controlled for the coculture of
WT spleen with GM-CSF 2/2 osteoblasts and confirmed the
inhibitory action of IL-18 and GM-CSF in the presence of
WT T cells (Fig. 5). Combination 6 revealed that cocultures
lacking WT T cells were unresponsive to IL-18 yet GM-CSF
still inhibited OCL formation (Fig. 5). Lastly, the addition of
GM-CSF 2/2 T cells with WT spleen cells (combination 5)
rendered IL-18 ineffective, whereas GM-CSF remained capa-
ble of inhibiting OCL formation (Fig. 5). Furthermore, in
T cell–depleted GM-CSF 2/2 cocultures, the addition of GM-

CSF R 2/2 total T cells restored the action of IL-18 (data not
shown). These data demonstrated conclusively that T cells
were an intermediate in the IL-18 pathway of OCL inhibition,
moreover, the ability of T cells to produce GM-CSF was cru-
cial for the inhibitory effects of IL-18.

T cell subsets: CD41. T cells can be divided into distinct
groups on the basis of their cell surface markers and the cyto-
kines produced by these cells. The two major types of mature
T cells are those carrying either the CD4 or CD8 membrane
antigen. CD41 cells differentiate into functionally distinct sub-
sets, Th1 or Th2. IL-18 reportedly enhances T cell prolifera-
tion and leads to Th1 cytokine production including IL-2,
IFN-g, and GM-CSF (11). To investigate the role of CD41

T cells in the coculture system, cocultures using the same con-
ditions as for the total T cell depletion/repletion were under-
taken using mouse CD4 Dynabeads to alter the CD41 T cell
population. These magnetic beads are precoated with a rat

Figure 5. Effect of total T cells on OCL 
formation. OCL formation in cocultures of 
GM-CSF 2/2 osteoblastic cells and total
T cell–depleted GM-CSF 2/2 spleen 
(combinations 1–3) or total T cell depleted 
WT spleen (combinations 4–6). Total
T cells were added to the cocultures from 
either WT or GM-CSF 2/2 mice, or re-
mained absent. Cocultures were performed 
in the presence of 1a,25(OH)2D3 and PGE2 
and treated with IL-18 (10 ng/ml) or GM-
CSF (0.1 ng/ml). For negative and positive 
controls, cocultures were performed in the 
absence and presence of 1a,25(OH)2D3 
and PGE2, respectively. After culture for
7 d, TRAP-positive OCLs were counted. 
Each coculture was performed four times 
in quadruplicate wells and expressed as the 
means6SEM. Statistical analysis was per-
formed using Dunnett two-tailed test.
**P , 0.01 compared with the positive con-
trol.
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monoclonal antibody to the L3T4 membrane antigen which is
expressed on thymocytes and the T helper subset of mature
T cells. The six coculture combinations were assessed with os-
teoblasts derived from GM-CSF 2/2 mice: (1) GM-CSF 2/2
spleen with WT CD41 T cells; (2) GM-CSF 2/2 spleen with
GM-CSF 2/2 CD41 T cells; (3) GM-CSF 2/2 spleen minus
the CD41 population; (4) WT spleen with WT CD41 T cells;
(5) WT spleen with GM-CSF 2/2 CD41 T cells; or (6) WT
spleen minus the CD41 population. Combination 2 was the
control for the GM-CSF 2/2 coculture where IL-18 was un-
able to inhibit OCL formation and GM-CSF was still inhibi-
tory in agreement with Fig. 1 B (Fig. 6). Combination 3
showed that in the complete absence of CD41 T cells, IL-18 re-
mained ineffective (not significantly different from the con-
trols in combination 2), whereas GM-CSF was inhibitory (Fig.
6). On the other hand, WT CD41 T cells in an otherwise GM-

CSF 2/2 coculture as depicted in combination 1 led to the in-
hibition of OCL formation with either IL-18 or GM-CSF (Fig.
6). These results were identical to those obtained after total
T cell depletion in a GM-CSF 2/2 background (Fig. 5). Com-
bination 4 controlled for the coculture of WT spleen with GM-
CSF 2/2 osteoblasts and confirmed the inhibitory action of
IL-18 and GM-CSF in the presence of WT CD41 T cells (Fig.
6). However, the substitution of GM-CSF 2/2 CD41 T cells
for the wild type shown in combination 5 did not hinder the ac-
tivity of IL-18, likewise in the absence of CD41 T cells shown
in combination 6 the OCL inhibition by IL-18 was not im-
paired (Fig. 6).

T cell subsets: CD81. The role of CD81 T cells in the co-
culture system was also examined using the same conditions as
for the total or CD41 T cell depletion/repletion. Mouse CD8
Dynabeads are precoated with a rat monoclonal antibody to

Figure 6. Effect of CD41 T cells on OCL 
formation and actions of IL-18 and
GM-CSF. OCL formation in cocultures of 
GM-CSF 2/2 osteoblastic cells and CD41 
T cell–depleted GM-CSF 2/2 spleen 
(combinations 1–3) or CD41 T cell–
depleted WT spleen (combinations 4–6). 
CD41 T cells were added to the cocultures 
from either WT or GM-CSF 2/2 mice, or 
remained absent. Cocultures were per-
formed in the presence of 1a,25(OH)2D3 
and PGE2 and treated with IL-18 (10 ng/ml) 
or GM-CSF (0.1 ng/ml). For negative and 
positive controls, cocultures were per-
formed in the absence and presence of 
1a,25(OH)2D3 and PGE2, respectively. Af-
ter culture for 7 d, TRAP-positive OCLs 
were counted. Each coculture was per-
formed five times in quadruplicate wells 
and expressed as the means6SEM. Statisti-
cal analysis was performed using Dunnett 
two-tailed test. *P , 0.05, **P , 0.01 com-
pared with the positive control.
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the Lyt2 membrane antigen which is expressed on most thy-
mocytes and the T cytotoxic/suppressor subpopulation. The six
coculture combinations using the CD81 population were un-
dertaken as outlined in the previous T cell experiments. The
addition of WT CD81 T cells to GM-CSF 2/2 spleen resulted
in the restoration of IL-18 activity (combination 1). However,
the addition of GM-CSF 2/2 CD81 T cells to WT spleen did
not prevent the OCL inhibitory action of IL-18 (combination
5; Fig. 7). These results were similar to those obtained with the
CD41 depletion/repletion experiments and suggest that either
T cell subset is able to elicit the effects of IL-18 in this in vitro
OCL formation model.

Discussion

We have reported previously that IL-18 can inhibit OCL for-
mation in murine cocultures in a manner similar to GM-CSF

and that this inhibition could be reversed by neutralizing anti-
bodies to GM-CSF (13). Confirmation that GM-CSF functions
as a mediator of the inhibitory action of IL-18 upon OCL for-
mation has been obtained in this report by using cocultures
with both GM-CSF–deficient mice and GM-CSF/IL-3/IL-5 b
chain receptor-deficient mice in conjunction with WT mice. In-
terestingly, neither of the knockout mice exhibits obvious skel-
etal abnormalities although both develop lung abnormalities
similar to the human disorder alveolar proteinosis (14, 15).

Cocultures in a GM-CSF–deficient background or cocul-
tures of cells lacking the ability to form high-affinity receptors
for GM-CSF render IL-18 unable to inhibit OCL formation.
Exogenous GM-CSF dose-dependently inhibited OCL forma-
tion in both WT and GM-CSF 2/2 cocultures, yet showed
no effect in GM-CSF R 2/2 cocultures, thus providing clear
evidence that IL-18 inhibits OCL formation via GM-CSF pro-
duction. This is surprising since IL-18 can stimulate IFN-g pro-

Figure 7. Effect of CD81 T cells on OCL 
formation and actions of IL-18 and
GM-CSF. OCL formation in cocultures of 
GM-CSF 2/2 osteoblastic cells and CD81 
T cell–depleted GM-CSF 2/2 spleen 
(combinations 1–3) or CD81 T cell–
depleted WT spleen (combinations 4–6). 
CD81 T cells were added to the cocultures 
from either WT or GM-CSF 2/2 mice, or 
remained absent. Cocultures were per-
formed in the presence of 1a,25(OH)2D3 
and PGE2 and treated with IL-18 (10 ng/
ml) or GM-CSF (0.1 ng/ml). For negative 
and positive controls, cocultures were per-
formed in the absence and presence of 
1a,25(OH)2D3 and PGE2, respectively. Af-
ter culture for 7 d, TRAP-positive OCLs 
were counted. Each coculture was per-
formed four times in quadruplicate wells 
and expressed as the means6SEM. Statisti-
cal analysis was performed using Dunnett 
two-tailed test. *P , 0.05, **P , 0.01 com-
pared with the positive control.
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duction, a known inhibitor of OCL formation (9–12). Conse-
quently, this would argue that IL-18 does not induce IFN-g
production to inhibitory levels.

The spleen cell population was highlighted as the target of
IL-18 action, since coculture of either GM-CSF 2/2 or GM-
CSF R 2/2 spleen cells with WT osteoblastic cells resulted in
the loss of IL-18 inhibitory actions on OCL formation. In the
reciprocal situation, IL-18 completely abolished OCL for-
mation. Additionally, WT spleen cells were required for
IL-18–induced GM-CSF production as determined by ELISA.
Since IL-18 potently induced IFN-g and GM-CSF produc-
tion by T cells (11) and T cells comprise 30–40% of the spleen
cell population, we investigated their role in OCL inhibition
due to IL-18.

Total T cells were removed from both WT and GM-CSF
2/2 spleen cells and the effect of T cell repletion in a variety
of combinations was assessed. The complete absence of T cells
abolished the action of IL-18 on OCL formation, whereas
GM-CSF was still active. The addition of WT T cells to an oth-
erwise GM-CSF 2/2 background permitted the inhibition of
OCL formation by IL-18. Likewise, the addition of GM-CSF
2/2 T cells to WT spleen cells removed such inhibition. Hence
the cellular target of IL-18 in this coculture system was identi-
fied as the T cell population, whereas GM-CSF acts directly on
the OCL precursors (Fig. 8).

In this scheme (Fig. 8), IL-18 is produced by stromal cells
(13) or other cells of the bone microenvironment, which acts
on T cells, via an as yet unidentified receptor, to increase GM-
CSF production, which ultimately inhibits osteoclastogenesis.
IL-18 reportedly activates NF-kB production in murine T helper
type 1 cells (19) and thus we would postulate that this tran-
scription factor could also be responsible for elevating GM-
CSF production by the T cells.

This proposal is consistent with our results obtained with
neutralizing antibodies to GM-CSF (13) and the observed
actions of IL-18 and GM-CSF in GM-CSF 2/2 and GM-
CSF R 2/2 mice. The nature of the subset(s) of T cells in-
volved was investigated by the individual depletion of CD41 or
CD81 T cells. In cocultures with GM-CSF 2/2 spleen cells
and osteoblastic cells, repletion with either WT CD41 or CD81

T cells allowed IL-18 to inhibit OCL formation. IL-18 re-
mained effective when either CD41 or CD81 T cells derived
from the GM-CSF 2/2 mice were introduced to WT spleen.
Furthermore, WT spleen cells depleted of either the CD41 or
the CD81 population continued to show an inhibition of OCL
formation in response to IL-18 treatment. These results, to-
gether with the total T cell depletion data, indicated that either
CD41 or CD81 T cell subsets were able to induce this inhibi-
tory action. In other systems, IL-18 action is not restricted to
only one cell type; it has been shown to act directly on Th1
cells (19), on B cells (12), and can enhance natural killer cell
cytotoxicity (9).

The potential involvement of T cells in osteoclastogenesis
has been observed by several investigators. Administration of
T cell immunosuppressants, such as cyclosporin A, manifested
an increase in bone resorption and high turnover osteopenia in
rats (20). However, studies of bone metabolism in T lympho-
cyte-deficient and -replete strains of rat tend to indicate that
the T cell deficiency was not necessarily associated with high
turnover osteopenia. T cell–deficient rats, rnu/rnu homozy-
gotes, do not display abnormalities in bone metabolism, how-
ever they are resistant to cyclosporin A–induced osteopenia
(21). This situation may explain our finding that IL-18 was still
capable of inhibiting OCL formation in both nude and SCID
mice. Conversely, a positive correlation exists in HIV patients
where the reduction of CD41 T cells occurs with a notable de-
crease in bone formation and turnover (22), and children with
histiocytosis-X also show an imbalance in their CD41/CD81

ratio due to a deficiency of CD81 T cells which manifests as
bone loss (23, 24). John et al. (8) have also provided evidence
that CD81 T lymphocytes may be involved in OCL differentia-
tion.

The requirement for T cells to elicit the inhibitory actions
of IL-18 on OCL formation supports the proposal that IL-18
acts as a local inhibitory agent (13). This proposition is also
supported in vivo with the GM-CSF 2/2, GM-CSF R 2/2,
and IL-1b converting enzyme–deficient mice (25) all lacking
major skeletal abnormalities despite the inability to respond to
IL-18, indicating that the IL-18/GM-CSF pathway is not cen-
tral to OCL inhibition but may constitute a newly recognized
inhibitory pathway able to be compensated for by other mech-
anisms.
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