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Abstract The immune cytokine interleukin 4 has newly recognized effects on skeletal metabolism. While tne 
interaction of many cells ultimately determines bone mass, we have examined the possibility that the osteoblast may be 
an IL-4 target in bone by characterizing IL-4 receptor (IL-4R) expression by MC3T3-El (MC3T3) murine osteoblastic 
cells. Based on 1251-IL-4 binding, MC3T3 cells express large numbers of IL-4 receptors (‘251-lL-4 Bmax = 3,000-7,500 
sites/cell, 1251-IL-4 K = 13-40 pM) with an affinity similar to the IL-4 receptor expressed by an IL-4-responsive T CC’II 
line. Monoclonal anti-IL-4R antibodies (MI) blocked specific MC3T3 12sl-IL-4 binding and MC3T3 total cell RkA 
contained full-length IL-4R mRNA as detected by reverse transcription DNA amplification utilizing IL-4R primers and 
Northern blot analysis. Functionally, IL-4 treatment of MC3T3 cells resulted in increased cellular proliferation (1 0-20X) 
and inhibition of alkaline phosphatase levels (20-40%). While parathyroid hormone (PTH) exposure did not influence 
IL-4R levels, vitamin D3 treatment augmented MC3T3 1251-IL-4 binding, in a time-dependent manner, up to threefold 
after a 24 h exposure with a metabolite specificity indicating the involvement of the vitamin D receptor. Equilibrium 
binding studies showed that the impact of 1,25 (OH)2 D3 on MC3T3 ‘251-lL-4 binding was due to an increased IL-4K 
Bmax. Cycloheximide treatment inhibited 1,25 (OH)? D3-induced IL-4R upregulation, suggesting that protein synthesis 
was required. Furthermore, the steroid increased steady-state IL-4R mRNA levels in both a time- and concentration- 
dependent manner. The IL-4R message half-life was not altered by 1,25 (OH)* D3, suggesting that increased IL-4R mRNA 
expression resulted from increased IL-4R gene transcription. Taken together, these findings raise the possibility that 
IL-4’s influence on mineral metabolism could be mediated by osteoblasts and that the effectiveness of this cytokine may 
be influenced by vitamin D3’s impact on IL-4R expression. 
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Interleukin 4 (IL-4) is a 20 kDa glycoprotein 
produced by activated T cells [Howard et al., 
19821 and mast cells [Brown et al., 19871 that 
impacts many biological events. Originally puri- 
fied based on its capacity to induce B cell prolif- 
eration [Howard et al., 1982; Rabin et al., 19851, 
it is now recognized that IL-4 also influences B 
cell antibody isotype expression [Vitetta et al., 
1985; Coffman et al., 19861, T cell activation 
[Kurt-Jones et al., 1987; Kupper et al., 19871, 
mast cell proliferation [Smith and Rennick, 1986; 
Mosmann et al., 19861, monocyte activation 
[Hart et al., 1989; Essner et al., 1989; Littman 
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et al., 1989; Standiford et al., 1990; Abramson 
and Gallin, 1990; Gibbons et al., 19901. and 
hematopoiesis [Peschel et al., 1987, 1989; Ren- 
nick et al., 19871. The cellular effects of IL-4 are 
mediated through a 140 kDa glycoprotein high- 
affinity plasma membrane receptor that is ex- 
pressed on lymphoid cells, hemopoietic cells, 
fibroblasts, and stromal cells [Oharaet al., 1987; 
Lowenthal et al., 1988; Park et al., 19871. The 
receptor has been cloned from mRNA obtained 
from human peripheral blood mononuclear and 
T cells and murine T cells [Idzerda et al., 1990; 
Mosley et al., 19891. Sequence analysis of these 
IL-4 receptor cDNAs reveals that they are mem- 
bers of a cytokine receptor superfamily that 
includes the erythropoietin receptor, IL-6 recep- 
tor, prolactin receptor, and the IL-2 receptor 
beta chain, among others [Idzerda et al., 19901. 

While most of the above studies have focused 
on IL-4’s influence on immune responses and 
hematopoiesis, recent data suggest that this im- 
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munomodulatory cytokine could play a role in 
skeletal metabolism. Specifically, Watanabe et 
al. have documented that IL-4 is a potent inhibi- 
tor of bone resorption induced by a wide variety 
of osteolytic factors both in vitro [Watanabe et 
al., 19901 and in vivo [Watanabe et al., 19911. 
Because IL-4 inhibited the resorption-inducing 
effects of such a diverse group of osteolytic sub- 
stances, we reasoned that IL-4 impacted an es- 
sential resorptive process(es). In a recent report, 
we have documented that IL-4 significantly an- 
tagonizes osteoclast generation in vitro [Shioi et 
al., 19911 which, if true in vivo, could explain 
some of its actions on in vivo and in vitro bone 
resorption. On the other hand, in vitro osteo- 
clast generation takes seven to ten days [Shioi et 
al., 19911, raising the possibility that IL-4’s rapid 
inhibitory effect on bone-resorption (within three 
days) [Watanabe et al., 19911 may be mediated 
by cells other than osteoclasts or their precur- 
sors. 

Because osteoblasts mediate the resorptive 
effects of a wide variety of substances [Rodan 
and Martin, 1981; Gallwitz et al., 1991; Mc- 
Sheehy and Chambers, 1986; Thomson et al., 
1986, 19871, we reasoned that they were also an 
important IL-4 cellular target in bone. This 
possibility has been examined utilizing 
MC3T3-El cells, a nontransformed murine os- 
teoblastic cell line [Sudo et al., 19831. As will be 
shown, MC3T3 cells express large numbers of 
IL-4 receptors (IL-4Rs) as determined by lZ5I- 
IL-4 binding. The MC3T3 IL-4 binding sites had 
a K similar to T cells and could be blocked by 
monoclonal anti-IL-4 receptor antibodies that 
recognize T cell IL-4 receptors. Furthermore, 
IL-4R mRNA was detectable in MC3T3 total cell 
RNA. MC3T3 IL-4 treatment resulted in in- 
creased proliferation (10-20%) and decreased 
alkaline phosphatase levels (20-40%). Lastly, 
we show that 1,25 (OH)2 D3, but not parathyroid 
hormone, increased MC3T3 IL-4R expression. 
These findings offer further evidence that IL-4 
affects cellular activities beyond those directly 
related to immune responses or hematopoiesis. 
In bone, IL-4’s influence on osteoblasts may 
explain IL-4’s skeletal effects and, in select cir- 
cumstances, serve an important antiresorptive 
function. 

METHODS 
Media, Buffers, and Chemicals 

The MC3T3 culture medium was the alpha 
modification of Eagle’s minimal essential me- 

dium supplemented with 2 mM L-glutamine, 
penicillin/streptomycin (100 Units/ml, 100 Fg/ 
ml), and 5% heat-inactivated fetal calf serum 
(HIFCS, a5-MEM). The trypsin/EDTA concen- 
trate (Gibco/BRL, Gaithersburg, MD) was di- 
luted in Ca2+/Mg2+-free PBS (TE-PBS). The 
binding buffer (BB) used in the IL-4R assay was 
RPMI 1640, HEPES 25 mM (pH 7.21, supple- 
mented with 5% HIFCS [Kdian et al., 19861. 
The alkaline phosphatase assay buffer was 100 
mM 2-amino-2-methyl-l-propanol (pH lo), 1 mM 
MgClz with 0.1% Triton X-100 (ICN, Irvine, 
CAI. The buffer (Northern buffer) utilized for 
RNA gels was 3-(4-morpholino) propanesulfonic 
acid 20 mM (pH 6.81, sodium acetate 5 mM, and 
EDTA 1 mM. Paranitrophenylphosphate, para- 
nitrophenol, and cycloheximide (CHX) were ob- 
tained from Sigma (St. Louis, MO). 

Cytokines and Antibodies 

The vitamin D3 metabolites were the kind gift 
of Milan Uskokovic (Hoffmann-La Roche) and 
were dissolved as concentrated stock solutions 
in absolute ethanol and stored in the dark at 
-20°C. The final concentration of ethanol in all 
experiments was always less than 0.01%, an 
amount that does not affect cellular viability or 
lZ5I-IL-4 binding (data not shown). The rat anti- 
murine monoclonal anti-IL-4 receptor antibody 
M1 [Beckmann et al., 19901 was obtained from 
Genzyme (Cambridge, MA). Recombinant inter- 
leukin 4 was expressed and purified from baculo- 
virus transfected SF-9 (spodoptera frugiperda) 
cell culture supernatants as described [Ohara, 
1989; Ohara et al., 19871. 

Cells 

The MC3T3-El (MC3T3) cell line was kindly 
provided by Dr. H. Tanaka (Okayama Univer- 
sity, Okayama, Japan). The cells were main- 
tained in a humidified atmosphere at 37°C in 5% 
COz in air. For cell passage (every five to seven 
days), the confluent cell layers were treated with 
TE-PBS and, following rinsing, seeded at 2 x 
lo4 celliml in T75 tissue culture flasks (15 ml 
total volume). To assure that the cells employed 
in our experiments expressed an osteoblastic 
phenotype, PTH induction of CAMP, monolayer 
staining for alkaline phosphase activity, and cul- 
ture morphology were assessed (data not shown). 
Based on changes in cell layer morphology from 
a “cobblestone” to a spindled appearance to- 
gether with a reduction of alkaline phosphatase 
activity with increasing passage number, MC3T3 
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cells were utilized for experiments only up to 
passage ten. MDlO and HT-2 cells, T cell lines 
that respond to IL-4, were maintained as de- 
scribed (Lacey et al., 1987). 

- I  L-4 Bind i ng 

Murine IL-4 (10 pg) was labeled with lZ5I 
(NalZ51,1CN) using enzymobeads (29) (Biorad, 
Richmond, CA) and the biochemical integrity 
verified on SDS-PAGE gels. The specific activity 
of the ligand ranged from 1,600-2,300 cpml 
fmol. At T = 0, MC3T3 cells were cultured in 
24-well plate wells at a density of lo5 cellsiwell 
in 2 ml of a5-MEM. At this seeding density, cell 
confluence was reached at 48-72 h. In some 
experiments, the medium was replaced after 48 
h with fresh medium (1 mliwell) containing 
different treatments and further incubated for 
an additional 24 h. The MC3T3 cells were then 
gently rinsed with cold serum-free BB ( ~ 3 ) .  In 
ligand binding experiments, 0.5 or 1 nM lZ51- 
IL-4 was utilized unless otherwise noted. Non- 
specific binding was determined by preincubat- 
ing cells with approximately 3,000 unitsiml IL-4 
for 1 h at 4°C prior to lz51-IL-4 exposure. The 
final incubation volume was 0.4 ml. After an 
additional 1 h incubation at  4°C (2 h for 
Scatchard analysis), the cell layers were rinsed 
with cold Hank's buffered salt solution (6 x 1 
ml) and then solubilized by the addition of 0.5 
ml 1 N NaOH. The cell-associated radioactivity 
was determined in a gamma counter. Parallel 
culture wells were trypsinized (TE-PBS) and 
cell numbers established by counting with a 
hemocytometer. The data are reported as the 
mean (n = 2 or 3) and range or standard devia- 
tion, respectively, of the cpm lz5I-IL-4 bound/l 
x lo6 cells. Some of the data were subjected to 
Scatchard analysis [Scatchard, 19491. For MDlO 
cells, Iz5I-IL-4 binding was performed using a 
method previously described [Lacey and Erd- 
mann, 19901 for lz5I-IL-l except that lz51-IL-4 
and IL-4 were the ligands. 

IL-4R mRNA Assays 

To detect the presence of IL-4R mRNA, a 
cDNA amplification protocol [Kawasaki, 19891 
and Northern gel analysis were utilized. Based 
on the murine IL-4 cDNA sequence [Mosley et 
al., 19891, 25 bp oligomers (5': 409-433; 3': 
973-997) that bracket a 589 bp sequence corre- 
sponding to a portion of the IL-4R, including 
continuous segments of the extracellular, trans- 
membrane, and intracellular domains, were syn- 

thesized on an Applied Biosystems oligonucleo- 
tide synthesizer, model 3801 (Foster City, CAI. 
MC3T3 and HT-2 total cellular RNA were pre- 
pared by the method of Chirgwin [Chirgwin et 
al., 19791, quantified by absorbance spectros- 
copy (1 AZ6,, = 40 pgiml), and analyzed on a 1'10 
Seakem agarose (FMC, Rockland. ME) /formal- 
dehyde (0.23%) gel [Chaplin et al., 19831 in 
Northern buffer to assure RNA integrity. A 1 p g  
aliquot of MC3T3 or HT-2 total cellular RNA 
was reverse transcribed utilizing random 
hexamer primers (200 pmol), 1 x DNA Taq poly- 
merase buffer (Promega, Madison, WI), 1 mM 
each dATP, dCTP, dGTP, dTTP, 20 units RNa- 
sin ribonuclease inhibitor (Promega), and 200 
units MMLV reverse transcriptase (GibcoiBRL) 
in 20 pl. Following an initial 10 min at 22"C, the 
reaction was adjusted to 42°C for 30 min, then 
heated (95"C, 10 min) and subsequently chilled 
to 4°C. At this time, the reagents for Taq DX,$ 
polymerase-mediated temperature-cycled DKA 
amplification were added. These were: 20 pmol 
3' and 5' oligomers and 1 U Taq DNA polymer- 
ase (Promega) in 1 x Taq DNA polymerase buffer 
(1.5 mM MgClz final) to 50 p1. No additional 
dNTPs were added. The tubes were cycled in a 
Perkin-Elmer Cetus Thermocycler (Norwalk, 
CT) with an initial 3 min at 94°C for denatur- 
ation followed by 30 cycles consisting of 45 s at 
94"C, 1 rnin at  60"C, and 2 rnin at 72°C. After the 
last cycle, the reactions were incubated for 7 
rnin at 72°C. Some of the samples were restric- 
tion digested with Pvu I1 (Boehringer- 
Mannheim, Indianapolis, IN) according to the 
manufacturer's instructions. Aliquots were then 
analyzed on a 3% composite [Seakem:Nusiew 
(FMC), 1:2] agarose gel in an 89 mM Tris- 
borate, pH 8.3/25 mM EDTA buffer containing 
ethidium bromide (0.5 pgiml) utilizing Hae 111 
digested 4x174 as a standard (Gibco/BRL). To 
verify that the amplified material was not the 
result of amplification of contaminating DNA, 
amplification of murine genomic DNA (1 pg) 
with the IL-4R primers was performed. This 
reaction did not yield product of the expected 
size (data not shown). 

For Northern blots, MC3T3 and HT-2 total 
cell RNA (15 pg) were electrophoresed in formal- 
dehyde containing 1% agarose gels as described 
above. The RNA was electroblotted onto Zeta 
probe nylon membranes according to 
manufacturer's instructions (Biorad, Richmond, 
CAI. The blots were prehybridized in cocktail 
containing formamide 50%, NaHPO, 0.25 M 
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(pH 7.2), NaCl 0.25 M, EDTA 1 mM, 2% SDS, 
and 0.3 mg/ml sheared herring sperm DNA for 
1-2 h at 42°C. The murine IL-4R probe was 
generated by labeling the gel-purified DNA am- 
plification product (same conditions as noted 
above) of plasmid IL-4R.5, which is PGEM 42 
(Promega, Madison, WI) containing the verified 
IL-4R sequence defined by the IL-4R primers 
utilized above, with 32P-adCTP (3,000 Ciimmol, 
ICN, Irvine, CAI by random priming (Random 
Primed DNA Labelling Kit, Boehringer-Mann- 
heim, Indianapolis, IN). The probe specific activ- 
ity was estimated at 108-109 cpm/kg DNA. Hy- 
bridization (16-20 h, 42°C) was performed using 
lo6 cpmiml probe in the same buffer used for 
prehybridization. The membranes were then 
washed three times in 2x  SSC, 0.1% SDS, 5 
miniwash at room temperature, and then once 
in 0 . 2 ~  SSC, 0.1% SDS at 56°C for one h. For 
autoradiography, the blots were exposed to Ko- 
dak XAR film at  -80°C for two days. Some of 
the blots that had been hybridized with the IL-4 
receptor probe were stripped with 2 x SSCl0.570 
SDS for 20 min at 95°C before they were re- 
probed with the G3PDH probe. 

For IL-4R messenger RNA half-life determina- 
tions, confluent MC3T3 cultures were treated 
with fresh media alone or media with 1,25 (OH12 
D3 (5 nM, 3 h) prior to the addition of actinomy- 
cin D (10 kg/ml) to stop RNA synthesis. At 
various times following toxin exposure, total cell 
RNA was purified as described. Aliquots of total 
cell RNA (10 kg) in denaturing solution (6% 
formaldehyde, 1 0 ~  SSC, 2 Fg/ml yeast RNA) 
were for 10 min at 68"C, serially diluted 1:2 ( X4) 
in the same buffer, transferred to a dot blot 
apparatus, and then vacuum applied to Zeta 
probe (Biorad, Richmond, CA) membranes. As 
for the Northern blots, the membranes were 
hybridized with the 32P-IL-4R probe as de- 
scribed above. The dot densities on the autora- 
diographs were analyzed in an ELISA plate 
reader a t  630 nm. Following normalization of 
the densities to the T = 0 value, the data were 
plotted against time. The results presented are 
representative of three independent experi- 
ments. 

MC3T3 Proliferation Assay 

MC3T3 cells (1 x lo5) were plated at  T = 0 
into 24-well plate culture wells (1 ml) and al- 
lowed to adhere for 2-4 h. Various concentra- 
tions of IL-4 were then added (1 ml) and the 
cultures incubated for 72 additional h. The 

MC3T3 cells were released from matrix with 
TE-PBS and then counted using a hemocytom- 
eter. Triplicate wells were assessed. 

Alkaline Phosphatase Determination 

Alkaline phosphatase activity was measured 
by a modification of the method of Lowry [Lowry 
et al., 19541. After appropriate treatment peri- 
ods, the cells were washed three times with 
PBS. Following the addition of 1 ml of the assay 
buffer containing 2 mM paranitrophenylphos- 
phate, the cultures were incubated at 37°C for 
10-15 min. The reaction was stopped by the 
addition of 200 ~1 1 N NaOH to each well. The 
absorbance at  410 nm was then measured using 
p-nitrophenol as a standard. Alkaline phospha- 
tase activity was expressed as nmol of p-nitrophe- 
no1 produced from p-nitrophenylphosphate 
[mean (n = 3) c SD]/min/l x lo6  cells. Cells 
were counted in paired treated wells as de- 
scribed above. 

RESULTS 

To determine the presence of IL-4 receptors 
on MC3T3 cells, equilibrium binding studies 
were performed with 1251-IL-4 to determine the 
affinity and number of lZ5I-IL-4 binding sites 
expressed by MC3T3 cells. Concurrently, bind- 
ing studies were done with MDlO cells, an IL-4 
responsive murine T cell [Lacey et al., 19871, to 
compare osteoblast and T cell IL-4 receptors. As 
shown in Figure 1A and C, MC3T3 and MDlO 
cells express saturable 1251-IL-4 binding sites. 
When the binding data were resolved on 
Scatchard plots (Fig. 1B and D for MC3T3 cells 
and MDlO cells, respectively), it was determined 
that both the osteoblasts and T cells express 
IL-4 receptors with nearly identical Ks (MC3T3 
K = 41 pM; MDlO K = 51 pM). Further, both 
cells express large numbers of IL-4Rs (MC3T3 
Bmax = 7,254 sites/cell; MDlO Bmax = 3,768 
sitesicell). 

These data suggest that osteoblast IL-4Rs are 
similar to those expressed by T cells. To further 
document this, we utilized a monoclonal anti- 
body (Ml) [Beckmann et al., 19901 raised against 
murine T cell IL-4Rs to block 1251-IL-4 binding. 
As Figure 2A shows, M1 competes for 1251-IL-4 
binding by MC3T3 cells to the same extent as 
excess unlabeled IL-4 suggesting that MC3T3 
cells express IL-4Rs antigenically related to those 
expressed by T cells. To confirm the presence of 
IL-4R mRNA in MC3T3 RNA, we employed 
both reverse transcription DNA amplification 
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Fig. 1 .  MC3T3 cells express saturable, high-affinity lZ5I-IL-4 binding sites. Confluent, adherent MC3T3 
cultures (1.5 x 105 cellsiwell) were employed in 12WL-4 equilibrium binding studies as described (see 
Methods) using various concentrations of 1Z51-IL-4. For a T cell control, MD10 cells (2.4 X lob cells/ml, 
0.1 5 mi) were utilized in a suspension binding assay (see Methods). In A and C, the binding cutves of the 
total (0, O),  nonspecific (A, A), and specific (0, B) ’2il-IL-4 bound for MC3T3 (open) and MD10 (solid) 
cells are shown and represent the mean (n  = 3) and SD. In B (MC3T3) and D (MDlO), Scatchard analysis 
of the specific 1251-lL-4 bound is shown. 

and Northern blot protocols. Utilizing 5’ and 3‘ 
primers specific for a murine IL4R sequence 
[Mosley et al., 19891 we amplified DNA with a 
mobility on 3% agarose gels (Fig. 2B) near the 
predicted size (589 bp) from total cell RNA ob- 
tained from both HT-2 (lane b, IL-4R expressing 
T cell line [Ohara and Paul, 1987; Lowenthal et 
al., 19881) and MC3T3 cells (lane d). Pvu I1 
(hexameric restriction site) restriction digests of 
DNA amplified from both HT-2 (lane c) and 
MC3T3 (lane el RNA resulted in restriction 
fragments near the size predicted (198 bp, 391 
bp) by the IL-4R sequence. Autoradiograms (Fig. 
2C)  of Northern blots of MC3T3 and HT-2 RNA 
hybridized with a 32P-IL-4R DNA probe re- 
vealed the presence of RNA species migrating 
slightly faster than 28s RNA. These findings are 
consistent with the presence of full-length IL-4R 
transcripts based on comparison to autoradio- 
grams presented in earlier reports [Mosley et al., 

1989; Idzerda et al., 19901. Additionally, HT-2 
cells appear to contain more IL-4R mRNA than 
MC3T3 cells. 

To explore IL-4’s impact on MC3T3 activities, 
we examined IL-4’s effects on proliferation and 
alkaline phosphatase levels. As shown in Figure 
3A, IL-4 enhances MC3T3 cellular proliferation 
after a 72 h exposure approximately 10-20% 
with a stimulatory effect observed at 25 Uiml. 
To determine whether IL-4 affected alkaline 
phosphatase expression, confluent monolayers 
of MC3T3 cells were treated for 48 h with vari- 
ous concentrations of IL-4. As shown in Figure 
3B, we found that IL-4 inhibited alkaline phos- 
phatase levels with the maximal inhibition (50%) 
observed at 100 Uiml IL-4. Together, these 
findings underscore IL-4’s capacity to modulate 
osteoblast function. 

The in vitro and in vivo resorption-inhibiting 
effects of IL-4 together with the presence of 
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Fig. 2. MC3T3 cells express IL-4R antigenically and molecu- 
larly identical to T cells. A, Confluent cultures of MC3T3 cells 
were exposed to Rat IgG (7.5 Kgiml), M 1  (7.5 Kgiml), IL-4 
(3,000 Uiml), or buffer alone for 1 h prior to lZsl-lL-4 (0.5 nM) 
binding. The results represent the mean (n = 3) and SD of the 
'?'I-IL-4 (cpm) boundi l  x lo6 cells. B, To detect sequence 
specific IL-4R mRNA, total cell RNA from HT-2 and MC3T3 cells 
was reverse transcribed with random hexamers and then ampli- 
fied utilizing IL-4R specific primers, Taq DNA polymerase, and a 
thermocycling device. Aliquots of these reactions and Pvu I 1  

osteoblast IL-4Rs suggest that this cytokine 
could function physiologically as a local negative 
regulatory factor in bone. One mechanism by 
which this effect could be potentiated is through 
osteoblast IL-4R modulation. This prospect was 
examined by assessing lZ5I-IL-4 binding in 
MC3T3 cells stimulated for 24 h with various 
concentrations of either 1,25 (OH), D3 or para- 
thyroid hormone. Figure 4A shows that 1,25 
(OH), D3 (50 and 5 nM) increased MC3T3 1251- 
IL-4 binding over twofold when compared to 

restriction digests thereof were separated on 3% agarose gels as 
described as follows: lane a, Hae 111 6x174 restriction frag- 
ments; lane b, HT-2 RNA; lane c, Pvu II digest of b; lane d, 
MC3T3 RNA; lane e, Pvu I I  digest of d. Arrows denote the 
position of cut and uncut amplified DNA. C ,  To confirm the 
presence of full-length IL-4R transcripts, HT-2 and MC3T3 total 
cell RNA (15 Kg) was electrophoresed in 1% agarose gels, 
electroblotted onto nylon, and probed with a 32P-IL-4R cDNA 
probe. The migration distance of the 28s and 18s RNAs are 
marked adjacent to the autoradiogram. 

control cells. In contrast, parathyroid hormone 
exhibited minimal effects on 1251-IL-4 binding at 
all concentrations tested. To assess the possible 
involvement of the nuclear 1,25 (OH)z D3 recep- 
tor, the effect of 25 (OH) D3 on MC3T3 IL-4R 
expression was examined. As Figure 4B shows, 
both vitamin D3 metabolites augmented lz5I- 
IL-4 binding after a 24 h treatment with 1,25 
(OH), D3 being active at concentrations two log 
orders below 25 (OH) D3. These findings are 
consistent with an effect mediated by the 1,25 
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Fig. 3. IL-4 treatment stimulates MC3T3 growth but inhibits 
alkaline phosphatase expression. A, MC3T3 cells were plated in 
a 24-well plate at T = 0 and cultured for 72 h in the presence of 
various IL-4 levels. The cells were then trypsinized and counted. 
The data represent the mean (n = 3) and SD of the cell#/well. 
B, MC3T3 cells were grown to  confluence and the media 
exchanged with fresh media containing various IL-4 concentra- 
tions. After an additional 48 h, alkaline phosphatase activity was 
assessed as described and is expressed as nmol of p-nitro- 
phenol produced from p-nitrophenylphosphate [mean 
(n = 3) ? SD]/min/ l  x l o h  cells. 

(OH)z D3 receptor [Haussler, 19861. To exclude 
the possibility that the 1,25 (OH)z D3 effect 
could be attributable to growth inhibition, 
MC3T3 cells were seeded at  varying densities a t  
T = 0 and cultured for 48 h. The cell layers were 
then treated with 5 nM 1,25 (OH), D3 for 24 
additional hours followed by 1251-IL-4 binding. 
The data were normalized to cell number and 
then plotted against cell density. At all cell den- 
sities examined, 1,25 (OH)z D3 enhanced lZ5I- 
IL-4 binding (Fig. 4C), suggesting that the vita- 
min D3 effect was not indirectly mediated by 
density effects. The vitamin D3 growth inhibi- 
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Fig. 4. Parathyroid hormone and 1,25 (OH)* D3 effects I ) I ~  

MC3T3 IL-4R expression. A, MC3T3 cultures (48 h after init.a- 
tion) were exposed to various concentrations of eithrr 1 , IS  
(OH)* D3 or bovine PTH (1-34) for 24 h. The cell layers mere 
then utilized in '251-IL-4 binding experiments as described. B, ro 
further explore the vitamin D3 effect, cells cultured as in A mere 
exposed to various levels of either 1,25 (OH)* DI or 25 (OH) 0 ~ 

for 24 h prior to lr51-lL-4 binding. C, To exclude the posibiltty 
that cell density effects were mediating 1,25 (OH)2 D i  effivts 
on IL-4R expression, MC3T3 cultures were initiated at various 
densities and allowed to grow for 48 h. Paired groups of be l l s  
were then exposed to 5 n M  1,25 (OH)? D3 or media alone for an 
additional 24 h, after which '251-lL-4 binding was performed as 
described. The data in all experiments in this figure represent the 
mean (n  = 3) and SD of the specific 1251-lL-4 bound/l x 1 01' cell>. 

tory effect was apparent in this experiment be- 
cause the range of cell densities in the 1.25 
(OH), D3 treated group was lower than control 
treated cells (D3, 0.148-0.245 x lo6 cellsiwell; 
control, 0.154-0.345 x lo6 cellsiwell). 
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0 200 400 600 800 

1251-IL-4 (pM) 

0 1,25(OH)2D3 
0 Control 

0.3 - 

0.2 - 

0.1 - 

0.0 - 
0 1,000 2,000 3,000 

1251-IL-4 BOUND (cpm) 

Fig. 5. 1,25 (OH)> D, increases the MC3T3 1251-lL-4 binding 
site number with no change in affinity. Confluent MC3T3 
cultures were treated with 5 nM 1,25 (OH)2 D3 or media alone 
for 2 4  h, after which 1251-IL-4 equilibrium binding was per- 
formed as in Figure 1. A, Binding curves of specific 1251-1L-4 
binding. B, Scatchard analysis of the data in A. 

To further characterize the effect of 1,25 (OH), 
D3 on MC3T3 IL-4R expression, equilibrium 
binding studies were performed. As Figure 5A 
shows, both control and 1,25 (OH), D3 treated 
cells express saturable 1251-IL-4 binding sites. 
Resolution of the data on Scatchard plots (Fig. 
5B) and normalization to cell number reveal 
that the principal effect of 1,25 (OH)z D3 treat- 
ment was to increase Bmax almost threefold 
(control Bmax = 2,351 sitesicell; D3 Bmax = 
6,831 sitesicell) with no change in the IL4R K 
(control K = 13 pM; D3 K = 13 pM). 

The final series of experiments explored as- 
pects of the mechanism operative in 1,25 (OH)z 
D3 IL-4R upregulation. Figure 6 shows the re- 
sults of a 1,25 (OH)z D3 time-course experiment 
where lZ5I-IL-4 binding was performed at vari- 
ous times after steroid exposure. Note that 1,25 
(OH)2 D3 enhancement of IL-4R expression is 
detectable after a 3 h exposure and essentially 

12,000 I 
10,000 

8,000 

4,000 

0 1,25(OH), D, 
0 ,  

0 6 12 i a  24 

TIME (hours) 

Fig. 6 .  1,25 (OH)? D3 enhancement of MC3T3 '251-lL-4 hind- 
ing is time dependent. Confluent cultures of MC3T3 cells were 
treated with 5 n M  1,25 (OH)2 D3 or media alone for various 
time periods, after which 12sl-IL-4 binding was performed as 
described. The data represent the  mean (n = 3) and SD of the 
specific 1251-IL-4 bound/l x lo6 cells. 

TABLE I. Cycloheximide Effects on MC3T3 
IL-4R Expression 

1251-IL-4 
Condition" Inhibitorb RecoveryC Boundd 

Control none - 2,277 ? 1,158' 
none + 2,588 ? 815 

1,214 ? 256 CHX - 
CHX + 4,261 ? 702 

1,25-(OH)2D3 none - 6,147 t 1,038 
(5 nM) none + 6,374 ? 403 

CHX - 2,568 2 132 
CHX + 6,984 2 643 

"MC3T3 cells were cultured as described for 48 h, after 
which time the media was changed and 1,25-(OH)~ D3 added. 

hour prior to the addition of 1,25-(OH)~D:j, CHX (200 
nM) was added. 
'To document the reversibility of the inhibitor effects, paired 
wells were rinsed ( ~ 3 )  and the media replaced with fresh 
media with or without 1,25-(OH)ZD~ and incubated for an 
additional 24 h. 
d1251-IL-4 binding was determined as described (see Meth- 
ods) after a 24 h treatment with agonist in the presence and 
absence of the respective inhibitor. For recovery cultures, 
1251-IL-4 binding was performed after a total of 48 h of 
treatment. 
'The data are reported as the mean (n  = 2)  2 the rangei2 of 
the net cpm 12jI-IL-4 boundil  x lo6 cells. 

plateaus at 5 h, where it is almost threefold 
above control cells. 

The role of protein synthesis in 1,25 (OH)z 
D3-induced IL-4R upregulation was then ex- 
plored. As shown in Table I, 1,25 (OH), D3 
treatment increased lZ5I-IL-4 binding after a 24 
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h exposure by almost threefold when compared 
to control. In the presence of CHX, cells treated 
with media alone experienced a decline in lz5I- 
IL-4 binding. After CHX removal, control cells 
exhibited a rebound in ‘251-IL-4 binding after a 
24 h incubation. Importantly, the increase in- 
duced by 1,25 (OH)2 D3 was largely prevented by 
CHX treatment. This CHX effect was not attrib- 
utable to toxic effects as the viability of control 
and inhibitor treated cells exceeded 95% as as- 
sessed by trypan blue exclusion. Furthermore, 
inhibitor treated cells that were rinsed and re- 
stimulated recovered to show enhanced 1251-IL-4 
binding. The reason for the increased 1251-IL-4 
binding seen in cells recovering from CHX in the 
presence of control media is not understood but 
was never elevated to  the extent that the CHX + 
1,25 (OH), D3 recovery condition exhibited. 
These data imply that CHX’s inhibition of 1,25 
(OH), D3-induced IL-4R upregulation was re- 
versible and that most of the 1,25 (OH), D3- 
driven IL-4R increase required protein synthe- 
sis to  occur. 

Because 1,25 (OH), D3-induced IL-4R upregu- 
lation involved protein synthesis, we next que- 
ried whether IL-4 mRNA levels were also im- 
pacted by the steroid in time-course experiments. 
As shown in Figure 7, 1,25 (OH);! D3 treated 
MC3T3 cells exhibited increased levels of IL-4R 
mRNA as early as 4 h after steroid exposure. 
Further, this 1,251 (OH), D3-induced increase in 
steady-state IL-4R mRNA levels was main- 
tained throughout the 24 h treatment period. 

Based on the time-course experiments, we 
then assessed the concentration dependence of 
the steroid on IL-4R mRNA levels. As shown in 
Figure 7, a 3 h 1,25 (OH)2 D3 treatment resulted 
in elevated IL-4R mRNA levels in the presence 
of both 50 and 5 nM of the steroid. Lesser 
concentrations of the steroid were ineffective. 
The increased level of steady-state IL-4R mRNA 
induced by 1,25 (OH), D3 reflected the steroid’s 
impact on gene transcription, message stability, 
or both. To determine whether 1,25 (OH)2 D3 
treatment altered message stability, IL-4R 
mRNA half-life experiments were performed. As 
shown in Figure 9, the half-lives of IL-4R mRNA 
in both 1,251 (OH)z D3 and control treated cells 
were similar (approximately 60 min), indicating 
that the steroid did not enhance IL-4R mRNA 
stability. These data suggest that 1,25 (OH), D3, 
directly or indirectly, increased IL-4R gene tran- 
scription in MC3T3 cells. 

Fig. 7. 1,25 (OH)z D3 increases IL-4R steady-state m R l A  
levels in a time-dependent manner. Confluent cultures of M C X l  
cells were treated with media supplemented with and withoi,t 5 
n M  1,25 (OH)z D3 for various times up to 2 4  h. Total c d l  R\A 
was purified from paired steroid and control treated cells, 
electrophoresed, blotted, and assessed for IL-4R and C;3PI>ti 
mRNA as described (see Methods). Lane 1 is the time = 0 
control and the additional lanes represent samples followin? .I 
(lanes 2, 3j, 4 (lanes 4, 5), 6 (lanes 6, 71, 9 (lanes 8, 91, and 21 
(lanes 10,  11) h of treatment. Control and 1,25 (OH)> 113 
samples are in the even and odd numbered lanes (except for 
lane I ) ,  respectively. A and C are the autoradiographs of t i e  
blots probed with the j2P-IL-4R and j2P-C3PDH probes, respec- 
tively. B is  a photograph of the ethidium bromide stained gel. 

DISCUSSION 

This is the first report documenting IL-4 recep- 
tor expression by osteoblasts. The IL-4 receptor 
expressed by MC3T3 cells is identical to that 
expressed by T cells based on ligand binding 
(Fig. 11, M1 antibody blocking of lz5I-IL-4 bind- 
ing (Fig. 2A), and the presence of IL-4R mRKA 
(Fig. 2B,C). The size of the IL-4 mRNA (Fig. 2C) 
and the ability to amplify an intracellular frag- 
ment (Fig. 2B) suggest that the osteoblasts pre- 
dominantly express a full-length IL-4R and not 
an alternatively spliced form, which has been 
detected in a cDNA library derived from a mu- 
rine T cell line [Mosley et al., 19891. 

While the function of the intracellular portion 
of the IL-4R is unknown, it is reasonable to 
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Fig. 8. 1,25 (OH)? D3 augments 11-4R steady-state mRNA 
levels in a concentration-dependent manner. Confluent MC3T3 
cells were treated with various amounts of 1,25 (OHjZ D3 for 3 
h. Northern blots were prepared from total cell RNA and were 
hybridized with the 32P-IL-4R probe as described. lanes 1 and 7 
are the T = 0 and 3 h controls, respectively. Lanes 2 through 6 
are the 50, 5,0.5,0.05, and 0.005 n M  1,25 (OH)? D3 treatment 
groups, respectively. A and 6 are the autoradiograph and 
ethidium bromide stained gel, respectively. 

assume that it is required for biological activity. 
During this study we examined the IL-4 effect 
on cellular proliferation (Fig. 3Aj and alkaline 
phosphatase (Fig. 3B) expression. Both activi- 
ties were influenced by IL-4 levels that we ob- 
served to affect T cell proliferation [Lacey and 
Erdmann, 1990; Shioi et al., 19911 and inhibit in 
vitro osteoclast formation [Shioi et al., 19911. 
This level of IL-4 has also been reported to 
inhibit in vitro and in vivo bone resorption [Wa- 
tanabe et al., 1990, 19911. Whether these IL-4- 
affected osteoblast activities are related to IL-4’s 
inhibition of bone resorption is unknown, but 
they underscore the potential for yet another 
immunomodulatory cytokine to influence osteo- 
blast activities. 

Reasoning that osteotropic hormones may in- 
fluence IL-4R expression as a means to poten- 
tially blunt their own proresorptive actions, the 
regulation of MC3T3 IL-4R by parathyroid hor- 
mone and 1,25 (OH), D3 was investigated. While 
parathyroid hormone did not alter IL-4R expres- 
sion, vitamin D3 increased MC3T3 IL-4R in a 
dose- (Fig. 4A,B), metabolite- (Fig. 4B), and 
time-dependent (Fig. 6) manner via a mecha- 
nism requiring protein synthesis (Table I). Fur- 
thermore, the steroid increased IL-4R mRNA 
levels in both a time- (Fig. 7) and concentration- 
dependent (Fig. 8) manner. Because 1,25 (OH)z 

0 60 1 2 0  1 8 0  

TIME (minutes) 

Fig. 9. 1,25 (OH)? D3 does not alter 11-4R mRNA stability. 
Confluent MC3T3 monolayers were treated with media (0) or 
media with 5 nM 1,25 (OH)? D I  (0) for 3 h, at which time 10 
pg iml  actinomycin D was added. Total cell RNA was purified 
from paired plates at various times following actinomycin D 
addition. Dot blots were prepared with dilutions of the purified 
RNA and the membranes hybridized with the 32P-Il-4R probe as 
described. Dot densities on the autoradiograph (developed 
after a four day exposure at -80°C) were determined and 
normalized as described. The values are plotted against the 
time of toxin exposure. 

D3 did not alter the IL-4R mRNA half-life (Fig. 
91, we conclude that increased IL-4R gene tran- 
scription likely plays a role in this effect. Addi- 
tional evidence suggesting that vitamin D may 
affect IL-4R gene regulation comes from se- 
quence analysis of a recently published murine 
IL-4R genomic clone [Wrighton et al., 19921. In 
this report, approximately 1 kb of 5‘ untrans- 
lated genomic sequence is presented that ap- 
pears structurally consistent with a promoter. 
In this region, directly 5’ to an SP-1 element, is 
the motif GGGTGA arranged as a direct repeat 
separated by nine nucleotides. This sequence is 
similar to other described vitamin D receptor 
binding sequences [Carlberg et al., 19931 and 
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may function as a vitamin D response element 
in the murine IL-4R promoter. Obviously, fur- 
ther studies are needed to test this hypothesis. 

Despite its experimental effects on in vitro 
and in vivo bone resorption, it is unclear whether 
IL-4 participates either physiologically or patho- 
logically in bone remodeling. We have not de- 
tected IL-4 mRNA in MC3T3 total cell RNA 
utilizing reverse transcription/ DNA amplifica- 
tion with murine IL-4 primers making it un- 
likely that IL-4 is an osteoblastic autocrine fac- 
tor (data not shown). Other IL-4 producing cells 
in the marrow compartment, such as mast cells, 
basophils, and/or T cells, may provide IL-4 lo- 
cally. Mast cells are increased in hyperparathy- 
roidism [reviewed in McKenna and Frame, 19851 
and postmenopausal osteoporosis [Fallon et al., 
19831, suggesting that mast cells play a role in 
the pathogenesis of these remodeling disorders. 
While heparin, prostaglandins, histamine, and 
kininogenase activity have been invoked as mast 
cell mediators involved in these diseases [Lidor 
et al., 19901, it is possible that IL-4 also plays a 
role. A previous report [Levi-Schaffer and Bar- 
Shavit, 19901 documenting the capacity of osteo- 
blastic cells to maintain mast cell viability and 
function in vitro provides experimental evidence 
that osteoblasts and mast cells could interact in 
vivo with IL-4, possibly functioning as a local 
paracrine mediator. Furthermore, the skeletal 
lesions of systemic mastocytosis, which are asso- 
ciated with markedly increased numbers of mar- 
row mast cells [Fallon et al., 19811, may reflect 
the impact of mast cell-produced IL-4 on the 
local osteoblast population. Regarding T cells, 
inflammatory conditions associated with T cell 
activation could result in the production of cyto- 
kines known to  influence resorptive activity in- 
cluding interferon y [Gowen and Mundy, 19861, 
tumor necrosis factor p (lymphotoxin) [Berto- 
lini et al., 19861, and interleukin 6 [Ishimi et al., 
19901, amongst others. Interleukin 4 can now be 
added to this list. 

The extent to  which IL-4’s inhibition of ago- 
nist-induced bone resorption is mediated by the 
osteoblast is not understood. As noted previ- 
ously, the significant time required to generate 
osteoclasts in vitro [Shioi et al., 19911 coupled 
with IL-4’s rapid effects in vitro and in vivo 
suggests that cells other than osteoclast precur- 
sors mediate IL-4’s immediate inhibitory effects 
on bone resorption. The osteoblast represents a 
logical target cell because it modulates the ef- 

fects of many resorption-inducing cytokines. In 
addition to secreting proteases that may prepare 
the bone surface for osteoclast attachment [Par- 
tridge et al., 1987; Chambers et al., 19851, osteo- 
blasts release factors that serve to activate osteo- 
clasts [Thomson et al., 1986, 1987; McSheehy 
and Chambers, 1986; Gallwitz et al., 19911. In- 
terruption of either activity could impede resorp- 
tive activity. Alternatively, IL-4-activated osteo- 
blasts may secrete factors that suppress 
osteoclast function. In any event, the observa- 
tion that osteoblasts express IL-4Rs and re- 
spond to this cytokine suggests that IL-4 effects 
on the skeleton could be mediated, to a signifi- 
cant extent, by osteoblastic cells. 

ACKNOWLEDGMENTS 

Portions of this work were supported by a 
grant from the National Institutes of Health 
(A1268 14). 

REFERENCES 

Abramson S, Gallin J I  (1990): IL-4 inhibits superoxide pr~i- 
duction by human mononuclear phagocytes. J Immunol 
144:625-630. 

Beckmann MP, Schooley KA, Gallis B, Bos TV, Friend D, 
Alpert AR, Raunio R, Prickett KS, Baker PE, Park I 3  
(1990): Monoclonal antibodies block murine IL-4 receptor 
function. J Immunol 144:4212-4217. 

Bertolini DR, Nedwin GE, Bringman TS, Smith DD, Mundy 
GR (1986): Stimulation of bone resorption in vitro by 
human tumor necrosis factors. Nature 3319:516-518. 

Brown MA, Pierce JH,  Watson CJ, Falco J, Ihle J N ,  Paul 
WE (1987): B cell stimulatory factor-l/interleukin-4 
mRNA is expressed by normal and transformed mast 
cells. Cell 50:809-818. 

Carlberg C, Bendik I, Wyss A, Meier E, Sturzenbecker LJ,  
Grippo J F ,  Hunziker W (1993): Two nuclear s ignalhg 
pathways for vitamin D. Nature 361:657-660. 

Chambers TJ,  Darby JA, Fuller K (1985): Mammalian co.la- 
genase predisposes bone surfaces to osteoclastic resorp- 
tion. Cell Tissue Res 241571-675. 

Chaplin DD, Woods DE, Whitehead AS, Goldberger G,  ( : , ) I -  
ten HR, Seidman JG (1983): Molecular map of the murine 
S region. Proc Natl Acad Sci USA 805947-6951. 

Chirgwin JM, Przybyla AE, MacDonald RJ ,  Rutter W.J 
(1979): Isolation ofbiologically-active ribonucleic acid from 
sources enriched in ribonuclease. Biochemistry 18:5294- 
5299. 

Coffman RL, Ohara J, Bond MW, Carty J, Zlotnik A, Paul 
WE (1986): B cell stimulatory factor-1 enhances the IgE 
response of lipopolysaccharide-activated B cells. J Immu- 
no1 136:4538-4541. 

Essner R, Rhoades K, McBride WH, Morton DL, Economou 
JS (1989): IL-4 down-regulates IL-1 and TNF gene expres- 
sion in human monocytes. J Immunol 142:3857-3861. 

Fallon MD, Whyte MW, Teitelbaum SI, (1981): Systemic 
mastocytosis associated with generalized osteopenia. Huin 
Pathol 12:813-820. 



133 Modulation of Osteoblast IL-4 Receptors 

Fallon MD, Whyte MP, Craig RB, Teitelbaum SL (1983): 
Mast-cell proliferation in postmenopausal osteoporosis. 
Calcif Tissue Int 35:29-31. 

Gallwitz WE, Mundy GR, Oreffo ROC, Gaskell SJ, Bonewald 
LF (1991 1: Purification of osteoclastotropic factors pro- 
duced by stromal cells: Identification of 5-lipoxygenase 
metabolites. J Bone Miner Res 6:S198. 

Gibbons G, Martinez 0, Matli M, Heinzel F, Bernstein M, 
Warren R (1990): Recombinant IL-4 inhibits IL-6 synthe- 
sis by adherent peripheral blood cells in vitro. Lympho- 
kine Res 9:283-293. 

Gowen M, Mundy GR (1986): Actions of recombinant inter- 
leukin 1, interleukin 2 ,  and interferon-y on bone resorp- 
tion in vitro. J Immunol 136:2478-2482. 

Hart PH, Vitti GF, Burgess DR, Whitty GA, Piccoli DS, 
Hamilton JA (1989): Potential antiinflammatory effects of 
interleukin 4: Suppression of human monocyte tumor 
necrosis factor a ,  interleukin 1, and prostaglandin EP. 
Proc Natl Acad Sci USA 86:3803-3807. 

Haussler MR (1986): Vitamin D receptors: Nature and func- 
tion. Annu Rev Nutr 6:527-562. 

Howard M, John F, Hilfiker M, Johnson B, Takatsu K, 
Kamaoka T, Paul WE (1982): Identification of a T cell- 
derived B cell growth factor distinct from interleukin 2. J 
Exp Med 155:914-923. 

Idzerda RL, March CJ, Mosley B, Lyman SD, Vanden Bos T, 
Gimpel SD, Din WS, Grabstein KH, Widmer MB, Park LS, 
Cosman D, Beckmann MP (1990): Human interleukin 4 
receptor confers biological responsiveness and defines a 
novel receptor superfamily. J Exp Med 171:861-873. 

Ishimi Y, Miyaura C, Jin CH, Akatsu T, Abe E, NakamuraY, 
Yamaguchi A, Yoshih S, Matsuda T, Hirano T,  Kishimoto 
T. Suda T (1990): IL-6 is produced by osteoblasts and 
induces bone resorption. J Immunol 145:3297-3303. 

Kawasaki E (1989): Amplification of RNA sequences via 
complementary DNA (cDNA). Amplifications 3:4-6. 

Kilian PL, Kaffka KL, Stern AS, Woehle D, Benjamin WR, 
Dechiara TM, Gubler U, Farrar JJ ,  Mizel SB, Lomedico 
PT (1986): Interleukin 1 alpha and interleukin 1 beta bind 
to the same receptor on T cells. J Immunol 136:4509- 
4514. 

Kupper T, Horowitz M, Lee F, Robb R, Flood PM (1987): 
Autocrine growth of T cells independent of interleukin 2: 
Identification of interleukin 4 (IL-4, BSF-1) as an auto- 
crine growth factor for a cloned antigen-specific helper T 
cell. J Immunol 138:4280-4287. 

Kurt-Jones EA, Hamberg S, Ohara J, Paul WE, Abbas AK 
( 1987): Heterogeneity of helperiinducer T lymphocytes. I. 
Lymphokine production and lymphokine responsiveness. 
J Exp Med 166:1774-1787. 

Lacey DL, Erdmann J E  (1990): IL-1 and IL-4 modulate IL-1 
receptor expression in a murine T cell line. J Immunol 
145:4145-4153. 

Lacey DL, Chappel JC, Teitelbaum SL (1987): Interleukin 1 
stimulates proliferation of a non-transformed T lympho- 
cyte line in the absence of a co-mitogen. J Immunol 

Levi-Schaffer F, Bar-Shavit Z (1990): Osteoblast-like cell 
line maintains in vitro peritoneal mast cell viability and 
functional activity. Immunology 69: 145-149. 

Lidor C, Frisch B, Gazit D, Gepstein R, Hallel T, Mekori YA 
(1990): Osteoporosis as the sole presentation of bone 
marrow mastocytosis. J Bone Miner Res 5:871-876. 

139~2649-2655. 

Littman BH, Dastvan F, Carlson PL, Sanders KM (1989): 
Regulation of monocyteimacrophage C2 production and 
HLA-DR expression by IL-4 (BSF-1) and IFN-y. J Immu- 
no1 142:520-525. 

Lowenthal JW, Castle BE, Christiansen J, Schreurs J, Ren- 
nick D, Arai N, Hoy P, Takebe Y, Howard M (1988): 
Expression of high affinity receptors for murine interleu- 
kin 4 (BSF-1) on hemopoietic and nonhemopoietic cells. J 
Immunol140:456-464. 

Lowry OH, Roberts NR, Wu ML, Hixon WS, Crawford WS 
(1954): The quantitative histochemistry of brain. J Biol 
Chem 207:19-37. 

McKenna MJ, Frame B (1985): The mast cell and bone. Clin 
Orthop 200:226-233. 

McSheehy PMJ, Chambers TJ  (1986): Osteoblast-like cells 
in the presence of parathyroid hormone release soluble 
factor that stimulates osteoclastic bone resorption. Endo- 
crinology 119: 165441659, 

Mosley B, Beckmann MP, March CJ, Idzerda RL, Gimpel 
SD, VandenBos T, Friend D, Alpert A, Anderson D, Jack- 
son J ,  Wignall JM, Smith C, Gallis B, Sims JE, Urdal D, 
Widmer MB, Cosman D, Park LS (1989): The murine 
interleukin-4 receptor: Molecular cloning and character- 
ization of secreted and membrane bound forms. Cell 59: 

Mosmann TR, Bond MW, Coffman RL, Ohara J, Paul WE 
(1986): T-cell and mast cell lines respond to B-cell stimula- 
tory factor 1. Proc Natl Acad Sci USA 83:5654-5658. 

Ohara J (1989): Interleukin-4: Molecular structure and bio- 
chemical characteristics, biologcal function, and receptor 
expression. In Cruse JM and Lewis REJ (eds): “The Year 
in Immunology: Immunoregulatory Cytokines and Cell 
Growth.” Basel: Karger, 5:126-159. 

Ohara J, Paul WE (1987): Receptors for B-cell stimulatory 
factor-1 expressed on cells of haematopoietic lineage. Na- 
ture 325:537-540. 

Ohara J, Coligan JE,  Zoon K, Maloy WL, Paul WE (1987): 
High-efficiency purification and chemical characterization 
of B cell stimulatory factor-1iInterleukin 4. J Immunol 
139:1127-1134. 

Park LS, Friend D, Grabstein K, Urdal DL (1987a): Charac- 
terization of the high-affinity cell-surface receptor for 
murine B-cell-stimulatory factor 1. Proc Natl Acad Sci 
USA 84:1669-1673. 

Partridge NC, Jeffrey JJ, Ehlich LS, Teitelbaum SL, Fliszar 
C, Welgus HW, Kahn AJ (1987): Hormonal regulation of 
the production of collagenase and a collagenase inhibitor 
activity by rat  osteogenic sarcoma cells. Endocrinology 

Peschel C, Paul WE, Ohara J, Green I(1987):  Effects of B 
cell stimulatory factor-liinterleukin 4 on hematopoietic 
progenitor cells. Blood 70:254-263. 

Peschel C, Green I, Paul WE (1989): Interleukin-4 induces a 
substance in bone marrow stromal cells that reversibly 
inhibits factor-dependent and factor-independent cell pro- 
liferation. Blood 73:1130-1141. 

Rabin EM, Ohara J, Paul WE (1985): B cell stimulatory 
factor (BSF-1) activates resting B cells. Proc Natl Acad Sci 
USA 82:2953-2959. 

Rennick D, Yang G, Muller SC, Smith C, Arai N, Takabe Y, 
Gemmell L (1987): Interleukin 4 (B-cell stimulatory fac- 
tor 1) can enhance or antagonize the factor-dependent 
growth of hemopoietic progenitor cells. Proc Natl Acad Sci 
USA 84:6889-6893. 

335-348. 

120: 1956-1962. 



134 Lacey et al. 

Rodan GA, Martin TJ (1981): Role of osteoblasts in hor- 
monal control of bone resorption. Calcif Tissue Int 33:349- 
351. 

Scatchard G (1949): The attraction of proteins for small 
molecules and ions. Ann NY Acad Sci 51:660-672. 

Shioi A, Teitelbaum SL, Ross FP, Welgus HW, Suzuki H, 
Ohara J ,  Lacey DL (1991): Interleukin 4 inhibits murine 
osteoclast formation in vitro. J Cell Biochem 47:272-277. 

Smith CA, Rennick DM (1986): Characterization of a mu- 
rine lymphokme distinct from interleukin 2 and interleu- 
kin 3 (IL-3) possessing a T-cell growth factor activity and 
a mast-cell growth factor activity that synergizes with 
IL-3. Proc Natl Acad Sci USA 83: 1857-1861. 

Standiford TJ,  Strieter RM, Chensue SW, Westwick J ,  Kasa- 
hara K, Kunkel SL (1990): IL-4 inhibits the expression of 
IL-8 from stimulated human monocytes. J Immunol 145: 
1435-1439. 

Sudo H, Kodama H-A, Amagai Y, Yamamoto S, Kasai S 
(1983): In vitro differentiation and calcification in a new 
clonal osteogenic cell line derived from newborn mouse 
calvaria. J Cell Biol96:191-198. 

Thomson BM, Saklatvala J, Chambers TJ  (1986): Osteo- 
blasts mediate interleukin 1 stimulation of bone resorp- 
tion by rat  osteoclasts. J Exp Med 164:104-112. 

Thomson BM, Mundy GR, Chambers TJ (1987): Tumor 
necrosis factors 01 and p induce osteoblastic cells to stimii- 
late osteoclastic bone resorption. J Immunol138:775-779. 

Vitetta ES, Ohara J, Myers C, Layton J, Krammer PH. P a d  
WE (1985): Serological, biochemical, and functional iden- 
tity of B cell stimulatory factor 1 and B cell differentiation 
factor for IgG1. J E x p  Med 162:1726-1731. 

Watanabe K, Tanaka Y, Morimoto I, Eto S (1990): Interleti- 
kin 4 as a potent inhibitor of bone resorption. Biochern 
Biophys Res Commun 172:1035-1041. 

Watanabe K, Sato K, Kasono K, Nakano Y, Eto S (1991r: 
Interleukin-4 inhibits hypercalcemia in parathyroid hor- 
mone related protein-infused normal mice and tumor- 
bearing nude mice in vivo. J Bone Miner Res 638158 

Wrighton N, Campbell LA, Harada N, Miyajima A, Lee F 
(1992): The murine interleukin-4 receptor gene: Genomic 
structure, expression and potential for alternative spliz- 
ing. Growth Factors 6:103-118. 




