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Abstract

IL-6 is an autocrine growth factor for U266 myeloma cells
and their growth is inhibited by IFN-a or IL-6 mAb. We
asked, therefore, whether IFN-a-induced growth inhibition
involved IL-6. IFN-a and mAbagainst IL-6, the IL-6R a-
(gp8O) or fl-chain (gp13O) potently inhibited U266 cells.
Remarkably, this effect occurred despite IFN-c-augmented
secretion of endogenous IL-6. However, examining the IL-
6R revealed that IFN-a drastically curtailed expression of
the IL-6R a- and ,f-chain. This effect occurred on two differ-
ent levels (protein and mRNA)and by two different mecha-
nisms (directly and indirectly through IL-6). First, IFN-a,
but not IL-6, greatly decreased gp8O and, to a lesser extent,
gpl3O mRNAlevels which resulted in a loss of IL-6 binding
sites. Second, IFN-a-induced IL-6 predominantly down-
regulated membrane-bound gpl3O. IFN-a-mediated de-
crease of gp8O levels was not detected on IL-6-independent
myeloma (RPMI 8226) or myeloid cells (U937). Wecon-
clude that IFN-a inhibited IL-6-dependent myeloma cell
growth by depriving U266 cells of an essential component
of their autocrine growth loop, a functional IL-6R. (J. Clin.
Invest. 1994. 94:2317-2325.) Key words: multiple myeloma
* IL-6 dependency * IL-6 receptors * IFN-at treatment
receptor down-regulation

Introduction

Cellular expression of hormone-like growth factor activities and
their corresponding cell surface receptors represent fundamental
molecular circuits that may spur and sustain uncontrolled
growth and metastatic behavior of neoplastic tissues (reviewed
in reference 1). The concept of autocrine growth, formulated
some time ago (2), has been experimentally verified in numer-
ous in vitro and in vivo models. Ligand-receptor systems for a
number of polypeptide hormones, among them several interleu-
kins, have been shown to function in a variety of malignant
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disorders (1). Among these cytokines, IL-6 has recently at-
tracted considerable attention for its role as in vitro and in vivo
growth regulator of several B cell neoplasms (3, 4), including
multiple myeloma (MM)' (5, 6), and solid tumors like malig-
nant melanoma (7).

IL-6 currently is considered to support either an autocrine
(5) or paracrine (6, 8) growth loop in MM. This view is based
upon the original findings that neutralizing anti-IL-6 mABs
inhibit, while IL-6, possibly in conjunction with other factors
(9-11), stimulates malignant plasma cell growth in vitro (5,
6). Several other studies have substantiated and confirmed the
in vitro and in vivo role of IL-6 as myeloma growth factor ( 12-
16). Although it is not fully understood at what maturation
stage plasma cells or their progenitors ( 17) acquire IL-6 respon-
siveness, three recent studies suggested that CD38+ bone mar-
row-derived cells may represent a distinct pool of IL-6-re-
sponsive plasma cells (18-20). CD38+ myeloma cells were
found to express IL-6 and IL-6 receptor (R) mRNAand respond
to IL-6 with enhanced [3H] thymidine incorporation. Although
these in vitro data do not confirm a growth-promoting IL-6
activity for MMin vivo, they provide compelling evidence for
a key role of IL-6 in the pathogenesis of MM. However, CD38+
myeloma cells are not invariably IL-6 responsive, as evidenced
by a subset of CD38+, VLA5+, and IL-6-resistant myeloma
cells (19). Furthermore, expression of the IL-6R a-chain
mRNAin bone marrow-derived myeloma cells has also been
reported (21, 22).

Equally important and pertinent to our understanding of
autocrine growth loops are agents that can interrupt such loops
and, thus, could be of therapeutic value for factor-dependent
tumor cell growth. IFN-a is a potent antiproliferative myeloma
agent in vitro (23) and has proven clinical efficacy against MM
(reviewed in references 24 and 25). In addition, IFN-a is known
to affect TNF-a-induced growth loops in neoplastic B cells
(26). However, very little is known on the effects of IFN-a on
the IL-6-IL-6R interactions in myeloma cells.

To investigate the molecular mechanisms by which IFN-a
inhibits IL-6-dependent, autocrine myeloma cell growth, we
took advantage of the human IgE-secreting myeloma cell line
U266 (27). These cells are CD38+ (28), express IL-6 mRNA,
require IL-6 for growth and survival (27), and are sensitive to
growth inhibition by IFN-a (23). U266 cell proliferation can
be inhibited by neutralizing anti-IL-6 mAb or IL-6 antisense
oligonucleotides (29, 30). Furthermore, U266 cells express

1. Abbreviations used in this paper: BS3, bis(sulfosuccinimidyl) su-

berate; MM, multiple myeloma; R, receptor.

Interferon-a-mediated Down-regulation of the Interleukin-6 Receptor 2317

J. Clin. Invest.
C) The American Society for Clinical Investigation, Inc.
0021-9738/94/12/2317/09 $2.00
Volume 94, December 1994, 2317-2325



functional cell surface IL-6Rs consisting of the ligand-binding
a-chain gp8O (31) and the signal-transducing /3-chain gpl30
(32, 33). The binding of IL-6 to its gp8O receptor subunit
(31) triggers the association of the complex with the gpl30
component that does not bind IL-6 by itself (32) but has the
ability to transduce an IL-6 signal to postreceptor tyrosine ki-
nases (34, 35). Although the chain of events of IL-6-induced
signal transduction has not been extensively studied in U266
cells, preliminary evidence indicates that IL-6 triggers the
gpl3O-dependent activation of the protein tyrosine kinase
Tyk-2 in these cells (35).

Therefore, we determined the effects of IFN-a on two basic
cellular parameters that are required for IL-6-mediated my-
eloma growth (i.e., IL-6 production and IL-6R a- and ,/-chain
expression). Here we report that IFN-a-mediated growth sup-
pression of myeloma cells in vitro was associated with a seem-
ingly paradoxical increase of the growth factor IL-6. However,
these enhanced IL-6 levels were of no biological consequence
because IFN-a, concomitantly, down-modulated IL-6R expres-
sion on a protein and mRNAlevel and, thus, deprived U266
cells of two essential components of an IL-6 growth loop, the
IL-6R gp8O and the IL-6 signal transducer gpl3O.

Methods

Cytokines, mAb, and otherfactors. Recombinant, human IL-6 (sp act
4 x 106 U/mg protein) was supplied generously by Dr. Steve Clark
(Genetics Institute, Cambridge, MA); recombinant, human IFN-aA (sp
act 2 x 108 U/mg protein) was supplied generously by Dr. Fazlur Khan
(Hoffmann-La Roche, Nutley, NJ); and recombinant, human IFN-y (sp
act 2.5 x 107 U/mg) was from Biogen (Cambridge, MA). All other
cytokines were recombinant, human materials and were obtained
through the Biological Response Modifiers Program Repository. The
neutralizing IL-6 mAbCLBIL-6/8 is a murine IgGlk (36) and was a
kind gift from Dr. Just Brakenhoff (The Netherlands Red Cross, Amster-
dam, The Netherlands). Anti-gp8O- (PM1) and anti-gp130-specific
(AM64) mAbare described (32, 37) and were provided generously by
Dr. Tetsuya Taga (Institute for Molecular and Cellular Biology, Osaka
University, Osaka, Japan). Isotype control antibodies were purchased
from Litton Bionetics (Charleston, SC). PMAwas from Sigma Chemi-
cal Co. (St. Louis, MO).

Cell culture. The IL-6-dependent, human myeloma cell line
U266B1 and the IL-6-independent myeloma cell line RPMI-8226 were
obtained from American Type Culture Collection (Rockville, MD), and
myeloid U937 cells were obtained from Dr. Connie R. Faltynek (Sterling
Drug, Inc., Malvem, PA). Cells were grown in RPMI-1640 medium
supplemented with 10% heat-inactivated FCS, 2 mMglutamine, and
antibiotics in a humidified atmosphere of 5% CO2 and 95% air. U266
cells were originally established by Dr. K. Nilsson (University of Upp-
sala, Uppsala, Sweden) (38), and recently, the biological characteristics
of different U266 sublines were described in greater detail (27, 39, 40).
The biological features of the ATCCU266B1 cells used in this study
appear to be somewhat different from the U266-1970 and U266-1984
cells described by others (27, 39, 40). U266 cells were kept at densities
ranging from 0.6 x 106 to 2 x 106 cells/ml, while RPMI-8226 and U937
cells were kept below 1 x 106 cells/ml for optimal growth conditions.
Different batches of U266 cells at different passage levels (average 10-
15 passages) gave highly reproducible results.

Proliferation assays. 104 U266 cells were cultured in a total volume
of 200 Mil in 96-well plates either alone or in the presence of cytokines
and mAbfor 96 h. During the last 8 h of the culture period, plates were
pulsed with 0.5 HtCi of [3H]thymidine (sp act 6.7 Ci/mmol; Amersham
Corp., Arlington Heights, IL). Plates were harvested using a semiauto-
matic plate harvester (Skatron, Inc., Sterling, VA) and ethanol-precipi-
tated radioactivity was determined by liquid scintillation counting.
Assays were routinely performed in triplicate.

ELISA. Immunoreactive IL-6 was assayed with a commercially
available IL-6 ELISA kit (R&D Systems, Inc., Minneapolis, MN) ac-
cording to the manufacturer's recommendations. The limit of detection
was 2 50 pg/mi. Determinations were performed in quadruplicate.

Binding assays. Saturation binding and Scatchard plots were per-
formed as described (33). Briefly, IL-6 was radioiodinated with the
diiodinated Bolton Hunter reagent (Dupont-NEN, Boston, MA) to a
specific activity of 32 HCi/.tg and the bioactivity of labeled IL-6 (I25I1
IL-6) was tested on IL-6-dependent B9 cells. U266 cells were harvested
by low speed centrifugation and thoroughly washed (three times) with
PBS to ensure removal of cell surface-bound, endogenous IL-6. Note
that U266 cells secreted considerable amounts of endogenous IL-6. To
ensure that endogenous IL-6 did not skew IL-6R determinations with
'251-IL-6, in some experiments cells were "cell surface-stripped" with
the acidic glycine solution (41) that is known to effectively remove
noncovalently bound molecules from the cell surface. Cell surface-
stripped U266 cells expressed comparable IL-6R levels to PBS-washed
cells. Saturation binding experiments were performed by incubating 3
x 106 U266 cells in 250 isl binding buffer (identical to cell culture
medium) with increasing concentrations of 125I-IL-6 (0.018-7.5 ng)
either in the absence or presence of a 500-fold molar excess of unlabeled
IL-6 to determine nonspecific binding. Binding reactions were set up
in triplicates and proceeded at 4°C for 3 h. Earlier results (33) indicated
that 1251-IL-6 equilibrium binding occurs around 3 h. Thereafter, sam-
ples were layered onto an oil gradient to separate free from cell-bound
radioactivity by spinning in a microcentrifuge. The supematants were
aspirated and the tips of the tubes were cut and counted in a gamma
counter.

Affinity-crosslinking and SDS-PAGE. U266 cells were affinity-
crosslinked with '25I-IL-6 and the noncleavable crosslinker bis(sulfo-
succinimidyl) suberate (BS3) (Pierce, Rockford, IL) exactly as de-
scribed (33). Briefly, cells were harvested, washed, and 3 x 106 cells
were incubated in 1 ml of binding buffer with 15 ng '251-IL-6 (7.5
x 10-'° M) for 3 h at 4°C. During the last 15 min, BS3 from a 50 mM
stock solution in PBS was added to yield a final concentration of 1 mM.
Samples were layered onto 750 jtl of 10% sucrose (in PBS) in Eppend-
orf tubes and spun in a microcentrifuge. Supematants were aspirated
and pellets were lysed with 1% NP-40 in PBS containing protease
inhibitors for 15 min on ice. Insoluble material was removed by centrifu-
gation, the supematants were collected, and an equal volume of 2x
reducing electrophoresis sample buffer was added. The samples were
stored at -70°C until analysis by 6%SDS-PAGEunder reducing condi-
tions. IL-6R complexes were visualized by autoradiography after expo-
sure for an average of 4-6 d.

Northern blot analyses. gp8O and gp130 cDNAs were a generous
gift from Dr. Tetsuya Taga (Osaka University, Osaka, Japan); a human
IFN-y-R cDNA was a kind gift of Dr. Michel Aguet (University of
Zurich, Zurich, Switzerland); and an IL-6 probe was supplied kindly
by Dr. Tiziana Musso (National Cancer Institute, Frederick, MD).
Treatment of cells with cytokines was performed as indicated in the
figure legends. Cells were solubilized with guanidine isothiocyanate,
and total RNAwas purified by sedimentation through a cesium chloride
cushion. For some experiments, total RNAwas purified by the RNAzol
method (Tel-Test, Inc., Friendswood, TX). 20 tig of RNAwas electro-
phoresed on formaldehyde agarose gels and transferred onto Nytran T

membranes (Schleicher & Schuell, Inc., Keene, NH). Filters were hy-
bridized for 18 h at 42°C in Hybridisol solution (Oncor Inc., Gaithers-
burg, MD) with 2 x 106 cpm/ml of 32P-labeled probes. The probes
were a 1.4-kb EspI-FspI gp8O, a 2.3-kb PstI gpl30, a 0.9-kb PstI IL-
6, and a 1.4-kb KpnI-PstI IFN-y-R cDNA fragment, respectively.

Results

Among a panel of 12 agents including IL-1,6, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, GM-CSF, TNF-a, IFN-a, IFN-y, and PMA,
only IL-6, IFN-a, IFN--y, TNF-a, and PMAsignificantly af-
fected U266 cell proliferation. Fig. 1 A shows that IL-6 was the
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Figure 1. Cytokine- and mAb-mediated growth modulation of U266 cells. 104 U266 cells were cultured in 96-well plates either alone or in the
presence of the indicated factors for 96 h. Plates were harvested as described in Methods and incorporated radioactivity was determined by
scintillation counting. Results are means of one representative experiment performed in triplicate. (A) U266 cells were cultured either alone or in
the presence of increasing concentrations of IL-6 (closed circles), GM-CSF(open circles), IFN-a (closed triangles), or IFN-y (open triangles).
Note that 100 ng IFN-a equals 20,000 U. (B) U266 cells were cultured either with increasing concentrations of IL-6 alone (open circles), or in
the presence of IL-6 and the indicated amounts of IFN-a: 2 U/ml (open triangles), 20 U/ml (open squares), 200 U/ml (closed circles), 2,000
U/ml (closed triangles), or 20,000 U/ml (closed squares). (C) U266 cells were cultured either alone or in the presence of increasing concentrations
of CLBIL-6/8 (closed circles), PMl (closed triangles), AM64 (closed squares), or irrelevant IgG (open circles). (D) U266 cells were cultured
either with increasing concentrations of IFN-a alone (open circles), or in the presence of various concentrations of the neutralizing IL-6 mAb
CLBIL-6/8: 10 ng/ml (closed circles), 100 ng/ml (open triangles), or 1 ug/ml (closed triangles).

only factor that enhanced proliferation greater than or equal to
twofold in a concentration-dependent manner, whereas IFN-a
inhibited proliferation by 84% and IEN-'y by 72%. TNF-a and
PMAinhibited U266 cells by 63 and 75%, respectively (not
shown). For reasons of clarity, Fig. 1 A only depicts results
obtained for IL-6 (a stimulator), IFN-a and IFN-y (two inhibi-
tors), and GM-CSF(factor with no effect). These results were

in good agreement with earlier reports on the antiproliferative
effects of IFN-a (23) and IFN-y on U266 cells (39) and support
the notion that IL-6 is a growth factor for this cell line (27, 29,
42). IL-1, IL-2, IL-3, IL-4, IL-5, IL-7, and GM-CSF, cytokines
that were reported previously to affect B cells and myeloma
cells to varying degrees (9-11, 42-44) had no detectable
growth-modulating effects on U266 cells.

Since U266 cells synthesize and secrete minute amounts of
IL-6 (29), experiments were carried out to test whether increas-
ing concentrations of the growth factor IL-6 could counteract
the growth inhibitor IFN-a. Fig. 1 B shows that IL-6 enhanced
U266 cell proliferation even in the presence of low IFN-a con-

centrations (-c 200 U/ml). That effect became less pronounced
in the presence of higher IFN-a concentrations and was inhib-
ited with concentrations of 2 2,000 U/ml IFN-a. Furthermore,

IL-6 concentrations up to 100 ng/ml could not overcome high
dose IFN-induced growth suppression. These results clearly
demonstrated that IFN-a-induced negative growth signals
dominate growth-promoting IL-6 signals in U266 cells.

The autocrine nature of the IL-6 growth loop predicts that
U266 cells should be prone to growth inhibition by either neu-

tralizing endogenous IL-6 or by blocking the interaction of IL-
6 with its receptor (gp8O) or its signal transducer (gpl3O). Fig.
1 C shows that this is the case. Three mAbs directed either
against IL-6 (CLBIL-6/8), the IL-6R (PM1), or the IL-6 signal
transducer (AM64) each inhibited U266 cell growth to varying
degrees. CLBIL-6/8 and AM64 were the strongest inhibitors
(2 70%), while PM1 was less effective (50%). These results
are in good agreement with other studies of mAbs directed
against components of the IL-6-IL-6R complex (29, 45, 46).

Neither IFN-a nor any of the mAbs alone could completely
suppress U266 growth. Therefore, the effect of the mAbs in
combination with IFN-a was tested. As expected, combinations
of IFN-a and mAbs exerted additive antiproliferative effects
on U266 cells. Fig. 1 D shows results obtained with varying
concentrations of CLBIL-6/8 and IFN-a. Combinations of PM1
and IFN-a or AM64 and IFN-a in the highest doses tested (1

Interferon-a-mediated Down-regulation of the Interleukin-6 Receptor 2319

* IL-6

- IFN-a

0

x

E
cL0.

co

co

C)

x

Ea-
U

A



-0- control
* 1 U/mI

-*-A 100 U/mI
-a-I100 U/mi

6 - o- 1 000/mi

5 - 5000 U/mI

4
C

( 3/

2--

0T
0 24 48 72

time (h)

Figure 2. IFN-a increases extracellular IL-6 levels. U266 cells (1
x 106 cells/ml) were cultured in 6-well plates either alone (open cir-
cles) or in the presence of IFN-a at 1 U/ml (closed circles), 10 U/ml
(open triangles), 100 U/ml (closed triangles), 1,000 U/ml (open
squares), or 5,000 U/ml (closed squares). At the indicated time peri-
ods, culture supernatants were removed and tested for immunoreactive
IL-6 by ELISA. Results shown are means of quadruplicate determina-
tions.

jug/ml mAband 20,000 U/ml IFN-a) yielded almost superim-
posable results of < 95% growth inhibition (not shown).

An obvious question to ask at this point was whether IFN-
a blocked synthesis and/or secretion of IL-6 in U266 cells. To
address that issue, U266 cells were cultured in either the absence
or presence of IFN-a, and at varying time points supematants
were collected and tested for IL-6 immunoreactivity by ELISA.
As shown in Fig. 2, culture supematants of untreated U266
cells revealed IL-6 levels in the low picogram range. Surpris-
ingly, IFN-a did not decrease but markedly increased extracel-
lular IL-6 levels in a time- and concentration-dependent fashion.
Maximal IL-6 levels (6.4 ng/ml) were detected after a 72-h
culture period with 5,000 U/ml of IFN-a. This effect was not
limited to type I IFN. IFN--y (5,000 U/ml, 72 h) induced compa-
rable IL-6 levels (3.4 ng/ml) in U266 cells (data not shown).
However, a Northern blot analysis of IFN-a-treated cells re-
vealed no effects on IL-6 mRNAlevels over the observed time
periods (up to 48 h) (see Fig. 5 B). Therefore, IFN-a appeared
to augment secretion of IL-6. These results are partly in
agreement with a recent report by Jourdan et al. (47), who
observed that low dose IFN-a enhanced, while high dose IFN-
a inhibited, proliferation of a different set of human myeloma
cells. However, in the case of U266 cells, IFN-a -induced extra-
cellular IL-6 apparently had no growth-enhancing effects be-
cause no increases in [3H] thymidine incorporation were ob-
served at any given IFN-a concentrations tested (range: 0.02-
20,000 U/ml).

Having established that IFN-a-mediated inhibition of U266
cell growth could not be based on suppression of IL-6 synthesis,
experiments were designed to investigate whether IFN-a af-
fected another fundamental component of an autocrine IL-6
growth loop (i.e., the IL-6R). The effect of IFN-a on numbers
of IL-6R and equilibrium dissociation constants (Kd) in satura-
tion binding experiments with 125I-IL-6 followed by Scatchard
analyses was determined. Fig. 3 A shows that '25I-IL-6 binding
on U266 cells was specific and saturable. Scatchard analyses
of the binding data (Fig. 3 B) revealed that untreated U266

cells expressed two independent classes of high and low affinity
binding sites, yielding 1,185 high affinity (Kdl = 2.9 x 10-11
M) and 2,911 low affinity binding sites (Kd2 = 1.7 x 10-10
M), confirming earlier reports on the binding kinetics of IL-6
on U266 cells (32, 33). Treatment with 1,000 U/ml of IFN-a
for 48 h completely abrogated high affinity IL-6 binding sites
and reduced the number of low affinity sites by 60% (1204)
without changing their affinity (Kd = 1.1 >x 10-10 M).

To determine whether the loss of high affinity binding sites
was due to decreased gpl30 levels, affinity-crosslinking experi-
ments using 1251-IL-6 were performed to assess the cell surface
expression of the IL-6R a- (gp8O) and /8-chain (gpl3O). Previ-
ous work from our laboratory showed that affinity-crosslinking
with 1251-IL-6 is a versatile method to visualize the ligand-
binding gp8O and the signal-transducing gpl30 IL-6R subunits
(33). Crosslinking of 1251-IL-6 to untreated U266 cells (Fig.
4 A, lane 1) gave rise to four radioactively labeled receptor
complexes comprising one or two 1251-IL-6 molecules cross-
linked to one gp8O or one gpl30 molecule, respectively (33).
The 100- and 120-kD complexes correspond to gp8O and the
145- and 165-kD complexes to gpl3O. IL-6 pretreatment (30
ng/ml) for 24 or 48 h led to a disappearance of the labeled
receptor complexes. This is based presumably on the reported
capacity of IL-6 to internalize (48) and thereby to down-regu-
late its own gp8O and gpl30 receptor components (33).
IFN-a treatment (2,000 U/ml) also markedly decreased 1251I
IL-6-mediated receptor complex formation, although to a
lesser extent than IL-6, while PMA (50 ng/ml) induced an
effect comparable with IL-6.

To test whether IFN-a-mediated IL-6R down-regulation
would also occur on IL-6-independent myeloma cells, similar
experiments were performed with RPMI-8226 cells. These cells
are sensitive to growth inhibition by IFN-a (49), but do not
respond to IL-6 with enhanced growth (6, 33). As shown in
Fig. 4 B, untreated RPMI-8226 cells primarily gave rise to the
145- and 165-kD bands, due to relatively higher gpl30 cell
surface levels of these cells (33). IFN-a treatment (2,000 U/
ml, 24 h) clearly up-regulated gp8O and, to a lesser extent, also
gpl30 complexes. These latter data indicated that IFN-a does
not invariably down-regulate the IL-6R on all myeloma cells.

Although these results strongly suggested that IFN-a de-
creased gp8O and gpl30 cell surface levels on U266 cells (heter-
ologous IL-6R down-regulation), it was not immediately appar-
ent whether this effect was direct or indirect. Since IFN-a in-
creased IL-6 release in U266 cells, the possibility had to be
considered that the observed down-regulation of the IL-6R was
in fact due to IL-6 (homologous IL-6R down-regulation). From
the data shown in Fig. 2, one would expect - 3 ng/ml of IL-
6 to be induced by 2,000 U/ml of IFN-a during a 48-h culture
period. This amount of IL-6 could suffice to induce appreciable,
homologous receptor down-regulation. Therefore, U266 cells
were treated with IFN-a (2,000 U/ml) for 48 h either in the
absence or presence of a neutralizing anti-IL-6 mAb(CLBIL-
6/8) (15 pg/ml). Fig. 4 C shows that CLBIL-6/8 (lane 2),
but not an irrelevant isotype control (lane 4), was able to pre-
vent the IFN-a-mediated decrease of the 145- and 165-kD
bands (gpl3O) but not of the 100- and 120-kD bands (gp8O).
CLBIL-6/8 and irrelevant IgG, had no effect on IL-6R complex
formation (Fig. 4 C, lanes 1 and 3). These results suggested
that IFN-a directly (not through IL-6) down-regulated gp8O,
while the loss of gpl30 cell surface levels appeared to be indi-
rectly mediated through IL-6. Consequently, considerable num-
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specific binding data.

bers of cell surface IL-6Rs were lost during IFN treatment due
to homologous (IL-6-mediated) and heterologous (IFN-a-
mediated) receptor down-regulation.

The distinct IFN-a and IL-6 effects on gp8O and gpl30
protein levels suggested that both cytokines could also differen-
tially regulate gp8O and gpl 30 mRNAlevels. To test this notion,
U266 cells were cultured for different lengths of time in the
presence of IL-6 (30 ng/ml) or IFN-a (2,000 U/ml) followed

by Northern blot analyses. As shown in Fig. 5, untreated cells
expressed basal levels of 5.5-kb gp8O and 7.0-kb gp130
mRNAs. IL-6 treatment did not significantly modify this expres-
sion (Fig. 5 A). On the contrary, IFN-a treatment (Fig. 5 B)
clearly down-modulated gp8O mRNAexpression in a time-de-
pendent manner. After a steep initial increase above basal levels
by 1 h of stimulation, gp8O mRNAlevels rapidly decreased and
virtually no gp8O mRNAwas detected at 36 h. IFN-a also
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Figure 4. Affinity-crosslinking of the IL-6R. (A) U266 cells were left untreated (lane 1), treated with IL-6 (30 ng/ml) (lanes 2 and 3), IFN-a
(2,000 U/ml) (lanes 4 and 5), or PMA(50 ng/ml) (lanes 6 and 7) for 24 or 48 h, respectively. Cells were harvested, washed, and subjected to
affinity-crosslinking with '251-IL-6 and BS3. Clarified NP-40 lysates of the samples were separated by 6%SDS-PAGEfollowed by autoradiography.
IL-6R complexes in kilodaltons are indicated on the left. (B) RPMI-8226 cells were left untreated (lane 1) or treated with IFN-a (2,000 U/ml)
for 24 h (lane 2). Cells were affinity-crosslinked with '5I-IL-6 and analyzed by 6% SDS-PAGEfollowed by autoradiography. The 70-kD band
(arrowhead) obtained with RPMI-8226 cells is a nonspecific crosslinking artifact and does not represent an IL-6R complex (33). (C) U266 cells
were cultured with CLBIL-6/8 (15 qg/ml) (lanes I and 2) or an irrelevant isotype control antibody (15 qg/ml) (lanes 3 and 4) either alone (lanes
I and 3) or in the presence of IFN-a (2,000 U/mI) (lanes 2 and 4). After 48 h, cells were harvested and analyzed by affinity-crosslinking, SDS-
PAGE, and autoradiography as in A and B. Molecular mass markers in kilodaltons are indicated on the right.
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Figure 5. Time-dependent regulation by IL-6 or IFN-a of IL-6, gp8O,
and gpl3O mRNAexpression. U266 cells were stimulated with 30 ng/
ml of IL-6 (A) or 2,000 U/ml of IFN-a (B) for the indicated time
periods before total RNAwas isolated with guanidine isothiocyanate
(A) or RNAzol (B). The results shown in each panel were obtained
with one filter that was sequentially hybridized with IL-6, gp8O, or

gpl30 probes. The 1.3-kb IL-6, 5.5-kb gp8O, and 7.0-kb gpl30 mRNA
species are indicated on the right. Control hybridizations with rRNA or

actin probes confirmed the presence of equal amounts of RNA(not
shown).

modulated the basal levels of gpl30 mRNA.mRNAup-regula-
tion was observed as early as h after IFN-a treatment and it
was further increased at 6 h, reaching plateau levels at 12 h.
Thereafter, gpl30 mRNAexpression declined and fell below
control levels at 48 h. These data indicate that IFN-a, but not
IL-6, down-modulated mRNAlevels of both the ligand-binding
gp8O as well as the signal-transducing gpl30 chain of the
IL-6R, whereas it did not affect IL-6 mRNAlevels.

To test whether the observed IFN-a effects on gp8O mRNA
levels were specific, U266 (Fig. 6, A and B) and U937 cells
(Fig. 6 C) were treated with IFN--y (2,000 U/ml), TNF-a (10
ng/ml), or PMA(50 ng/ml). As shown in Fig. 6 A, IFN--y and
TNF-a, two agents that inhibit U266 cells, did not significantly
change gp8O mRNAlevels, whereas PMAcaused a reduction
comparable with IFN-a. Therefore, factor-induced growth inhi-
bition of U266 cells was not invariably associated with down-
modulation of the IL-6R a-chain mRNA.To determine whether

the IFN-a effect on gp8O mRNAlevels was gp8O specific, the
same filter shown in Fig. 6 A was hybridized with a probe for
the human IFN--y-R. As shown in Fig. 6 B, TNF-a and PMA
but not IFN-a or IFN-y down-modulated steady-state mRNA
levels of the human IFN--y-R. Finally, to compare cytokine-
induced IL-6R modulation in IFN-a-sensitive myeloid cells,
U937 cells were stimulated with the same agents and analyzed
by Northem blotting for gp8O expression. As shown in Fig. 6
C, IFN-a, IFN-y, and TNF-a slightly increased expression of
gp80 mRNAlevels in U937 cells. These latter results substanti-
ated the notion that IFN-a-mediated disruption of an IL-6-
dependent autocrine growth loop in U266 myeloma cells was
specifically and predominantly due to a potent down-modulation
of the IL-6R a-chain gp8O.

Discussion

IL-6 fulfills the requirements for an autocrine growth system
on U266 cells. Wehave confirmed that U266 cells express IL-
6 mRNAand protein (29, 30) and the a- and /3-chain of the
IL-6R (32, and this study). Of 11 cytokines tested, only IL-6
significantly enhanced [3H] thymidine incorporation. Moreover,
antibody inhibition experiments demonstrated that cellular pro-
liferation could be blocked by interfering with IL-6 (CLBIL-
6/8), the IL-6R gp8O (PM1), or the IL-6 signal transducer
gpl30 (AM64), as previously shown for U266 (29) and other
IL-6-responsive cells (45, 46). Although Levy et al. (30)
failed to inhibit U266 cells by anti-IL-6 mAb, they, and another
group (29) inhibited U266 growth by IL-6 antisense oligonucle-
otides, thus further confirming the strict requirement of IL-6 by
U266 cells.

However, none of the mAbs tested alone could completely
block cell proliferation. Several mechanisms could account for
this observation. Functionally, PMl and AM64 are receptor
antagonists and compete with IL-6 for binding to gp8O and
forming a complex with gpl3O. Since the binding of IL-6 to its
receptor is of high affinity (1 0- 100 pMrange), it is conceivable
that the mAbs bind to gp8O and gpl30 with lower affinities
than IL-6 and, thus, can only induce a partial IL-6 block. Simi-
larly, Sidell et al. (45) reported that PMl inhibited AFlO cells
(a U266 clone) by only 40%. Furthermore, a study of IL-3-
mediated autocrine growth loops revealed that ligand and recep-
tor apparently can interact intracellularly and need not exit a
cell to induce a growth stimulatory signal (50). These findings
could easily explain why mAb-mediated neutralization of either
IL-6 or any of its receptor components is relatively inefficient
in inhibiting IL-6-dependent myeloma cells. In the same con-
text, as shown in Fig. 1 C, CLBIL-6/8 effectively, albeit only
partially (2 50%), inhibited U266 cell growth at low mAb
concentrations (c 1 tg/ml), but increasing mAb concentra-
tions (: 10 Hg/ml) had only minor additional antiproliferative
effects. These results could reflect the possibility that a sizable
fraction of IL-6 is biologically active intracellularly, and thus
evades neutralization by mAb. It is noteworthy to mention that
two groups (29, 30) found IL-6 antisense oligonucleotide-medi-
ated inhibition to be more effective than mAb-mediated inhibi-
tion of U266 cell growth.

IFN-a-mediated inhibition was clearly more effective than
mAb-mediated inhibition. IFN-a alone inhibited U266 cells by
84% and that value increased to 96% when combined with 1

jug/ml of CLBIL-6/8 or any of the IL-6R mAbs. Importantly,
IFN-a exerted a dominant negative growth signal, because ex-
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Figure 6. IFN-a-specific down-modulation of gp8O mRNA. U266 cells (A and B) or U937 cells (C) were incubated for 24 h with IL-6 ( 10 ng/
ml), IFN-a (2,000 U/ml), IFN-y (2,000 U/ml), TNF-a (10 ng/ml), or PMA(50 ng/ml). Northern blots were performed with guanidine
isothiocyanate-extracted RNA. In A and C filters were hybridized with a gp8O probe and in B the same filter shown in A was stripped and
rehybridized with an IFN-y-R probe. The 5.5-kb gp8O and 2.3-kb IFN-y-R mRNAsare indicated on the right. Control hybridizations with rRNA
probes confirmed the presence of equal amounts of RNA (not shown).

ogenously added IL-6 (up to 100 ng/ml) could not counteract
growth suppression. In this respect IFN-a-mediated inhibition
of myeloma cells differs from retinoic acid-mediated inhibition
that is not dominant and can be reversed by IL-6 (45). These
results strongly suggested that IFN-a interfered with a critical
cellular component that is required by IL-6 to drive U266 cell
proliferation. However, that component was not IL-6 itself since
IFN-a augmented secretion of IL-6 and had no effect on IL-6
mRNAlevels.

The critical, IFN-a-regulated component of IL-6-mediated
growth stimulation of U266 cells appeared to be the IL-6R.
Scatchard analyses indicated that IFN-a led to a complete loss
of high affinity binding sites and reduced the number of low
affinity binding sites by - 60%. Affinity-crosslinking experi-
ments verified that the loss of high affinity binding sites was
due to a loss of the cell surface expression of the IL-6 signal
transducer gp 130 and that the reduction of low affinity binding
sites correlated with a reduced appearance of gp8O crosslinked
to 1251-IL-6. However, while the loss of membrane-bound gp80
appeared to be a direct IFN-a effect, the loss of gpl30 was
mediated primarily by endogenous IL-6, as revealed by mAb
neutralization experiments with CLBIL-6/8. These results were
substantiated by the Northern blots. IL-6 had no effect on gp80
or gpl30 mRNAlevels which indicated that IL-6 primarily
regulated the cell surface levels of its receptor components.
These results differ somewhat from IL-6-mediated regulation
of gp80 and gp 130 mRNAlevels in monocytes and hepatocytes
(51, 52). Conversely, IFN-a primarily regulated the IL-6R
components on an miRNA level. After a transient increase, both
mRNAspecies rapidly declined after continuous exposure to
IFN-a. The time course of the IFN-a-mediated regulation of
the IL-6R components indicate that by 48 h very little receptor
protein should be available at the cell surface, because of
IL-6-mediated loss of membrane-bound gpl30 and the lack of
newly synthesized gp8O due to greatly reduced gp8O mRNA
levels. This timely staged sequence of events could explain why
IFN-a-mediated growth inhibition is not an immediate effect
and takes at least 48-72 h to become experimentally detectable.

Interestingly, IFN-y had little to no effect on gp80 mRNAlevels
(Fig. 6 A). These data are in very good agreement with results
obtained by Jemberg-Wiklund et al. (39) who concluded that
type I and type II IFNs inhibit U266 cells by different mecha-
nisms. Our data, however, differ from a study by Portier et al.
(22) who showed that IFN--y reduced gp8O mRNAlevels in XG-
1 and XG-5 human myeloma cells, which do not secrete IL-6
but are sensitive to growth inhibition by IFN-y. These results
further emphasize the biological heterogeneity of MMcell lines.

Consequently, one can conclude that IFN-a inhibited U266
cell growth by targeting the IL-6R a-chain specifically. This
effect appeared to be specific for IL-6-dependent myeloma
cells because IFN-a-induced growth inhibition was associated
with up-regulation of gp8O levels on IL-6-independent my-
eloma (RPMI-8226) (Fig. 4 B) and myeloid U937 cells (Fig.
6 C); similar observations were made by Lasfar et al. (49).
Importantly, these investigators also reported IFN-a-mediated
gp8O down-regulation on another IL-6-dependent myeloma
cell line (XG-l) and, similarly, IFN-a-mediated gp8O up-regu-
lation on another IL-6-independent myeloma cells (RPMI-
8226). Hence, it appears that IFN-a has the capacity to specifi-
cally down-regulate the IL-6R in IL-6-dependent but not in
IL-6-independent myeloma or other cell types. Interestingly,
Sidell et al. (45) recently reported another agent, retinoic acid,
that appeared to specifically down-regulate gp8O levels in
IL-6-dependent AFIO myeloma cells.

Furthermore, it cannot be determined from our data whether
IFN-a decreased the half-life of the gp8O mRNA, a mechanism
that has been shown for other IFN-regulated mRNAs(26), or
whether IFN-a induced a transcriptional block. Nevertheless,
the IFN-a effect appeared to be highly specific. IFN-y and
TNF-a, which inhibited U266 cells to comparable degrees like
IFN-a, had no effect on gp8O mRNAlevels. In addition, it is
unlikely that the IFN-a effect was due to general inhibition of
protein synthesis or reduced transcriptional activity, since
IFN-a did not affect gpl 30 protein levels and led to a significant
increase of gpl30 mRNAat a time point (12 h) when there
was only very little gp8O mRNAleft.
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Although our results clearly indicated a loss of membrane-
bound gp8O and gpl3O, no conclusions can be drawn about
whether this was due to ligand-induced internalization of li-
gand-receptor complexes or active shedding of gp8O and gpl3O
from the cell surface. Both mechanisms seem likely. IL-6 is
known to internalize (48), and this most likely involves recep-
tor-mediated endocytosis (53). Alternatively, activation by
PMAof protein kinase C was found to induce shedding of a
soluble form of gp8O (54). Therefore, it becomes likely that a
similar mechanism accounted for the PMA-induced loss of gp8O
and gpl30 from the cell surface of U266 cells. Furthermore,
protein kinase C-mediated shedding of the IL-6R chains could
also play a role for the observed IFN-a effect, since it is known
that TFN-a requires a functional protein kinase C for activ-
ity (55).

Despite IFN-a-induced increases in extracellular IL-6,
which in turn was able to bind to gp8O and interact with gpl30,
we did not detect enhanced cellular proliferation. This differs
from the report by Jourdan et al. (47) who observed enhanced
myeloma cell growth with low IFN-a concentrations. The in-
ability of IL-6 to exert a biological effect in the presence of
IFN-a could suggest a block in IL-6 signal transduction. In that
respect, it is noteworthy to mention that IFN-a and IL-6 were
shown recently to activate the same members of the Jak/Tyk
family of protein tyrosine kinases, Jak-l (34, 35, 56) and
Tyk-2 (35, 57). IFN-a may use IFN-a-specific as well as
shared signaling molecules. Therefore, IFN-a may divert the
shared signals from the IL-6R system, thereby inducing an ef-
fective biological IL-6 block. These considerations may explain
how two factors that share common signal transduction path-
ways can still induce entirely distinct biological effects.

Finally, if the results of this in vitro study had any bearings
for IFN-a therapy of MM, then it would seem that high
IFN-a doses were more likely to achieve favorable response
rates in IL-6-dependent myelomas. In this regard, it is interest-
ing to note that the optimal dose, schedule, and administration
of IFN-a in MMremain to be established (24).
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