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Released Form of CNTF Receptor o« Component as
a Soluble Mediator of CNTF Responses
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The a component of the receptor for ciliary neurotrophic factor (CNTF) differs from other
known growth factor receptors in that it is anchored to cell membranes by a glycosyl-
phosphatidylinositol linkage. One possible function of this type of linkage is to allow for the
regulated release of this receptor component. Cell lines not normally responsive to CNTF
responded to treatment with a combination of CNTF and a soluble form of the CNTF «
receptor component. These findings not only demonstrate that the CNTF receptor o chain
is a required component of the functional CNTF receptor complex but also reveal that it
can function in soluble form as part of a heterodimeric ligand. Potential physiological roles
for the soluble CNTF receptor are suggested by its presence in cerebrospinal fluid and by
its release from skeletal muscle in response to peripheral nerve injury.

Originally, CNTF was described as an
activity that supports the survival of ciliary
ganglion neurons in vitro (1), but it is now
known to promote the survival or differen-
tiation (or both) of a wide assortment of
cells within the nervous system (2). The
molecular cloning of a CNTF-binding pro-
tein (here denoted CNTFRa) revealed that
it was similar to one of the two components
of the interleukin-6 (IL-6) receptor (here
denoted IL-6Ra) (3, 4). This similarity
suggested that, like the IL-6 receptor,
which has a signal-transducing component
called gp130 (5, 6), the CNTF receptor
might also require additional components
to effect signal transduction (4).

The factors CNTF and IL-6 are distantly
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related members of a family that includes
leukemia inhibitory factor (LIF) [also
known as cholinergic differentiation factor
(CDF) (7, 8)]; all of these factors utilize
multicomponent receptors that share sig-
nal-transducing subunits (9, 10). In partic-
ular, all of these receptor complexes include
gpl30 (10). Both CNTF and LIF (but not
IL-6) may also share an additional receptor
subunit that is related to gp130 (here re-
ferred to as LIFRB) (10), which was initial-
ly identified as a LIF-binding protein (11).
It has been suggested that gp130 and LIFRB
together form a functional LIF receptor
complex (9, 10) and that addition of the
CNTFRa chain to this complex is sufficient
to convert a functional LIF receptor into a
functional CNTF receptor (10). Whereas
the broad distributions of both gp130 and
LIFRB presumably allow for the widespread
actions of LIF, the limited distribution of
CNTFRa (predominantly to the nervous
system) may restrict CNTF to its neuronal
actions (12).

The CNTF receptor is unlike all other




known growth factor receptors in that it has
a receptor component (the CNTFRa chain)
that is anchored to cell membranes by a
glycosyl-phosphatidylinositol (GPI) linkage
(4). Like other GPI-linked proteins,
CNTFRa can be released from the cell
surface by phosphatidylinositol-specific
phospholipase C (PI-PLC) (4). This raises
the possibility that CNTFRa may, in some
circumstances, be released from the cell
surface as a soluble molecule. The protein
most closely related to CNTFRa is IL-6Ra,
the only known receptor component whose
soluble form can promote rather than antag-
onize the biological effects of its ligand (3, 6,
13). Soluble CNTFRa (sCNTFRa) might
therefore allow functional CNTF responses
in cells that do not express the entire recep-
tor complex but do express the appropriate
signal-transducing receptor components.
To investigate potential functions of
sCNTFRa and to determine whether it can
participate directly in the activation of sig-
nal-transducing proteins, we studied the ef-
fects of CNTF and sCNTFRa on phenotypic
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Fig. 1. Effect of SCNTFRa on proliferation and
differentiation of M1 cells. (A) Morphological
differentiation caused by CNTF and sCNTFRa.
Cells were incubated for 5 days with no factor,
LIF (1 nM), CNTF (5 nM), or both CNTF (5 nM)
and sCNTFRa (25 nM). (B) Effects of IL-6, LIF,
and CNTF with or without SCNTFRa on prolifer-
ation and adhesion of M1 cells. The M1 cells
were incubated in 24-well plates for 5 days with
IL-6 (1 nM), LIF (1 nM), CNTF (concentration
indicated in figure in nM), sSCNTFRa (25 nM), or
both CNTF and sCNTFRa. Total cells and cells
adhering to the culture dishes after three wash-
es with phosphate-buffered saline were then
counted.

responses and signal-transduction events in
two hemopoietic cell lines that normally
respond to LIF but not to CNTF and in one
hemopoietic cell line that does not respond
to either factor. The two LIF-responsive cell
lines were M1, a murine myeloid progenitor
cell line, and TF-1, a human erythroleuke-
mia cell line. These cells display markedly
different responses to LIF. M1 cells stop
proliferating and differentiate into macro-
phage-like cells in response to LIF (8). In
contrast, TF-1 cells display proliferative,
rather than antiproliferative, responses to
LIF (14). The murine plasmacytoma B9
requires IL-6 for survival (15) but does not
respond to LIF or CNTF. Consistent with
models of the LIF receptor complex (9, 10),
the LIF-responsive cell lines (M1 and TF-1)
express both LIFR@ and gp130, whereas B9
expresses only gp130 (10, 16). None of these
hemopoietic cell lines express detectable
amounts of CNTFRa mRNA (10, 16).

Although M1 cells did not respond to
CNTF (or to sCNTFRa alone) with any of
the morphological changes (that is, sub-
strate attachment, cell flattening, and
elongation) that are characteristic of LIF-
induced differentiation, a combination of
CNTF with sCNTFRa did result in these
changes (Fig- 1A). Bacterially produced
sCNTFRa (thus lacking any portion of the
GPI anchor) was as effective as sSCNTFRa
that was obtained by PI-PLC cleavage
from mammalian cells (17). The combina-
tion of CNTF and its soluble receptor was as
effective as IL-6 or LIF in inhibiting the
proliferation of M1 cells and in increasing
the proportion of cells that adhere to the
substrate; neither CNTF nor sCNTFRa
alone had any notable effect (Fig. 1B).

In contrast to M1 cells, TF-1 cells did
respond to CNTF alone (Fig. 2A). However,
more than 100 times higher concentrations of
CNTF than of LIF were required to elicit
similar proliferative responses (Fig. 2, A and
B). The ability of CNTF alone to cause
proliferation at very high concentrations may
reflect a marginal interaction of CNTF with
gpl130 and LIFRB in the absence of
sCNTFRa. The addition of sCNTFRa to
TF-1 cells resulted in a marked shift in the
CNTF dose-response curve: CNTF became
almost as potent as LIF (Fig. 2A). In contrast,
sCNTFRa had only a minor effect on the LIF
dose response (Fig. 2B) (18). The sCNTFRa
had no effect on the dose response for IL-3
(Fig. 2C), which is thought not to share any
receptor components with either LIF or
CNTF.

The hemopoietic cell line B9, which
does not respond to LIF, showed no detect-
able morphological or growth responses to
CNTF or to the combination of CNTF and
sCNTFRa. None of these factors could sub-
stitute for IL-6, which B9 cells require for
survival (16).
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The immediate early signaling events of
M1 cells in response to LIF are indistinguish-
able from those induced by either CNTF or
LIF in neuronal cells (10); in both cases,
tyrosine phosphorylation of receptor compo-
nents (gp130 and a 190-kD protein pre-
sumed to be LIFRB) and induced transcrip-
tion of a specific gene (tisI1) have been
observed. We tested whether the combina-
tion of CNTF and sCNTFRa induced these
signaling events in hemopoietic cells. In M1
and TF-1 cells, the combination of CNTF
and sCNTFRa (but not CNTF or sCNTFRa
individually) elicited tyrosine phosphoryla-
tions (Fig. 3A) and gene inductions (Fig.
3B) that characterize CNTF responses in
neuronal cells.

These results provide functional evidence
that the molecularly cloned CNTFRa is di-
rectly involved in signal initiation in response
to CNTF and that CNTFRa must indeed
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Fig. 2. Response of TF-1 cells to CNTF but not
to LIF or IL-3 was enhanced by the presence of
sCNTFRa. The TF-1 cells were plated in 96-well
plates (1.5 x 10 cells per well) for 72 hours in
the presence of serial dilutions of (A) CNTF, (B)
LIF, or (C) IL-3, either alone (black bars) or in
combination with sCNTFRa (25 nM) (hatched
bars). Cells were treated for the last 4 hours
with [3H]thymidine, and the incorporated radio-
activity was determined.
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Fig. 3. Signal transduction in re-  p EW-1
sponse to CNTF or LIF in M1 cells

and TF-1 cells exposed to SCNTFRa. 2
(A) Requirement of both CNTF and g
SCNTFRa for phosphorylation of sig- 8 &

nal transducers in M1 and TF-1 cells.
Total cell lysates were prepared after
treatment of cells for 5 min with IL-6
(5 nM), LIF (5 nM), CNTF (25 nM),
SCNTFRa (25 nM), or both CNTF
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sates were immunoprecipitated and PSR — 288
immunoblotted with antibodies to
phosphotyrosine. (B) Induction of tis11 - B —185

tis11 gene expression by CNTF and
sCNTFRa. The M1 cells were treated

for 45 min with sSCNTFRa (25 nM), CNTF (1 or 2 nM as indicated), and IL-6 (2 nM). Total RNA was then
isolated and analyzed by Northern blotting with the tis77 gene as a probe.

interact with additional receptor components.
The fact that only hemopoietic cell lines
expressing both gp130 and LIFR respond to
the combination of CNTF and sCNTFRa
reveals that gp130 alone is not sufficient to
transduce signals for CNTFRa and suggests
that LIFRB is a necessary component of the
CNTF receptor complex.

The finding that sCNTFRa and CNTF
can act on cells that are not normally respon-
sive to CNTF raises the question of whether
such effects occur in vivo. Large amounts of
CNTFRa mRNA are found only within the
central nervous system and in skeletal muscle
(4); therefore, we examined both as potential
sources of sSCNTFRa.. Substantial amounts of
sCNTFRa protein (up to 10 ng/ml) were
detected in several samples of human cerebro-

Fig. 4. Expression of sCNTFRa in the central
nervous system and in response to peripheral
nerve injury. (A) Presence of SCNTFRa in hu-
man cerebrospinal fluid (CSF). The sCNTFRa
was isolated from samples of CSF (400 pl)
taken from patients with lupus (lane 1), amyo-
trophic lateral sclerosis (lanes 2 and 4), and
epilepsy (lane 3) and was detected by protein
immunoblotting with an antibody to CNTFRa.
Standards are known amounts of sCNTFRa
isolated from supernatants of 3T3 cells treated
with PI-PLC, which stably express CNTFRa. (B)
An increased amount of CNTFRa mRNA after
sciatic nerve transection increases CNTFRa
message in rat skeletal muscle. The RNA was
isolated from muscle samples at various times
after the formation of the lesion, as indicated in
the figure and was subjected to Northern anal-
ysis with 32P-labeled CNTFRa cDNA as a
probe. (C) Secretion of SCNTFRa from muscle
tissue in response to denervation. Soleus mus-
cle was dissected from normal rats (-) or rats
that had been denervated 24 hours before they
were killed (+). Muscle explants were incubat-
ed in 24-well plates in culture medium [0.5 ml of

spinal fluid (Fig. 4A) (19), consistent with a
role for the sSCNTFRa in the central nervous
system.

In the peripheral nervous system, CNTF
may function as a Schwann cell-derived
factor produced in response to nerve lesions
(20). Schwann cells contain large amounts
of CNTF and apparently release it after
nerve injury. The suggestion that skeletal
muscle also participates in mediating re-
sponses to peripheral nerve injury (21)
raised the possibility that muscle-derived
sCNTFRa could collaborate with Schwann
cell-derived CNTF in these responses.

We examined CNTFRa mRNA expres-
sion in skeletal muscle after nerve injury.
The amount of CNTFRa transcripts in rat
gastrocnemius muscle increased more than
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a mixture of Dulbecco’s minimum essential medium and F12 (3:1) that contained 15 mM Hepes (pH
7.4), 3 mM histidine, 4 uM manganese chloride, and 10 uM ethanolamine]. The sCNTFRa was
isolated from the culture medium (425 wl) at various times after initiation of the culture and was

detected by protein immunoblotting with an

antibody to CNTFRa. The standard (left lane,

3T3/sCNTFRa) was 4 ng of PI-PLC—cleaved sCNTFRa that had been isolated from culture medium.
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50-fold within 24 hours of nerve injury and
then rapidly decreased (Fig. 4B). Our in-
ability to detect an increase in the amount
of CNTFRa protein within skeletal muscle
after nerve injury was consistent with the
notion that muscle might be producing
CNTFRa for release. In explants derived
from denervated muscle, sCNTFRa was
detected in the culture medium as early as 4
hours after explantation, and then it accu-
mulated further (Fig. 4C). In contrast,
sCNTFRa was not detected until 48 hours
after nondenervated rat muscle was placed
in explant culture, and, even then, it was
present in only small amounts (Fig. 4C).

The production of sCNTFRa by muscle
during the time in which CNTF is thought
to be released by injured nerve supports the
proposal that these two proteins combine to
evoke responses in vivo. The sCNTFRa
could potentiate CNTF actions on neurons
already responsive to this factor [as soluble
IL-6Ra does with IL-6-responsive hemopoi-
etic cells (5)]. In addition, any LIF-respon-
sive cell, whether neuronal or nonneu-
ronal, is a potential target for the combina-
tion of CNTF and sCNTFRa. Therefore,
sCNTFRa could not only contribute to mus-
cle-derived neurotrophic activity (22) but
could also participate in unanticipated inter-
actions between the nervous system and
hemopoietic or other systems (23).

There are many examples of receptors that
are found in soluble form in vivo (24). Almost
all of these soluble receptors are thought to
interfere with the binding of their ligands to
membrane-bound receptors. The receptor
components CNTFRa and IL-6Ra are the
only ones whose soluble forms promote the
actions of their ligands (5, 6, 12). Natural
killer cell stimulatory factor (NKSF, or IL-12)
is a heterodimeric ligand whose larger sub-
unit, NKSF-p40, resembles both IL-6Ra and
CNTFRa (25); NKSF-p40 is found only in
soluble form. The unusual GPI-linkage of
CNTFRa may participate in a release mech-
anism that allows CNTFRa to alternatively
function either as a cell surface receptor com-
ponent or as part of a heterodimeric ligand.
The ability of NKSF-p40, IL-6Ra, and
CNTFRa to function in soluble form may
depend on a common mechanism by which
these related proteins activate signal-trans-
ducing receptor components.
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Multiple Defects of Immune Cell Function in Mice
with Disrupted Interferon-y Genes

Dyana K. Dalton,* Sharon Pitts-Meek, Satish Keshav,
Irene S. Figari, Allan Bradley, Timothy A. Stewart

Interferon-y (IFN-y) is a pleiotrophic cytokine with immunomodulatory effects on a variety of
immune cells. Mice with a targeted disruption of the IFN-y gene were generated. These mice
developed normally and were healthy in the absence of pathogens. However, mice deficient
in IFN-y had impaired production of macrophage antimicrobial products and reduced ex-
pression of macrophage major histocompatibility complex class 1l antigens. IFN-y—deficient
mice were killed by a sublethal dose of the intracellular pathogen Mycobacterium bovis.
Splenocytes exhibited uncontrolled proliferation in response to mitogen and alloantigen.
After a mixed lymphocyte reaction, T cell cytolytic activity was enhanced against allogeneic
target cells. Resting splenic natural killer cell activity was reduced in IFN-y—deficient mice.
Thus, IFN-vy is essential for the function of several cell types of the murine immune system.

Interferon—'y, a cytokine secreted by activat-
ed T cells and natural killer (NK) cells, has
immunomodulatory effects on several cell
types (1). IFN-y is probably the major cyto-
kine responsible for the activation of macro-
phages, which are mediators of nonspecific,
cell-mediated host defense (2, 3). Experi-
ments that used neutralizing antibodies to
IFN-y have shown an in vivo requirement
for IFN-y in the activation of murine mac-
rophages for microbicidal activity and in the
induction of major histocompatibility com-
plex (MHC) class II antigen on the surface
of murine macrophages (4). IFN-y primes
murine macrophages for production of nitric
oxide (5-7), although other cytokines, in
addition to IFN-y, can prime macrophages
in vitro for production of reactive oxygen
intermediates (7, 8). In addition, IFN-y may
regulate the proliferation and function of
activated T lymphocytes (9-11). Finally,
NK cells exhibit enhanced cytolytic activity
in response to IFN-y in vivo and in vitro
(12). Although IFN-y can profoundly affect
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immune responses in vitro and in vivo, it is
not known to what extent this cytokine is
essential for the normal development and
function of the immune system. To gain a
better understanding of the physiological
role of IFN-y we have generated mice with a
targeted mutation of the IFN-y gene.

Mice with a nonfunctional IFN-y gene
were generated by replacing one normal
IFN-v allele in mouse embryonic stem cells
with a defective allele. The targeting vector
(Fig. 1) has a 2-kb neomycin-resistance gene
(neo”) inserted into exon 2, which introduc-
es a termination codon after the first 30
amino acids of the mature IFN-y protein.
The targeting vector was transfected into
AB-1 embryonic stem cells and cells were
selected for resistance to G418 and 1-[2-
deoxy, 2-fluoro-B-8-arabinofuranosyl]-5-io-
douracil (FIAU) (13). Of 960 clones screen-
ed by polymerase chain reaction (PCR) in
pools of eight for a replacement event, four
were identified in which a normal allele was
replaced by a disrupted allele (Fig. 1D).

Injection of the 48D clone into C57BL/
6] blastocysts generated chimeric mice that
transmitted the mutation through the
germline. Heterozygous offspring of the chi-
meras were intercrossed to generate mice
homozygous for the targeted mutation of
the IFN-y gene (gamma knock-out or gko)
(Fig. 1E). To verify inactivation of IFN-y
gene function, an IFN-y—specific ELISA
(14) was used to measure IFN-y protein in
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