
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 2478–2482, March 1997
Immunology

Impairment of antigen-specific antibody production in transgenic
mice expressing a dominant-negative form of gp130

(cytokine receptoryIg production)

ATSUSHI KUMANOGOH*†, SATOKO MARUKAWA†, TAKAYUKI KUMANOGOH†, HISAO HIROTA*, KENJI YOSHIDA†,
IHN-SOOK LEE†, TERUHITO YASUI†, KANJI YOSHIDA†, TETSUYA TAGA†‡, AND TADAMITSU KISHIMOTO*
*Department of Medicine III, Osaka University Medical School, 2-2 Yamada-oka, Suita, Osaka 565, Japan; and †Division of Immunology, Institute for Molecular
and Cellular Biology, Osaka University, 1-3 Yamada-oka, Suita, Osaka 565, Japan

Contributed by Tadamitsu Kishimoto, December 24, 1996

ABSTRACT gp130 is a common signal-transducing re-
ceptor component for the interleukin 6 family of cytokines
functioning in, for example, immune, hematopoietic, and
nervous systems. In this study, to investigate the physiological
functions of gp130 and to determine the pathological conse-
quences of impaired gp130 signals, we have generated trans-
genic mice expressing a cytoplasmically truncated form of
mouse gp130. Expression of this form of gp130 in lymphocytes
significantly suppressed interleukin 6-induced tyrosine phos-
phorylation of endogenous gp130 and a downstream signaling
molecule, signal transducer and activator of transcription 3,
indicating that this form has a dominant negative function. In
spite of the impaired gp130 signals, the development of
lymphocytes in the transgenic mice appeared normal in terms
of surface marker phenotypes. These mice, however, exhibited
severe defects in antigen-specific antibody production of most
immunoglobulin isotypes other than IgM after immunization
with 2,4-dinitrophenol-conjugated ovalbumin. These results
demonstrate in vivo that gp130 is essential for antigen-specific
antibody production.

Interleukin (IL) 6 is a multifunctional cytokine that plays
important roles in host defense. Its biological activities include
growth promotion, growth inhibition, specific gene expression,
and induction of differentiation, depending on the target cells
(1). These biological activities are mediated by the specific
receptor complex that consists of two functionally different
subunits: the ligand-binding IL-6 receptor (IL-6R) chain and
the non-ligand-binding signal transducer, gp130 (2–5). The
latter is now known as a common signal-transducing receptor
component for IL-6, ciliary neurotrophic factor, leukemia
inhibitory factor, oncostatin M, interleukin 11, and cardiotro-
phin-1, which explains the functional overlap of these cyto-
kines (6–10). After binding to their specific receptor chains, all
these ligands induce homo- or heterodimerization of gp130
(11, 12). This initiates cytoplasmic signaling cascades by acti-
vating associated protein kinases in the Janus kinases family
and a latent cytoplasmic transcriptional factor, signal trans-
ducer and activator of transcription 3 (STAT3) (13–16).
gp130 is ubiquitously expressed in all organs examined (17).

In contrast, the expression of the ligand-binding receptor
chains is somewhat restricted. Even tissues that do not express
a receptor for IL-6 or other gp130-stimulatory cytokines
express gp130, suggesting that gp130 might be able to function
as a signal transducer for unknown cytokines (18). Although
mice lacking IL-6, leukemia inhibitory factor, or ciliary neu-
rotrophic factor have been generated (19–22), they manifest

considerably less severe phenotypes than would be expected
from their previously reported pleiotropic functions deter-
mined in vitro. This is probably because the functions of one
cytokine can be compensated for by other gp130-stimulatory
cytokines that have overlapping biological functions. Recently,
to determine the biological roles of gp130 in vivo, we generated
mice lacking gp130 by gene targeting and showed that they
were embryonically lethal (23). During embryogenesis, gp130-
deficient embryos had multiple defects (e.g., in the develop-
ment of ventricular myocardium and hematopoietic progeni-
tors). These multiple defects represented the diverse activities
of gp130. However, the detailed physiological functions of
gp130 are not considered to have been fully elucidated,
especially in tissues that develop in late embryogenesis or after
birth, since complete disruption of gp130 molecules by gene
targeting causes embryonic lethality as described above. These
findings therefore have led to the necessity of generating viable
mice where the functions of gp130 are impaired, which should
be useful for the better understanding of the roles of gp130 and
for getting a clue to find out a disease for which abnormality
in gp130 is responsible.
In this study, we have created transgenic mice overexpress-

ing a dominant-negative form of gp130 and focused on the
immunological analyses. These mice showed severe impair-
ment of antigen-specific antibody production, although the
development of lymphocytes appeared virtually normal.

MATERIALS AND METHODS

Transgene Construction and Production of Transgenic
Mice. A truncated mouse gp130 cDNA was generated by a
site-directed mutagenesis kit (CLONTECH) converting Cys-
702 to a stop codon (TGA). The generated mutant gp130
cDNA contains the complete extracellular and transmem-
brane regions, and a 63-aa intracellular juxtamembrane por-
tion. The wild-type (WT) as well as the truncated mouse gp130
cDNA was inserted into the unique XhoI site of pCAGGS,
which carries the chicken b-actin gene promoter (24). The
vectors were linearlized by SalI and NotI enzymes and micro-
injected into the pronuclei of fertilized C57BLy6 mouse eggs.
Mice were obtained as described elsewhere (25).
Immunoblot Analysis and Antibodies. Splenocytes were

solubilized with lysis buffer containing 0.5% Nonidet P-40, 10
mM TriszHCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.2 mM
phenylmethylsulfonyl f luoride, 1 mM Na2VO3, and 5 mgyml
aprotinin. The lysates were immunoprecipitated with anti-
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mouse gp130 (mgp130) mAb and protein A-Sepharose (Phar-
macia). Then, immune complexes were analyzed by SDSy
PAGE and subsequent immunoblotting with anti-mgp130
polyclonal Ab or antiphosphotyrosine mAb using the Amer-
sham ECL (enhanced chemiluminescence) system. mAb
(RX435; rat IgG2a) and polyclonal rabbit antiserum against
mouse gp130, which specifically recognize mgp130, were es-
tablished in this laboratory. Rabbit antiserum against STAT3
was also described elsewhere (15). Antiphosphotyrosine mAb
(4G10) was purchased from Upstate Biotechnology.
Flow Cytometry and Antibodies. Flow cytometric analysis of

single-cell suspension from thymus and spleen was performed
using a FACScan (Becton Dickinson). The antibodies used for
staining were biotinylated anti-IgM, fluorescein isothiocya-
nate (FITC)-anti-B220 (RA3–6B2), phycoerythrin (PE)-
conjugated anti-Thy-1 (30-H12), FITC-anti-CD8 (53–6.7,
PharMingen), and PE-conjugated anti-CD4 (RM-4–5, PharM-
ingen).
Assay for IL-6-Aided Anamnestic Antibody Response to

Sheep Erythrocytes (SRBCs). SRBCs were i.v. injected (1 3
108 cells per mouse). Three days later, SRBC-primed spleno-
cytes (5 3 105 cells per well) were cultured with SRBCs (1 3
105 cells per well) in the presence or absence of IL-6 in 96-well
f lat-bottomed plates in RPMI 1640 medium containing 10%
heat-inactivated fetal calf serum, 100 mgyml penicillin, 100
mgyml streptomycin, 2 mM glutamine, and 5 3 1025 M
2-mercaptoethanol (hereafter referred to as complete medi-
um). After 3 days in culture, cells were harvested, washed twice
with Hanks’ medium, and resuspended in 100 ml of the same
medium, and then direct plaque-forming cell assays were
performed as described elsewhere (26).
Thymocyte Proliferation Assay. Fresh thymocytes were

seeded at a density of 5 3 105 cells per well in 0.2 ml of
complete culture medium as described above. Phytohemag-
glutinin and IL-1 were purchased from Difco and Genzyme,
respectively. For proliferation assays, thymocytes were incu-
bated at 378C for 3 days, and 1 mCi (1 Ci 5 37 GBq) of
[3H]thymidine in 20 ml of medium was added to each well 16
hr before harvest.
Immunization of Mice with 2,4-Dinitrophenol-Conjugated

Ovalbumin (DNP-OVA). Six-week-old mice were immunized
i.p. with 100 mg of DNP-OVA in complete Freund’s adjuvant
on day 0 and boosted at day 21. Animals were bled before
immunization and at day 7, 14, and 28. DNP-specific antibody
titers of sera were measured as described below.
ELISA for Antigen-Specific Immunoglobulins. To quantify

DNP-specific antibodies, serum samples were added to the
96-well f lat-bottomed microtiter plates coated with DNP-
conjugated bovine serum albumin in PBS, and bound anti-
bodies were detected using alkaline phosphatase-labeled, iso-
type-specific antibodies (Southern Biotechnology Associates).
Studies at each institution were performed according to its
guidelines for animal use and care.

RESULTS

Generation of Transgenic Mice Expressing Truncated or
WT gp130. We prepared two gp130 constructs for generating
transgenic mice as shown in Fig. 1A. One was for expressing a
truncated form of gp130 containing only 63 aa with box1 and
box2 motifs of the intracellular juxtamembrane region, in
which the membrane distal part, containing the box3, was
deleted. The deleted part in the C-terminal region that in-
cludes box3 is considered to play critical roles in gp130-
mediated biological responses, such as proliferation of a mouse
pro-B cell line, BAF-B03, differentiation of mouse myeloid
leukemic M1 cells into macrophages, and acute phase protein
production in hepatoma cell lines (27–29). This portion is
known to be necessary for STAT3 activation (30), which has
been proven to play a critical role in these biological responses.

The other construct was to produce control transgenic mice
expressing WT gp130. Offspring from eggs microinjected with
these fragments were selected by PCR and Southern blot
analysis. We established five founders (DN7, 8, 10, 17, and 18)
carrying the truncated form of gp130 and three founders
(WT10, 12 and 14) carrying the WT gp130. All the established
founders expressed high levels of the transgenes under the
control of cytomegalovirus enhancerychicken b-actin pro-
moter as assessed by Western blot analysis. Fig. 1B shows the
expression of the transgenes in the representative lines, WT14
and DN7.
Tyrosine Phosphorylation of Endogenous gp130 and STAT3

Was Severely Impaired in Transgenic Mice Expressing the
Truncated Form of gp130. Tyrosine phosphorylation of gp130
is considered to be an initial critical step for gp130-mediated
signal transduction (11). We examined the influence of over-
expression of the truncated form of gp130. As shown in Fig. 2,
the tyrosine phosphorylation of endogenous gp130 and STAT3
after stimulation with IL-6 was severely impaired at least under

FIG. 1. Diagram of transgene constructs and expression of the
transgenes. (A) Schematic structures of transgene constructs. Func-
tional elements include the enhancer of the cytomegalovirus (open
box), the promoter of the chicken b-actin (diagonally striped box), the
coding sequence of the truncated orWTmouse gp130 cDNA including
the ATG translation initiation codon and the TGA translation stop
codon (black box), and rabbit b-globulin poly A (shaded box). TheWT
and truncated form of gp130 contain full (277 aa) or the membrane-
proximal 63-aa part of the cytoplasmic region of gp130. The truncated
form of gp130 did not have the membrane distal part containing box3.
(B) Expression of truncated orWT gp130 in splenocytes. Nonidet P-40
lysates from splenocytes were immunoprecipitated with anti-mgp130
mAb (RX435) and immunoblotted with rabbit anti-mouse gp130
polyclonal Ab. NC, normal control mice; WT, transgenic mice ex-
pressing wild-type gp130; DN, transgenic mice expressing the trun-
cated form of gp130.

FIG. 2. Impaired tyrosine phosphorylation of gp130 and STAT3 in
transgenic mice expressing a truncated form of gp130. Splenocytes
(13 107 cells) were stimulated with IL-6 (100 ngyml) plus soluble form
of IL-6R (200 ngyml) for 10 min, and solubilized in Nonidet P-40 lysis
buffer as described. The lysates were immunoprecipitated with RX435
or rabbit anti-STAT3 serum, then immunoblotted with antiphospho-
tyrosine (4G10).
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this stimulatory condition in splenocytes from transgenic mice
expressing the truncated form of gp130. These results indicate
that the truncated form of gp130 has a dominant-negative
function over the endogenous gp130, which suppressed the
tyrosine phosphorylation of a downstream molecule, STAT3.
Hereafter, we refer to the transgenic mice expressing the
truncated form of gp130 as DN transgenic mice.
Development of Lymphocytes in DN Transgenic Mice. The

numbers of thymocytes and splenocytes were lower in the DN
than in the WT (thymocytes, 70% 6 15; splenocytes, 75% 6
10, n 5 11, compared with the WT transgenic mice). The
extent of the reduction varied among mice. We then per-
formed a flow cytometric analysis of splenocytes and thymo-
cytes to determine whether or not the expression of the
dominant-negative form of gp130 affected lymphocyte devel-
opment. As shown in Fig. 3, no major differences in the subsets
of splenocytes and thymocytes were detected in terms of
surface marker phenotypes as examined for B220, IgM, Thy-1,
CD4, and CD8. These results suggest that the development of
lymphocytes are not largely dependent on the gp130 signals,
although the impairment of gp130 signals somewhat affected
the lymphocyte cell number.
Lymphocytes from the Transgenic Mice Expressing the

Dominant-Negative Form of gp130 Do Not Respond to IL-6.
IL-6 augments the production of anti-SRBC antibody produc-
tion of IgM, IgG, and IgA isotypes in SRBC-primed mouse B
cells in vitro (31). We first examined the influence of the
dominant-negative form of gp130 in B cell responses in vitro.
As shown in Fig. 4A, IL-6 did not induce any augmentation of
anti-SRBC-specific antibody production in DN transgenic

mice as assessed by direct PFC, although IL-6 enhanced the
anamnestic responses in SRBC-primed B cells from both
normal and WT transgenic mice. IL-6 also acts as a potent
costimulant of thymocyte proliferation in association with IL-1
(32, 33). We examined the response of thymocytes from DN
transgenic mice to IL-6 plus IL-1. Fig. 4B shows that the
proliferation of thymocytes in response to IL-6 plus IL-1 was
almost completely abrogated in the DN, but not in WT
transgenic mice. In contrast, the responses of B cells to
bacterial lipopolysaccharide and that of T cells to Con A were
not severely affected in DN transgenic mice (data not shown).
These results indicate that gp130-mediated signals were se-
verely and selectively impaired in lymphocytes of DN trans-
genic mice.
Antibody Responses of the DN Transgenic Mice. IL-6 is

considered a critical molecule for the terminal differentiation
of B cells into Ig-secreting cells (1). To examine the dominant-
negative effects of the truncated gp130 on antibody production
in vivo, DN and WT transgenic mice were immunized with a
thymus-dependent antigen, DNP-OVA, and we determined
the titers of DNP-specific antibodies. As shown in Fig. 5,
primary and secondary anti-DNP antibody production of most
Ig isotypes other than IgM was severely impaired in DN

FIG. 3. Development of lymphocytes in DN transgenic mice. (A)
Thymocytes from 4-week-old mice were stained with FITC-anti-CD8
and PE-anti-CD4. (B) Splenocytes freshly prepared from 6-week-old
mice were stained with the following: FITC-anti-B220 and PE-
conjugated anti-Thy-1; and FITC-anti-B220 and biotinylated anti-IgM
1 PE-conjugated avidin.

FIG. 4. Impairment of IL-6 effects on lymphocytes from the
transgenic mice expressing a dominant negative form of gp130. (A)
Impairment of IL-6-induced antibody production in B cells from DN
transgenic mice. Three days after immunization with SRBCs, spleen
cells were cultured with SRBCs in the absence or presence of IL-6 for
3 days. SRBC-specific direct plaque-forming cell assay were counted
using spleen cell suspensions as the source of antibody-secreting cells.
Representative results of three separate experiments are shown. (B)
Impaired costimulant effects of IL-6 on thymocytes from DN trans-
genic mice. Thymocytes from 4-week-old normal, WT, and DN mice
were incubated at a density of 5 3 105 cells per well in the presence
of PHA at 5 mgyml for 3 days. The cultures were pulsed with
[3H]thymidine during the last 16 hr of incubation.
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transgenic mice. As for IgM, anti-DNP IgM responses varied
greatly and showed no significant differences. These results
indicate that antigen-specific antibody production of the iso-
types other than IgM is largely dependent on gp130-mediated
signals.

DISCUSSION

In this study, transgenic mice expressing a dominant-negative
form of gp130 were generated to investigate the pathological
consequences of impaired gp130 signals in immune responses
in adult mice. These analyses were impossible in gp130-
deficient mice generated by gene targeting because of embry-
onic lethality (23).
Development of the lymphoid compartment in DN trans-

genic mice was not seriously affected by the impaired gp130
signals in terms of surface marker phenotypes, although the
average total cell numbers of thymocytes and splenocytes were
somewhat reduced (by 30% 6 15 and 25% 6 10, n 5 11,
respectively). The in vitro responses of B cells to bacterial
lipopolysaccharide and of T cells to Con A in DN transgenic
mice were almost normal (data not shown), indicating that the
development of lymphocytes are virtually normal under the
condition where gp130 signals were severely impaired. How-
ever, after antigen immunization, DN transgenic mice showed
severe impairment of antigen-specific antibody production of
most Ig isotypes except for IgM. Thus, these results indicate
that antigen-specific antibody production is significantly de-
pendent on the gp130 signals. Determination of serum anti-
body levels in 6- to 8-week-old mice did not reveal significant
differences between normal and DN transgenic mice (data not
shown). In addition, we observed germinal center formation in
spite of the severe defects in antigen-specific antibody pro-

duction (A.K., S.M., T.K., T.T., and T.K., unpublished data).
Taken together, the mechanism for impaired antigen-specific
antibody responses in DN transgenic mice seems to be differ-
ent from that in CD40 or CD40L-null mice, which have defects
of germinal center formation accompanied by loss of class
switching and antigen-specific antibody production (34–36).
Thus, gp130-mediated signals might be critically involved in
final differentiation stages of B cells for expanding antigen-
specific antibody production. Among gp130-stimulatory cyto-
kines, mice lacking IL-6 show several-fold reduction in IgG
titers to infection with vesicular stomatitis virus, indicating that
the antigen-specific IgG immune response is somewhat im-
paired in the absence of IL-6 (22). It is difficult to make a
simple comparison between these mice and DN transgenic
mice because of the difference in antigens for immunization.
However, there seems to be more severe impairment of
antigen-specific antibody production in DN transgenic mice
than in IL-6-deficient mice. Because gp130 is a common signal
transducer of the IL-6 family of cytokines, the compensatory
mechanism could not function in DN transgenic mice, result-
ing in more severe defects.
Under the control of cytomegalovirus enhancerychicken

b-actin promoter, the dominant-negative form of gp130 was
strongly expressed (Fig. 1B), resulting in impaired tyrosine
phosphorylation of endogenous gp130 and STAT3 (Fig. 2),
which are critical for gp130-mediated signals. Recent studies
showed that STAT3 played a critical role in the proliferation
of BAF-B03 cells and in the differentiation process of M1 cells
into macrophages (28, 29). Furthermore, the eliminated part
of gp130 also evokes other critical cytoplasmic kinase cascades
such as SHP-2-p42yp44MAPK pathway (29), which was also
shown to play a critical role in the proliferation of BAF-B03
cells. Hence, these critical signaling pathways would be se-

FIG. 5. Antibody responses to DNP-OVA. WT (E) and DN (F) transgenic mice (6 weeks old) were injected i.p. with DNP-OVA in complete
Freund’s adjuvant to induce IgM, IgG, and IgA responses; boosted 21 days later; then bled at indicated times. Levels of anti-DNP antibodies were
determined using isotype-specific ELISA. All plots were means of duplicate data. We defined 1y1000 of titers against DNP of WT-sera from 28
days after immunization as arbitrary units.
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verely impaired in DN transgenic mice, resulting in loss of
function. In a separate experiment, we generated mutant mice
in which endogenous gp130 was replaced by the truncated
form of gp130. According to our examination, these mice
showed the same phenotypes, including embryonic lethality, as
gp130-null mice (A.K., S.M., T.K., T.T., and T.K., unpublished
data), indicating that the eliminated part of gp130 plays a
critical role in gp130-mediated biological responses.
We previously reported that mice deficient in gp130 showed

embryonic lethality, indicating that gp130 plays critical roles in
embryogenesis (23). In contrast, DN transgenic mice pre-
sented here survived after birth. This may be because there
could be a low level of leaked signals from endogenous gp130,
which may be sufficient for fetal development. Required
amounts of gp130 signals under naive conditions may be
different from those under stress conditions (e.g., antigen
challenges). Although low levels of gp130 signals may be
sufficient for embryonic development, they were insufficient to
respond to antigen challenges. In DN transgenic mice, the
expression of the dominant-negative form of gp130 was rela-
tively weak during embryogenesis or in certain critical tissues
for maintaining pregnancy, such as placenta (data not shown),
which may explain the survival of embryos.
In general, gp130-stimulatory cytokines are thought to play

a critical role under stress conditions such as inflammation and
nerve regeneration (1, 5, 37). Thus, it is important to examine
responses of DN transgenic mice under various stress condi-
tions to elucidate pathological significance of gp130. There-
fore, the transgenic mice expressing the dominant-negative
form of gp130 are useful models for the in vivo analysis of
gp130, especially after some types of stress such as liver-toxic
reagents. Because gp130 is expressed in all organs examined
(17), the dominant-negative form of gp130 is ubiquitously
expressed under the control of chicken b-actin promoter.
Thus, these mice will be of value to determine the biological
roles of gp130 in a broad range of tissues.
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