
Introduction
IL-1 is an immunomodulatory and proinflammatory
cytokine that possesses a wide spectrum of biological
properties, including the stimulation of T and B lym-
phocytes, bone resorption, and pyrogenicity (1–4). IL-1
has also been implicated in the pathogenesis of chronic
inflammatory joint diseases such as rheumatoid arthri-
tis (RA). Elevated IL-1 levels have been identified in the
synovial fluid, synovial membrane, and cartilage-pannus
junction of arthritic joints from RA patients (5). Indeed,
IL-1 triggers synovial cell proliferation and induces
matrix metalloproteinase (MMP) production in vitro (6,
7), and intra-articular injections of IL-1 cause active syn-
ovitis and marked depletion of the cartilage matrix in
several mammalian species in vivo (8, 9). Studies of col-
lagen-induced arthritis (CIA) in mice have revealed that
IL-1 plays an important role in the process of joint
destruction, since the blocking of IL-1 activity can reduce
the severity of synovitis and prevent cartilage and bone
destruction (10, 11). Recent controversies in the field of
inflammatory joint disease include the relative patho-
genic contributions of IL-1 and TNF. Overexpression of
TNF in mice results in the development of chronic

arthritis with 100% phenotypic penetrance (12). Howev-
er, when these mice were treated with anti–IL-1 receptor,
the arthritis was completely prevented (13). Further-
more, in several mouse models of RA, IL-1 is reportedly
the dominant cytokine in cartilage destruction, whereas
TNF involvement is limited (14, 15). These lines of evi-
dence allow us to speculate that IL-1 plays a central role
in the joint destruction seen in RA patients and those
with other related types of arthropathy.

On the other hand, the inflammatory process in sev-
eral animal models of RA has been characterized by a 
T cell–driven immune response which contributes to the
initiation and perpetuation of arthritis. However, the
depletion of T cells using specific antibody against
α/βTCR or CD4 did not attenuate the disease state in
CIA, once arthritis was established (16, 17). Moreover,
definitive evidence for T/B lymphocyte–independence in
disease induction has recently been obtained using RAG-
1–deficient mice (18). This suggests that antigen-non-
specific inflammation mediated by synovial fibroblast-
or macrophage-derived cytokines, such as IL-1 and TNF,
is more responsible for disease perpetuation than the
antigen-specific immune response by T/B lymphocytes.
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To study the effects of IL-1α in arthritis, we generated human IL-1α (hIL-1α). Transgenic mice
expressed hIL-1α mRNA in various organs, had high serum levels of hIL-1α, and developed a severe
polyarthritic phenotype at 4 weeks of age. Not only bone marrow cells but also synoviocytes from
knee joints produced biologically active hIL-1α. Synovitis started 2 weeks after birth, and 8-week-
old mice showed hyperplasia of the synovial lining layer, the formation of hyperplastic synovium
(pannus) and, ultimately, destruction of cartilage. Hyperplasia of the synovial lining was due to the
accumulation of macrophage-like cells expressing F4/80 molecules. hIL-1α was widely distributed
in macrophage- and fibroblast-like cells of the synovial lining cells, as well as synovial fluid mono-
cytes. T and B cells were rare in the synovial fluid, and analysis of marker expression suggests that
synoviocytes were directly histolytic and did not act as antigen-presenting cells. In the joints of these
mice, we found elevated levels of cells of the monocyte/macrophage and granulocyte lineages and
of polymorphonuclear neutrophils (PMNs), most of which expressed Gr-1, indicating that they were
mature, tissue-degrading PMNs. Cultured synoviocytes and PMNs from these animals overexpress
GM-CSF, suggesting that the hematopoietic changes induced by IL-1 and the consequent PMN acti-
vation and joint destruction are mediated by this cytokine. 
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In the present study, we generated transgenic (Tg) mice
which constitutively produce human IL-1α (hIL-1α).
These mice exhibit chronic inflammatory polyarthritis
with remarkable synovial proliferation, as well as carti-
lage and bone destruction. In particular, the recruitment
of a considerable number of polymorphonuclear neu-
trophils (PMNs), macrophage-enriched synovium, and
paucity of lymphocyte infiltration into the synovium
were unique pathological features of these Tg mice. Flow
cytometric analysis clearly indicated that hIL-1α overex-
pression in mice altered the distribution of hematopoi-
etic cells through the production of GM-CSF, and
increased the number of synovial macrophages and
PMNs playing key roles in the development of chronic
arthritis in our Tg mice.

Methods
Generation of Tg mice. hIL-1α cDNA (Immunex Co., Seat-
tle, Washington, USA) was excised with HindIII and
HincII (Roche Diagnostics, Mannheim, Germany).
This 660 bp HindIII/HincII restriction fragment was
inserted into the EcoRI site of the third exon of the rab-
bit β-globin gene in the expression plasmid, pBsCAG-
2. pBsCAG-2 possesses CAG containing the first intron
of the chicken β-actin gene and a portion of the rabbit
β-globin gene (comprising the second intron, third
exon, and 3′ untranslated region). The resulting con-
struct (designated CAG-IL-1α, Figure 1) was excised
and used for microinjection into the pronuclei of fer-
tilized 1-cell eggs from C57BL/6N × B6C3F1 mice. The
resulting littermates were screened for incorporation
of the transgene by Southern blot analysis after the
extraction of DNA from tail biopsies. Seven founder
(F0) mice were identified, and two of these exhibited
polyarthritis (designated Tg1705 and Tg1706). These
two F0 mice were used to establish lines. Tg1706 line
mice were backcrossed with C3H/HeJ mice 6 to 8 times.
Since both Tg mice lines were unable to breed normal-
ly, we performed in vitro fertilization to obtain off-
spring. Mice of the Tg1706 line (C3H background)
were used for all experiments described.

Reagents. The following antibodies were used for flow
cytometric analysis. Anti-CD16/32 (2.4G2) Ab was
kindly provided by T. Tadakuma (National Defense
Medical College). Anti-TCRαβ, anti–IL-2Rβ, anti-B220,
anti-CD11b (Mac-1), anti–Ly-6G (Gr-1), anti-TCRγδ,
anti-CD80 (B7.1), anti-CD54 (ICAM-1), and anti-CD86
(B7.2) mAb’s were purchased from PharMingen (San
Diego, California, USA). Biotinylated anti-F4/80
(Cedarlane Laboratories Ltd., Hornby, Ontario, Cana-
da), phycoerythrin-conjugated anti–hIL-1α (Becton
Dickinson Immunocytometry Systems, San Jose, Cali-
fornia, USA) and anti–I-Ak (Caltag Laboratories,
Burlingame, California, USA) antibodies were also pur-
chased. All mAb’s were used in the FITC-, phycoery-
thrin-, or biotin-conjugated form. Biotin-conjugated
hamster IgG and phycoerythrin-conjugated mouse IgG
(PharMingen) were used to rule out the nonspecific
binding. Anti–hIL-1α polyclonal Ab (Endogen Inc.,

Woburn, Massachusetts, USA) was used for immuno-
histochemical analysis.

Cells and culture conditions. Synovial specimens obtained
from the knee joints of 8-week-old Tg mice were treated
with 120 U/ml of Streptomyces sp.C-51 collagenase
(Sanko Junyaku Co., Tokyo, Japan) at 37°C for 30 min-
utes. The dispersed synovial cells were allowed to adhere
to dishes in DMEM (Life Technologies Inc., Rockville,
Maryland, USA) with 10% FBS (Life Technologies Inc.).
Bone marrow (BM) macrophages were obtained by
flushing the femoral and tibial cavities and were allowed
to adhere to dishes in DMEM with 10% FBS. After 16
hours, any nonadherent cells were discarded. The adher-
ent cells were maintained in DMEM with 10% FBS, 5%
horse serum, 0.01 mM sodium pyruvate, 50 mM 2-mer-
captoethanol (Sigma Chemical Co., St. Louis, Missouri,
USA), 100 U/ml penicillin and 100 µg/ml streptomycin,
and 30% L cell–conditioned medium. After 1 week of
culture, both cells were used for the experiments.

Northern blot analysis. Total RNA was extracted from
various tissues of Tg and non-Tg littermates using the
guanidinium thiocyanate/cesium chloride centrifuga-
tion method (19). Ten micrograms of total RNA was
fractionated on a 1.0% agarose/formaldehyde gel, blot-
ted to Gene Screen Plus nylon membrane (Perkin
Elmer Life Sciences, Boston, Massachusetts, USA) and
hybridized to 32P-labeled probes generated with
Megaprime DNA labeling kit (Amersham Life Sciences
Inc., Arlington Heights, Illinois, USA). The probe used
was a 660 bp HindIII/HincII fragment from mature
hIL-1α (Immunex Co.). The hybridization signals were
detected using an image analyzer (BAS 2000; Fuji
Photo Film Co., Tokyo, Japan).

Immunoprecipitation and analysis of hIL-1α on SDS poly-
acrylamide gels. Cultured synoviocytes and BM
macrophages were kept in methionine/cysteine-free
medium (Life Technologies Inc.) for 2 hours and the
medium was replaced with freshly prepared appropri-
ate deficient media containing 40 µCi/ml [35S] methio-
nine/cysteine (Amersham Pharmacia Biotech, Little
Chalfont, Buckinghamshire, United Kingdom). One set
of the culture was washed with PBS after a 5-hour label-
ing period, and the cell lysates were extracted with the
lysis buffer (25 mM TrisHCl (pH 7.5), 5 mM EDTA (pH
7.5), 250 mM NaCl, 1% Triton-X-100, 0.5 mM PMSF, 0.5
mM DTT). A second set of cultures was chased for an
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Figure 1
Structures of the CAG-IL-1α transgene. Shaded box indicates the
CAG promoter; open box indicates the 660 bp HindIII/HincII restric-
tion fragment of hIL-1α cDNA; thick line indicates rabbit β-globin
gene; CAG, a gene encoding the cytomegalovirus enhancer, the chick-
en β-actin promoter and the first intron of chicken β-actin gene.



additional appropriate time in nonradioactive medium.
The culture supernatants and the cell lysates were con-
centrated 10- to 20-fold with CENTRICON Centrifugal
Concentrator (Millipore Corp., Bedford, Massachusetts,
USA) and subjected to immunoprecipitation with
anti–hIL-1α polyclonal antibodies (Endogen Inc.) using
ImmunoPure Protein A IgG Orientation Kit (Pierce
Chemical Co., Rockford, Illinois, USA) and prepared for
electrophoresis on 12.5% SDS-polyacrylamide gels,
fixed, treated with ENLIGHTNING (Perkin Elmer Life
Sciences), and then dried and exposed to film for
autoradiography at –80°C.

ELISA. After 48 hours of culture, the supernatants of
each cell culture were removed and the cell lysates were
extracted using lysis buffer containing 1% Triton-X-100.
The DNA in each cell culture was also measured using
the method of Labarca and Paigen (20). Mouse GM-CSF
levels in the supernatants, lysates, and sera were meas-
ured by ELISA (R&D Systems Inc., Minneapolis, Min-
nesota, USA). For quantitation, the data were stan-
dardized based on the respective DNA contents.

Bioassay for hIL-1α. The bioactivity of the transgene-
derived hIL-1α was measured as previously described
(21). Briefly, D10.G4.1 (D10) cells (kindly provided by
T. Tadakuma) were propagated in the presence of a 10%
supernatant of concanavalin A–stimulated spleen cells.
D10 cells (4 × 104) were added to 50 µl aliquots of 
48-hour supernatants from Tg mice–derived synovio-
cytes and BM macrophages. Total volume was adjust-
ed to 200 µl/well. The plates were incubated for 24
hours in the presence of 0.3 µCi/well [3H]thymidine
(Perkin Elmer Life Sciences) during the last 4 hours.
The IL-1α bioactivity of supernatants from the litter-
mate controls was also measured to serve as control
data. The neutralizing antibodies against either hIL-1α
(5 U/ml; Endogen Inc.) or mouse IL-1α (5 U/ml; Gen-
zyme Corp., Cambridge, Massachusetts, USA) were
directly added to the bioassay in some experiments.
The proliferation of D10 cells was determined by meas-
uring the uptake of [3H] thymidine.

Immunohistochemistry. Isolated knee joints were fixed
in 4% paraformaldehyde and decalcified in 15% EDTA.
The knees were snap frozen in liquid nitrogen, embed-
ded in OCT-compound (Tissue Tek) and kept at –80°C
until cryosectioning. Sections (6-µm-thick) were cut in
a cryostat, air-dried, and then washed in PBS. The
endogenous peroxidase was depleted by treatment with

H2O2. Nonspecific Ab binding was prevented by incu-
bation with appropriate normal serum. The sections
were incubated with primary Ab against hIL-1α fol-
lowed by sequential incubation with biotinylated sec-
ondary Ab. Ab binding was detected by reacting with
fluorescein streptavidin (Vector Laboratories Inc.,
Burlingame, California, USA).

Flow cytometric analysis. Synovial fluid, peripheral
blood, inguinal lymph nodes, spleens, livers, and BMs
were obtained from 8-week-old Tg mice, and cell 
suspensions were prepared. For the flow cytometric
analysis, 0.5 × 106 to 1 × 106 cells were incubated with
anti-CD16/32 (2.4G2) at saturation to block FCRII/III
receptors, and then were stained with appropriately
diluted biotin, FITC, and phycoerythrin (PE) Ab’s.
Biotinylated reagents were developed with FITC- or PE-
conjugated streptavidin (Becton Dickinson Immuno-
cytometry Systems). The cells were then analyzed by
FACScan (Becton Dickinson Biosciences, San Jose, Cal-
ifornia, USA). Dead cells were excluded by forward scat-
ter, side scatter, and propidium iodide gating.

Statistical analysis. Results are expressed as means ± SEM.
Statistical comparisons were performed using Student’s
t test for unpaired data. P values less than 0.05 were con-
sidered significant for all tests.

Results
Generation of hIL-1α Tg mice. Out of seven F0 mice, two
F0 mice (Tg1705 and Tg1706) that expressed suffi-
cient levels of the transgene to exhibit phenotypic
change were used to establish lines. The other five F0
mice displayed little expression of the transgene-
derived mRNA and a minimum level of serum hIL-1α.
The F0 and all offspring of both lines consistently
exhibited a severe arthritic phenotype. Macroscopic
findings of Tg mice included hair loss, body weight
loss, and bilaterally symmetrical polyarthritis (Figure
2, a and b). The polyarthritis started with peripheral
joint swelling in the ankles at 3–4 weeks of age and
extended rapidly to the proximal joints including hip
and shoulder joints, and cartilage destruction was ulti-
mately observed by 8 weeks after birth. A complete loss
of joint movement was observed at around 14 weeks of
age. On the other hand, no significant changes were
observed in the spine. Radiography of the knee joint
confirmed complete loss of cartilage and severe ero-
sion of subchondral bone (Figure 2c).
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Figure 2
Macroscopic findings of hIL-1α Tg mice (a
female F3 mouse from Tg1706 line, 8 weeks
old). (a) The mice spontaneously developed
hair loss on the head. (b) The hind paw of Tg
mice showed gross swelling of the ankle
joint. (c) Radiograph of the knee joint
showed ultimate destruction of cartilage and
severe erosion of subchondral bone. A stress
fracture had occurred in the proximal por-
tion of the tibia possibly due to osteopenia.



Overexpression of hIL-1α was detected at both mRNA and
protein levels, and the hIL-1α was biologically active. North-
ern blot analysis demonstrated highV levels of hIL-1α
mRNA expression in a wide variety of tissues, while a
weaker signal was detected in the testis (Figure 3a).
Serum hIL-1α levels of Tg mice were 108 ± 20 pg/ml on
average as determined by specific ELISA.

When we confirmed the production of hIL-1α by syn-
oviocytes and BM macrophages at the protein level, as
shown in Figure 3b, both cell types produced closely
spaced 23 to 25 kDa high molecular weight hIL-1α and
17 kDa low molecular weight hIL-1α, which corre-
sponded to the primary translation product of the trans-
gene with a predicted molecular mass and a processed
form of hIL-1α, respectively. The two different molecu-
lar weight forms of the primary translation product may
be attributable to a number of posttranslational modi-
fications within the NH2-terminal domain, including
phosphorylation (22), mannosylation (23), and myris-
tolation (24), and these posttranslational modifications
may affect the intracellular distribution process.

We further examined the biological activity of trans-
gene-derived hIL-1α because the transgene was of
human origin. hIL-1α secreted into the supernatants by
synoviocytes and BM macrophages stimulated prolifer-
ation of the IL-1–sensitive mouse T cell clone D10 (Fig-
ure 3c) and also induced synoviocyte proliferation (data
not shown). Therefore, transgene-derived hIL-1α is bio-
logically active. To rule out the possibility that such

mitogenic activity was actually due to a minor contami-
nant in the preparation, we confirmed neutralization of
IL-1 activity using specific Ab. Preincubation with neu-
tralizing Ab’s against either human or mouse IL-1α
before the bioassay resulted in a significant inhibition of
D10 cell proliferation, suggesting that the bioactivity is
due to either transgene-derived hIL-1α or subsequently
induced mouse-derived IL-1.

PMNs and macrophage-like synoviocytes predominated
within the joints of Tg mice. Histological analysis of the
knee joints revealed synovial lining cell hyperplasia, loss
of cartilage, bony erosion, fibrin deposits, and the for-
mation of pannus-like tissues in 8-week-old mice,
whereas the articular surface was still intact in 2-week-
old mice (Figure 4, a and b). Higher magnification
showed the majority of the cells infiltrating below and
within the synovium to apparently be PMNs rather
than mononuclear cells such as T/B lymphocytes (Fig-
ure 4c). Hyperplastic synovial tissue (pannus), which
overgrows and invades the adjacent cartilage matrix,
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Figure 3
(a) Northern blot analysis of hIL-1α mRNA from various tissues.
Total RNA preparations from the knee joint, lumbar spine, brain,
skeletal muscle, BM, spleen, liver, kidney, thymus, testis, and skin
were analyzed. RNA (10 µg) was hybridized to an hIL-1α cDNA
probe (upper panel). A mouse β-actin probe was used to control for
qualitative and quantitative differences between the RNA prepara-
tions (lower panel). The results of a representative assay are shown.
(b) SDS-PAGE and autoradiography of transgene-derived hIL-1α.
Primary cultured synoviocytes and BM macrophages were pulsed
with [35S]methionine/cysteine as outlined in Methods. After 5
hours, the cells were extensively washed and chased with cold
media, for 2 hours for hIL-1α in cell lysates and for 12 hours for 
hIL-1α in culture supernatants. The cell lysates and supernatants
were analyzed for radiolabeled hIL-1α by immunoprecipitation with
anti–hIL-1α Ab. The immunoprecipitates were then subjected to
SDS-PAGE and autoradiography. Two bands for high molecular
weight hIL-1α and a band for low molecular weight hIL-1α were
detected in both synoviocytes and BM macrophages. The specifici-
ty of the band was confirmed by a competition analysis in which the
Ab was preblocked with recombinant hIL-1α (left lane). (c) Bioas-
say for transgene-derived hIL-1α. The culture supernatants were
obtained from the synoviocytes or BM macrophages 48 hours after
inoculation. D10 cells were cultured for 24 hours with or without a
25% vol/vol final concentration of the supernatants in culture wells
and pulsed with [3H]TdR for the final 4 hours of incubation.
[3H]TdR incorporation by the D10 cells was determined. The results
are expressed as the mean ± SEM (n = 4). The specificity of IL-1
activity was confirmed by neutralizing with isotype-matched control
Ig or anti–hIL-1α Ab or anti-mouse IL-1α Ab.



was frequently observed in the knee joints of Tg mice
(Figure 4d). Hyperplasia of synovial lining cells was also
demonstrated to be the result of accumulation of cells
with a macrophage-like morphology (Figure 4e) and to
resemble previously described type-A synoviocytes in
rats (25) and in humans (26).

hIL-1α was mainly produced by synovial lining cells, which
consisted mainly of monocyte/macrophage lineage cells.
Immunostaining of hIL-1α in frozen knee joint sec-
tions revealed a large fraction of the synovial lining
cells, which are morphologically identical to type-A
synoviocytes, to be strongly stained with anti–hIL-1α
Ab (Figure 5a). Large mononuclear cells in the synovial
fluid, presumably indicating monocytes but not PMNs,
also demonstrated intense staining (Figure 5b). There
was no detectable staining of any cells in the synovia of
littermate controls. In agreement with the data, flow
cytometric analysis revealed that nearly 80% of the
freshly isolated synoviocytes had the F4/80 antigen,
and both F4/80+ and F4/80– synoviocytes sponta-
neously synthesize hIL-1α, as shown in Figure 5c. Actu-
ally, according to our in vitro immunoprecipitation
analysis after a pulse-chase experiment, transgene-
derived hIL-1α protein was preferentially synthesized
in monocyte/macrophage and fibroblast lineage cells
in the synovium and BM, despite the widespread hIL-
1α mRNA expression illustrated in Figure 3a (data not
shown). On the other hand, neither antigen-specific
lymphocytes (Thy1.2+ T cells or B220+ B cells) nor
potentially antigen-presenting cells (APCs; I-A+

CD80+/86+) were found in the synovium, whereas these
cells were observed in the BM cavity (data not shown).

Phenotypic characteristics of freshly isolated synoviocytes
from Tg mice. Based on our histological results,
macrophage-like synoviocytes were the dominant
population within the synovium, but they possessed
few costimulatory molecules such as CD80 and
CD86, as assessed by immunohistochemistry (data
not shown). We further characterized the synoviocyte
phenotype using flow cytometry. The expressions of
CD80 and CD86 molecules were found to be low,
whereas nearly one-third of the synoviocytes pos-
sessed ICAM-1 and I-Ak molecules (Table 1).

hIL-1α overproduction affected the distribution of pheno-
types of hematopoietic cells in various tissues. IL-1 has been
shown to synergistically act on hematopoiesis at vari-
ous levels with colony-stimulating factors (CSFs) and
other cytokines (27). We therefore analyzed the
hematopoietic effects of IL-1 on the distribution of
leukocyte phenotypes in various tissues. Flow cyto-
metric analysis revealed increased systemic leukopoiesis
especially in Mac-1+/Gr-1+ neutrophils and F4/80+

macrophages (Table 2). A slight decrease in the pro-
portion of B cells was observed in the peripheral lym-
phoid organs, though the total number of B cells
remained constant because of an up to two- to three-
fold increase in the number of systemic leukocytes in
Tg mice when standardized by body weight. Neu-
trophils are the most abundant cells in joints and they

comprise approximately 80% of the total cell number,
whereas both TCRαβ+ T cells and B220+ B cells com-
prise a much smaller proportion of cells. Since Gr-1
expression is a marker of neutrophil maturation based
on the report by Hestdal et al. (28), we also analyzed the
intensity of Gr-1 expression in neutrophils. Two-color
flow cytometric analysis revealed that Mac-1+/Gr-1high

mature neutrophils selectively infiltrate the joint,
whereas the Gr-1 intensity of neutrophils was seen dif-
fusely in other tissues (Table 2).

hIL-1α–induced GM-CSF may contribute to a higher pro-
portion of neutrophils and monocyte-macrophage lineage
cells. Macrophage-like synoviocytes and PMNs
appeared to be the predominant cell populations in
arthritic joints. We speculated that hIL-1α–induced
GM-CSF acts on progenitor stem cells of the granu-
locyte and macrophage lineage. To account for this
observation, we examined the induction of GM-CSF
in Tg mice. As can be seen in Figure 6, the levels of

The Journal of Clinical Investigation | May 2001 | Volume 107 | Number 9 1131

Figure 4
The histological findings of knee joints from Tg mice. Almost intact
articular cartilage with slight hyperplasia of the synovial lining layer
was observed in a 2-week-old mouse (a), while destroyed cartilage
was ultimately replaced by proliferative synovium, as seen in an 8-
week-old mouse (b). Higher magnification of synovial fluid cells in
an 8-week-old mouse shows PMN-dominant infiltration into the
joint (c), cartilage/pannus junction with erosive changes in cartilage
(d), and proliferation of synovial lining cells which have
macrophage-like morphology (e). Magnifications: (a and b) ×50;
(c) ×320; (d and e) ×200.



GM-CSF in sera and supernatants from synoviocytes
and BM macrophages were two- to threefold higher
than those from littermates.

Discussion
This is the first demonstration to our knowledge that
overexpression of hIL-1α in mice results in chronic
inflammatory arthritis characterized by synovial pro-
liferation and the formation of pannus, which ulti-
mately destroys articular cartilage. Earlier studies have
clarified the arthritogenicity of IL-1 that an intra-
articular injection of IL-1α in rabbits causes joint
inflammation characterized by neutrophil infiltration
and cartilage proteoglycan loss, but these arthritic
changes are reversible and recovered by 9 days after
the injection (9). Groves et al. have generated Tg mice
overexpressing 17 kDa, a mature form of mouse 
IL-1α, using keratinocyte-specific K14 promoter to
examine the role of IL-1α in cutaneous biology (29).
As expected, these mice had inflammatory skin
lesions but did not develop inflammatory arthritis
despite a markedly increased serum IL-1α level. The
Tg mice described here represent chronic polyarthri-
tis with a 100% incidence under the control of the
CAG promoter system. Actually, although the CAG
promoter is known to direct ubiquitous transgene
expression, transgene-derived hIL-1α protein was dis-
tributed preferentially in monocyte/macrophage and
fibroblast lineage cells in the synovium and BM,
which contributed to an arthritic phenotype and
hematopoietic changes in our Tg mice. Such prefer-
ential distribution in these cells could be explained by
a higher translational efficiency or a longer retention
of hIL-1α protein in these cells (our unpublished
data). The latter speculation is based on IL-1α being
able to act as a membrane-associated form in these
cells. As a consequence, transgene-derived hIL-1α was
more abundantly distributed in cells capable of phys-
iologically producing IL-1α than in cells which do not
normally produce IL-1α.

Convincing evidence implicates lymphocytes in the
pathogenesis of inflammatory arthritis in several RA
models. The antigen-specific activation of T cells by
functional APCs has been reported to play an important
role in the pathogenesis of RA and several immune-driv-
en arthritis models. However, in our Tg mice, few
α/βTCR+ cells, B220+ cells, or CD80+/CD86+ function-
al APCs were observed within the joints during the
course of arthritis. Freshly isolated synoviocytes were
mostly CD80–CD86–, and one-third of the cells were
ICAM-1+I-A+, whereas a large fraction of these synovio-
cytes were F4/80+, potentially APCs. These findings con-
trast strongly with the findings of CIA in which I-A+

macrophage-like synoviocytes predominated in the
inflamed synovium (30). Similar effects of IL-1α have
been reported in mouse epidermal Langerhans cells
(31), thymic epithelial cells (32), and peripheral blood
monocytes (33), in which IL-1α directly upregulated
ICAM-1 and indirectly upregulated I-A through 
GM-CSF production, while neither CD80 nor CD86
was affected. Based on the evidence that the accessory
function during antigen presentation is closely related
to the levels of CD80 and CD86 (33, 34), synoviocytes in
Tg mice may be insufficient to promote antigen pres-
entation. Consequently, we speculated that hIL-1α may
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Figure 5
Immunolocalization of transgene-derived hIL-1α. Immunostaining of hIL-1α in knee joint sections showed positive staining in proliferating syn-
ovial lining cells (a, ×200) and large mononuclear cells in synovial fluid (b, ×320). Freshly isolated synoviocytes from 8-week-old Tg mice were
analyzed for F4/80 and hIL-1α expression by flow cytometry (c). The levels of intracellular hIL-1α after gating on F4/80+ cells or F4/80– cells are
shown in the histograms. The percentage of cells producing hIL-1α is indicated. The data are representative of four separate experiments.

Table 1
Characterization of surface marker molecules on freshly isolated syn-
oviocytes from hIL-1α Tg miceA

Marker % positive cells

hIL-1α 80.5 ± 8.9 (3)B

F4/80 78.2 ± 6.5 (4)
I-Ak 31.5 ± 1.5 (3)
ICAM-1 32.3 ± 8.8 (3)
CD80 (B7.1) 3.3 ± 1.2 (3)
CD86 (B7.2) 9.9 ± 4.3 (4)

AFreshly isolated synoviocytes were stained with mAb’s against the indicated
marker molecules and analyzed by flow cytometry. Numbers represent the
mean percentage ± SEM of positive cells. BNumber of Tg mice in which surface
markers were determined.



modulate synoviocyte (preferentially macrophage-like
cells) functions leading to a tissue-destructive pheno-
type rather than having an antigen-presenting function.

IL-1 has been reported to affect hematopoiesis via an
action on early progenitor stem cells in BM. IL-1 not
only induces production of CSFs, but also stimulates
the stem cell response to CSFs (35). Among the CSFs,
GM-CSF is known to be a potent stimulator of gran-
ulocytes and macrophages and is reportedly involved
in the pathogenesis of RA (36). Remarkably, in our Tg
mice, hIL-1α induced GM-CSF production by syn-
oviocytes and BM macrophages, possibly leading to a
characteristic change in monocyte-macrophage line-
age cells and PMNs, and also increasing their propor-
tions, especially in joints. Interestingly, flow cytomet-
ric analysis revealed nearly 80% of PMNs infiltrating
joints to be Gr-1high cells, a potentially tis-
sue-degrading phenotype. The Gr-1
expression level has been reported to be
directly proportional to neutrophil dif-
ferentiation and IL-1 receptor expression
(28), indicating that Gr-1high PMNs with-
in joints may be one of the important
responders to hIL-1α. Moreover, the data
on freshly isolated synoviocytes were also
noteworthy. Approximately 80% of the
synoviocytes were F4/80+ cells, a rather
high percentage as compared with CIA
(34%; our unpublished data). Although
the origin of tissue macrophages remains
controversial, IL-1 overproduction seems
to promote local macrophage prolifera-
tion through GM-CSF production, which
is similar to the case of GM-CSF Tg mice
(37). Otherwise, synovial macrophages
were supplied by the BM via the periph-
eral circulation, since hematopoiesis in
the BM should be upregulated because
GM-CSF levels were high in the culture

supernatants of BM macrophages and sera from Tg
mice, as indicated in Figure 6.

In trials of RA therapy, special attention has been
paid to the functional hierarchy between IL-1 and
TNF. To date, TNF has been recognized as a primary
cytokine and the TNF→IL-1 cascade is known to be
important in the pathogenesis of RA. Interestingly,
Northern blot analysis revealed high levels of TNF
mRNA expression in synovia from our Tg mice (data
not shown). Consistent with these data, IL-1 has been
reported to induce TNF production in vitro and in
vivo in rabbits and human PBMCs (38). Moreover, a
recent study showed reduced TNF mRNA expression
in the synovium after anti–IL-1 treatment for CIA in
mice (11). Although we can never rule out the possi-
bility that upregulated TNF expression results from an

The Journal of Clinical Investigation | May 2001 | Volume 107 | Number 9 1133

Figure 6
GM-CSF levels in culture supernatants, cell lysates, and sera. Primary cultured synovio-
cytes and BM macrophages isolated from Tg mice or littermates were incubated with
DMEM containing 10% FBS for 48 hours. These culture supernatants and cell lysates
from BM macrophages (a) or synoviocytes (b) were assayed for GM-CSF production
with specific ELISA. Sera from the mice, from which the culture supernatants and cell
lysates had been obtained, were also assayed (c). The data are expressed as the mean ±
SEM (n = 4). AP < 0.01 compared with littermate controls by unpaired Student’s t test.

Table 2
Distribution of phenotypes of hematopoietic cells isolated from various tissuesA

Marker Mac-1+/Gr-1high Mac-1+/Gr-1low F4/80+ αβ TCR+ B220+ γδ TCR+ αβ TCR–/IL-2Rβ+ Total cell number 
examined (×106)

Joint 81.1 ± 6.7 1.6 ± 0.5 3.6 ± 0.6 2.4 ± 0.7 0.8 ± 0.2 1.5 ± 0.3 1.9 ± 1.3 0.2 ± 0.05
(ND) (ND) (ND) (ND) (ND) (ND) (ND) (ND)

Peripheral 19.0 ± 3.7 4.4 ± 2.1B 5.1 ± 2.6 54.7 ± 5.3 5.3 ± 3.0 0.5 ± 0.2 4.1 ± 0.5 4.1 ± 1.4
blood (13.2 ± 12.3) (14.3 ± 1.1) (1.6 ± 0.3) (58.9 ± 14.8) (11.4 ± 1.5) (0.6 ± 0.1) (3.1 ± 0.2) (3.1 ± 1.9)
Lymph 5.2 ± 3.9 2.7 ± 2.6 0.9 ± 0.7 70.8 ± 8.6 11.0 ± 0.6B 0.6 ± 0.1 1.1 ± 0.4 0.4 ± 0.2
node (0.6 ± 0.1) (1.1 ± 0.5) (0.3 ± 0.2) (82.4 ± 3.1) (17.2 ± 0.3) (0.4 ± 0.1) (0.9 ± 0.2) (0.4 ± 0.2)
Spleen 23.2 ± 3.8B 9.1 ± 0.4B 6.5 ± 1.7 27.1 ± 3.1 34.0 ± 5.5 1.0 ± 0.1 4.4 ± 0.5 57.6 ± 7.5

(5.2 ± 0.9) (3.1 ± 0.9) (2.8 ± 0.5) (34.5 ± 3.5) (48.9 ± 5.5) (1.0 ± 0.1) (4.3 ± 0.5) (56.3 ± 7.7)
Liver 15.7 ± 4.6 4.4 ± 0.1 7.8 ± 0.7B 36.4 ± 2.3 9.6 ± 0.6 6.0 ± 1.9 16.8 ± 4.0 2.7 ± 0.3

(10.9 ± 1.7) (3.3 ± 1.5) (2.4 ± 0.6) (39.4 ± 3.6) (13.1 ± 2.5) (3.7 ± 0.8) (15.4 ± 3.7) (3.7 ± 0.8)
BM 19.1 ± 2.5B 64.5 ± 4.8B 13.4 ± 1.3 3.1 ± 0.5 14.2 ± 8.4 0.2 ± 0.03 7.1 ± 1.4 18.6 ± 2.5

(68.4 ± 3.5) (13.0 ± 5.7) (12.1 ± 1.0) (2.8 ± 0.4) (40.7 ± 6.0) (0.6 ± 0.2) (7.4 ± 1.6) (15.5 ± 2.3)

AThe values are presented as the mean percentage ± SEM of positive cells (n = 4). The values in parentheses represent data from littermate controls. Synovial
fluids of knee joints from littermate controls contained few infiltrating cells and could not be analyzed by flow cytometry. BP < 0.05 compared with littermate
controls by unpaired Student’s t test. ND, not detected. 



increased number of synovial macrophages serving as
a source of TNF, in certain situations, IL-1 rather than
TNF may be the primary cytokine.

The difference between IL-1 and TNF in terms of the
pathogenic contribution to arthritis remains a matter
of debate. It is difficult to clearly dissociate the roles of
these two cytokines, because they share many biological
activities. In fact, arthritis in TNF Tg mice can be pre-
vented by blockade of the type I IL-1 receptor (13), sug-
gesting that TNF-mediated pathology, for the most
part, may take place via IL-1. We can, however, address
the potential difference between the roles of two
cytokines by comparing our hIL-1α Tg mice with TNF
Tg mice. First, the cartilage breakdown in hIL-1α Tg
mice appeared to be more rapid and drastic than that in
TNF Tg mice. TNF Tg mice have shown relative preser-
vation of cartilage despite advanced arthritis, even
though they were crossed with DBA/1J mice in order to
generate more exacerbated arthritis than that occurring
in the original strain (39). In contrast, in hIL-1α Tg
mice, articular cartilage completely disappeared and
destruction reached subchondral bone by 8 weeks after
birth, as shown in Figures 2c and 3a. This progressive
cartilage destruction in hIL-1α Tg mice was consistent
with the recent insight, obtained from experimental
arthritis, that IL-1 plays a dominant role in cartilage
destruction, whereas TNF plays a role in joint swelling
in the early phase of arthritis (40). Second, although a
paucity of lymphocyte infiltration into arthritic joints
was also seen in TNF Tg mice, the proportion of neu-
trophils in synovial fluid and particularly that of mono-
cyte-macrophage lineage cells in the synovium was
markedly higher in hIL-1α Tg mice than in the TNF Tg
mice, reported previously (39). These findings were
extended to other organs as shown in Table 2 and were
likely to be attributable to direct hematopoietic effects
of hIL-1α. In contrast, TNF reportedly exerts an
inhibitory effect rather than a stimulatory effect on
hematopoiesis (41). These hIL-1α–induced hematopoi-
etic changes resulted in accumulation of monocyte-
derived cytokines and proteases in the synovium,
including IL-1, TNF, IL-8, GM-CSF, and MMPs (our
unpublished data), which contributed to the arthritic
phenotype of our Tg mice.

Considerable interest in the relative roles of IL-1α
and IL-1β in the disease process is also warranted. IL-1α
and IL-1β possess essentially identical activities and
potencies, and their relative pathogenic contributions
during the evolution of arthritis remain to be fully elu-
cidated. Both isoforms appear to play a pivotal role in
cartilage destruction, while it has recently been report-
ed that IL-1β plays a more dominant role in established
CIA based on evidence of the marked inhibitory effects
of anti–IL-1β treatment (11) or IL-1 converting enzyme
(ICE) inhibitor (42). On the other hand, IL-1α is report-
edly prominent in the early phase of arthritis and par-
ticipates in the inhibition of proteoglycan synthesis
(40). It must be noted that the precursor form of IL-1α,
in contrast to that of IL-1β, is known to act as a mem-

brane-associated form. We have confirmed not only the
secreted form of IL-1α but also biologically active
membrane-associated IL-1α (MA-IL-1) to be derived
from a transgene in the membrane fraction of synovio-
cytes. Our preliminary data suggested that MA-IL-1 on
the synoviocytes triggers the synoviocyte’s own prolif-
eration in the early phase and cartilage degradation at
the cartilage/pannus junction in a more established
phase and that these MA-IL-1–mediated events occur
through cell-to-cell interaction (i.e., juxtacrine).

In summary, hIL-1α overproduction in mice exhibit-
ed chronic polyarthritis with severe cartilage destruc-
tion. The arthritogenic capacity of IL-1α was attributed
to the induction of other inflammatory cytokines,
chemokines, and cartilage-degrading proteases and
changing the hematopoietic distribution in favor of
monocyte-macrophage lineage cells and neutrophils.
Our data clearly demonstrate a pivotal role for IL-1 dur-
ing the evolution of arthritis and support the good clin-
ical results obtained in anti–IL-1 therapy against RA.
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