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Mice subcutaneously injected with bleomycin, in an
experimental model of human systemic sclerosis, de-
velop cutaneous and lung fibrosis with autoantibody
production. CD19 is a general “rheostat” that defines
signaling thresholds critical for humoral immune re-
sponses, autoimmunity, and cytokine production. To
determine the role of CD19 in the bleomycin-induced
systemic sclerosis model, we investigated the devel-
opment of fibrosis and autoimmunity in CD19-defi-
cient mice. Bleomycin-treated wild-type mice exhib-
ited dermal and lung fibrosis, hyper-�-globulinemia,
autoantibody production, and enhanced serum and
skin expression of various cytokines, including fibro-
genic interleukin-4, interleukin-6, and transforming
growth factor-�1, all of which were inhibited by CD19
deficiency. Bleomycin treatment enhanced hyaluro-
nan production in the skin, lung, and sera. Addition
of hyaluronan, an endogenous ligand for Toll-like
receptor (TLR) 2 and TLR4, stimulated B cells to pro-
duce various cytokines, primarily through TLR4;
CD19 deficiency suppressed this stimulation. These
results suggest that bleomycin induces fibrosis by en-
hancing hyaluronan production, which activates B
cells to produce fibrogenic cytokines mainly via TLR4
and induce autoantibody production, and that CD19
deficiency suppresses fibrosis and autoantibody pro-
duction by inhibiting TLR4 signals. (Am J Pathol 2008,
172:1650–1663; DOI: 10.2353/ajpath.2008.071049)

Systemic sclerosis (SSc) is a connective tissue disease
characterized by excessive extracellular matrix deposi-
tion in the skin and other visceral organs with an autoim-
mune background.1 The presence of autoantibodies is a
central feature of SSc, because antinuclear antibodies
(Abs) are detected in �90% of patients.2 SSc patients
have autoantibodies that react to various intracellular
components, such as DNA topoisomerase I (topo I), cen-
tromeric protein B (CENP B), U1-ribonucleoprotein (RNP),
and histones.2 Furthermore, abnormal activation of im-
mune cells, including T lymphocytes, B lymphocytes,
natural killer cells, and macrophages, has been identified
in SSc.3–5 A recent study has shown that skin and lung
fibrosis is ameliorated by treatment with cyclophospha-
mide, an immunosuppressive agent, indicating that im-
mune activation leads to fibrosis through the stimulation
of collagen production by fibroblasts.6 Indeed, SSc pa-
tients exhibit elevated serum levels of various cytokines,
especially fibrogenic Th2 cytokines, such as interleukin
(IL)-4, IL-6, IL-10, some Th1 cytokines, such as IL-2,
tumor necrosis factor (TNF)-�, and IL-12, a transforming
growth factor (TGF)-�1, a major fibrogenic growth factor.

B-cell signaling thresholds are regulated by response
regulators that augment or diminish B-cell signals during
responses to self and foreign antigens.7 Abnormal regu-
lation of the response regulator function and expression
may result in autoantibody production. Among these re-
sponse regulators, CD19, which is a critical cell-surface
signal transduction molecule of B cells, is a most potent
positive regulator.7 Transgenic mice that overexpress
CD19 by approximately threefold lose tolerance and gen-
erate autoantibodies spontaneously.8,9 Human SSc pa-
tients exhibit a 20% increase in CD19 expression, which
is associated with �499G�T allele in the CD19 promot-
er.10,11 This CD19 overexpression may be related to au-
toantibody production and hyper-�-globulinemia in hu-
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man SSc, because mice that overexpress CD19 to a
similar extent as human SSc have hyper-�-globulinemia
and elevated levels of various autoantibodies, including
SSc-specific anti-topo I Ab.12 Furthermore, SSc patients
have intrinsic B-cell abnormalities characterized by
chronic hyperreactivity of memory B cells.3 In addition,
the production of B-cell-activating factor belonging to the
tumor necrosis factor family (BAFF), a potent B-cell stim-
ulatory molecule, is up-regulated with an enhanced abil-
ity of SSc B cells to produce IgG and IL-6 by BAFF
stimulation.13 Thus, intrinsic B-cell abnormalities may
play a role in the systemic autoimmunity of SSc.

The loss of CD19 expression in a tight-skin (TSK) mouse,
a genetic, spontaneous model of SSc, results in the inhibi-
tion of chronic B-cell hyperreactivity and in the elimination of
autoantibody production, which is associated with improve-
ment of skin fibrosis and a parallel decrease in IL-6 produc-
tion by B cells.14 Furthermore, B-cell depletion by anti-CD20
Ab or treatment with BAFF antagonists improves skin fibro-
sis in TSK mice.15,16 These findings suggest that B cells
play a critical role in the development of fibrosis as well as
autoantibody production in TSK mice. However, this hy-
pothesis has not been proven, because there are important
differences in SSc between the TSK mouse model and
humans. First, skin fibrosis in TSK mice occurs in the sub-
cutaneous loose connective tissue layer, which does not
exist in humans; in contrast, fibrosis in human SSc occurs in
the dermis. Second, inflammation of the dermis, which reg-
ulates skin fibrosis by producing cytokines in human SSc, is
very modest in TSK mice. Third, TSK mice exhibit lung
emphysema, whereas human SSc is associated with lung
fibrosis. Finally, because SSc occurs in only 1.6% of families
with SSc,17 human SSc is not a genetic disorder as it is in
TSK mice. Recently, Yamamoto and colleagues18,19 estab-
lished a new mouse model of SSc using bleomycin (BLM)
treatment: the subcutaneous injection of BLM induces
fibrosis in the dermis and lung, autoantibody production,
and dermal inflammatory infiltration, which more closely
mimics the features of human SSc than that of TSK mice.
However, the contribution of B cells and CD19 to disease
manifestations and autoimmunity, and the mechanisms
underlying B-cell activation by BLM, remain unknown in
the BLM-induced SSc model. In this study, we investi-
gated the role of CD19 in the development of autoimmu-
nity and fibrosis induced by BLM using CD19-deficient
(CD19�/�) mice. The results of this study indicate that
CD19 regulates fibrogenic cytokine production by B cells
mainly through Toll-like receptor (TLR) 4 signaling, which
was activated by hyaluronan, an endogenous TLR4 li-
gand that is up-regulated in the dermis and lung by BLM
treatment: CD19 thus controls skin and lung fibrosis,
hyper-�-globulinemia, and autoantibody production in-
duced by BLM treatment.

Materials and Methods

Mice

CD19�/� (C57BL/6 � 129) mice were generated as de-
scribed20 and backcrossed 7 to 12 generations onto the

C57BL/6 background before use in this study. Lack of
cell surface CD19 expression was verified by two-color
immunofluorescence staining with flow cytometric analy-
sis. All mice were housed in a specific pathogen-free
barrier facility and screened regularly for pathogens. The
mice used in these experiments were 6 weeks of age. All
studies and procedures were approved by the Commit-
tee on Animal Experimentation of Nagasaki University
Graduate School of Medical Science.

BLM Treatment

BLM (Nippon Kayaku, Tokyo, Japan) was dissolved in
phosphate-buffered saline (PBS) at a concentration of 1
mg/ml and sterilized by filtration. BLM or PBS (300 �g)
was injected subcutaneously into the shaved backs of
the mice daily for 4 weeks with a 27-gauge needle, as
described previously.18

Histopathological Assessment of Dermal
Fibrosis

Morphological characteristics of skin sections were com-
pared between CD19�/� and wild-type (WT) mice treated
with either BLM or PBS under a light microscope. All skin
sections were taken from the para-midline, lower back
region (the same anatomical site, to minimize regional
variations in thickness) as full-thickness sections extend-
ing down to the body wall musculature. Tissues were
fixed in 10% formaldehyde solution for 24 hours and
embedded in paraffin. Sections were stained with hema-
toxylin and eosin (H&E). Dermal thickness, defined as the
thickness of skin from the top of the granular layer to the
junction between the dermis and subcutaneous fat, was
examined. Ten random measurements were taken per
section. All of the sections were examined independently
by two investigators in a blinded manner. The skin from
male mice was generally thicker than that from female
mice despite the BLM or PBS treatment (data not shown).
Because similar results were obtained when male or fe-
male mice were analyzed separately, only data from fe-
male mice were presented for skin thickness in this study.
Mast cells were identified by toluidine blue staining. Cells
containing metachromatic granules were counted in 10
random grids under high-magnification (�400) power
fields of a light microscope.

Immunohistochemical Staining

Frozen tissue sections of skin biopsies were acetone-
fixed and then incubated with 10% normal rabbit serum in
PBS (10 minutes, 37°C) to block nonspecific staining.
Sections were then incubated with rat monoclonal Ab
(mAb) specific for macrophages (F4/80; Serotec, Oxford,
UK), B220 (BD PharMingen, San Diego, CA), CD4 (clone
RM4-5, BD PharMingen), and CD8 (clone 53-6.7, BD
PharMingen). Rat IgG (Southern Biotechnology Associ-
ates, Birmingham, AL) was used as a control for nonspe-
cific staining. Sections were then incubated sequentially
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(20 minutes, 37°C) with a biotinylated rabbit anti-rat IgG
(Vectastain ABC kit; Vector Laboratories, Burlingame,
CA) and horseradish peroxidase-conjugated avidin-bi-
otin complexes (Vectastain ABC kit, Vector Laboratories).
Sections were developed with 3,3�-diaminobenzidine tet-
rahydrochloride and hydrogen peroxide, and then coun-
terstained with methyl green. Stained cells were counted
in 10 random grids under high-magnification (�400)
power fields of a light microscope. Each section was
examined independently by two investigators in a
blinded manner.

Histopathological Assessment of Lung Fibrosis

Lungs were excised after 4 weeks of treatment with BLM
or PBS, processed as previously described,21 and
stained by H&E and van Gieson to detect collagen. The
severity of fibrosis was semiquantitatively assessed ac-
cording to Ashcroft and colleagues.21 Briefly, the lung
fibrosis was graded on a scale of 0 to 8 by examining
randomly chosen fields of the left middle lobe at a mag-
nification of �100. The grading criteria were as follows:
grade 0, normal lung; grade 1, minimal fibrous thickening
of alveolar or bronchiolar walls; grade 3, moderate thick-
ening of walls without obvious damage to lung architec-
ture; grade 5, increased fibrosis with definite damage to
lung structure and formation of fibrous bands or small
fibrous masses; grade 7, severe distortion of structure
and large fibrous areas; and grade 8, total fibrous oblit-
eration of fields. Grades 2, 4, and 6 were used as inter-
mediate pictures between the aforementioned criteria. All
of the sections were scored independently by two inves-
tigators in a blinded manner.

Hyaluronan Staining

Formalin-fixed and paraffin-embedded tissues were cut
into sections of 4 �m in thickness, deparaffinized in xy-
lene, and rehydrated in PBS. Deparaffinized sections
were preincubated with 1% H2O2 for 5 minutes to block
tissue peroxidase activity. The sections were then incu-
bated with bovine serum albumin in PBS for 30 minutes at
37°C, followed by overnight incubation at 4°C with 3
mg/ml of biotinylated hyaluronic acid-binding protein
(Sigma-Aldrich, St. Louis, MO). After washing with PBS,
the slides were incubated with streptavidin-horseradish
peroxidase (BD PharMingen) for 1 hour, and the reaction
products were visualized using diaminobenzidine with
methyl green as counterstaining. The specificity of the
staining was confirmed by preincubating the sections
with Streptomyces-derived hyaluronidase to remove hya-
luronan from the tissue.

Enzyme-Linked Immunosorbent Assay (ELISA)
for Serum Cytokines and Hyaluronan

Sera were obtained by a cardiac puncture after 4 weeks
of treatment with BLM or PBS and were stored at �80°C.
Serum levels of IL-4, IL-6, IL-10, interferon (IFN)-�, TGF-

�1, TNF-�, and macrophage inflammatory protein
(MIP)-2 were assessed using specific ELISA kits (IL-4,
IL-6, IL-10, IFN-�, TGF-�1, and TNF-�: Biosource Inter-
national, Camarillo, CA; and MIP-2: Peprotech, London,
UK). The amount of hyaluronan in the serum was quan-
tified using an ELISA kit (Echelon Biosciences, Salt Lake
City, UT).

Antinuclear Ab Analysis

Antinuclear Abs were assessed by indirect immunofluores-
cence staining using sera diluted 1:50 and HEp-2 substrate
cells (Medical & Biological Laboratories, Nagoya, Japan) as
described.10 Antinuclear Abs were detected using fluores-
cein isothiocyanate-conjugated F(ab�)2 fragments specific
for mouse IgG � IgM � IgA (Southern Biotechnology
Associates).

ELISAs for Autoantibodies

The specific ELISA kits were used to measure anti-topo I
(Medical & Biological Laboratories), anti-CENP B (Funa-
koshi, Tokyo, Japan), anti-U1-RNP (Medical & Biological
Laboratories), anti-histone (Funakoshi), anti-single-stranded
DNA (ssDNA; Shibayagi, Gunma, Japan), and anti-dou-
ble-stranded DNA (dsDNA; Medical & Biological Labora-
tories) Ab and rheumatoid factor (Shibayagi). These
ELISA plates were incubated with serum samples diluted
1:100. Relative levels of autoantibodies were determined
for each group of mice using pooled serum samples.
Sera were diluted at log intervals (1:10 to 1:105) and
assessed for relative autoantibody levels as above ex-
cept that the results were plotted as OD versus dilution
(log scale). The dilutions of sera giving half-maximal OD
values were determined by linear regression analysis,
thus generating arbitrary units per ml values for compar-
ison between sets of sera.

Mouse Ig Isotype-Specific ELISA

To determine Ab concentrations in sera, ELISA was per-
formed as described,20 using affinity-purified mouse IgM,
IgG1, IgG2a, IgG2b, IgG3, and IgA (Southern Biotech-
nology Associates) to generate standard curves. The
relative Ig concentration of each sample was calculated
by comparing the mean OD obtained for duplicate wells
to a semilog standard curve of titrated standard Ab using
linear regression analysis.

RNA Isolation and Real-Time Polymerase Chain
Reaction (PCR)

Total RNA was isolated from lower back skin with RNeasy
spin columns (Qiagen, Crawley, UK). Total RNA from
each sample was reverse-transcribed into cDNA. Ex-
pression of IL-4, IL-6, IL-10, IFN-�, TGF-�1, TNF-�, and
MIP-2 was analyzed using a real-time PCR quantification
method according to the manufacturer’s instructions (Ap-
plied Biosystems, Foster City, CA). Sequence-specific
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primers and probes were designed by Pre-Developed
TaqMan assay reagents or Assay-On-Demand (Applied
Biosystems). Real-time PCR (40 cycles of denaturing at
92°C for 15 seconds and annealing at 60°C for 60 sec-
onds) was performed on an ABI Prism 7000 sequence
detector (Applied Biosystems). Glyceraldehyde-3-phos-
phate was used to normalize mRNA. Relative expression
of real-time PCR products was determined by using the
��Ct method22 to compare target gene and housekeep-
ing gene mRNA expression. One of the control samples
was chosen as a calibrator sample.

B-Cell Purification and Stimulation

Splenic B cells were purified (�95% B220�) by removing
T cells with anti-Thy1.2 Ab-coated magnetic beads (Dy-
nal, Lake Success, NY), and subsequently lysed in buffer
containing 1% Nonidet P-40 as described.23 The purified
splenic B cells were stimulated in 0.6 ml of culture me-
dium in 48-well flat-bottom plates with 25, 50, or 100
ng/ml of BLM in the presence of 1 �g/ml of lipopolysac-
charide (LPS, Sigma-Aldrich). In other experiments, B
cells were stimulated with 200 �g/ml of hyaluronan that
contained both high- and low-molecular weight hyaluro-
nan (50 to 8000 kDa; Biomedicals, Irvine, CA), 200 �g/ml
only low-molecular weight hyaluronan (15 to 40 kDa; R&D
Systems, Minneapolis, MN), 100 �g/ml heparan sulfate
(Biomedicals), 200 �g/ml chondroitin sulfate (Biomedi-
cals), or 500 ng/ml high-mobility group box 1 protein
(HMGB-1, Sigma-Aldrich) for 10 hours. Anti-mouse TLR4
mAb (Imgenex, San Diego, CA) or control rat IgG2a (R&D
Systems) was added 60 minutes before hyaluronan stim-
ulation at concentrations of 100 �g/ml. Expression of IL-4,
IL-6, IL-10, IFN-�, TGF-�1, TNF-�, and MIP-2 was ana-
lyzed using a real-time PCR quantification method. Cul-
ture supernatants from unstimulated or stimulated B cells
were also analyzed for the production of these cytokines
by specific ELISA kits.

Statistical Analysis

All data are expressed as mean values � SD. The Mann-
Whitney U-test was used to determine the level of signif-
icance of differences between sample means, and Bon-
ferroni’s test was used for multiple comparisons.

Results

CD19 Loss Attenuated the Development of Skin
and Lung Fibrosis Induced by BLM

BLM was injected subcutaneously into the backs of mice
daily for 4 weeks. Previous studies have shown that skin
fibrosis, lung fibrosis, epithelial injury, and inflammatory
cell infiltration develop during the first 4 weeks of BLM
treatment, peak in the 4th week, and begin to resolve 6
weeks after the cessation of treatment.18,24–27 In this
study, skin and lung fibrosis in CD19�/� and WT mice
treated with either BLM or PBS was histopathologically

assessed 1, 2, 3, and 4 weeks after the initiation of BLM
treatment. Dermal thickness and lung fibrosis score
showed time-dependent increases in BLM-treated mice
(Figure 1, a and d). After 2 weeks of treatment, BLM
treatment induced significantly greater dermal thickness
relative to PBS treatment in WT mice (P � 0.05) but not in
CD19�/� mice, although there was no significant differ-
ence in the dermal thickness between WT and CD19�/�

mice at this time point. After 3 weeks, a significant differ-
ence in the dermal thickness between WT and CD19�/�

mice was apparent (P � 0.005). After 4 weeks, the der-
mal thickness in BLM-treated WT mice significantly in-
creased by 1.9-fold compared with PBS-treated WT mice
(P � 0.005; Figure 1, a–c). In contrast, BLM-treated
CD19�/� mice showed moderate thickening of dermal
tissue that was significantly 27% thinner than that found in
BLM-treated WT mice (P � 0.005), but remained thicker
than that of PBS-treated CD19�/� and WT mice (P �
0.005). Masson trichrome staining revealed thickened
collagen bundles in the skin from BLM-treated WT mice,
which was also reduced by CD19 deficiency (data not
shown). Similar results were obtained for the lung fibrosis
score, except that a significant difference in the lung
fibrosis score between WT and CD19�/� mice was de-
tected after 2 weeks (Figure 1d). After 4 weeks of BLM
administration, BLM-treated WT mice exhibited extensive
inflammatory infiltration, fibrosis, granulomas, and alveo-
lar epithelial injury (Figure 1, e and f). In contrast, CD19
deficiency reduced such histological changes. Thus,
subcutaneous BLM injection induced skin and lung fibro-
sis that CD19 deficiency attenuated.

CD19 Loss Inhibited Dermal Inflammatory
Infiltration

The numbers of mast cells, macrophages, T cells, and B
cells have been reported to increase in sclerotic skin from
human SSc.5,25,28,29 Therefore, we counted these im-
mune cells at the BLM-injected sites. Among WT mice,
the numbers of mast cells, macrophages, T cells, and B
cells were greater in BLM-treated WT mice than in PBS-
treated WT mice (P � 0.005; Figure 2, a–d, respectively).
BLM-treated CD19�/� mice showed lower infiltration of
these cells than BLM-treated WT mice (P � 0.005), but
still greater infiltration than PBS-treated CD19�/� mice
(P � 0.005).

CD19 Deficiency Suppressed BLM-Induced
Overproduction of Cytokines in the Skin and
Serum

It has been suggested that IL-4, IL-6, IL-10, IFN-�, TNF-�,
and TGF-�1 production contributes to BLM-induced fi-
brosis by regulating the production of collagen and gly-
cosaminoglycans by fibroblasts.18,19,30–32 Furthermore,
MIP-2, one of the murine IL-8 homologues, may be a
potential candidate for explaining the reduction of mast
cells, macrophages, and T cells in the fibrotic skin from
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BLM-treated CD 19�/� mice, because previous studies
revealed that MIP-2, which is secreted by B cells as well
as by macrophages and mast cells, functions as a che-
moattractant for macrophages, mast cells, T cells, and
neutrophils.33–39 Therefore, the production of these cyto-
kines in the serum (Figure 3a) and sclerotic skin (Figure
3b) by BLM injection was assessed. BLM-treated WT
mice had elevated serum levels of IL-4, IL-6, IL-10, IFN-�,
TNF-�, TGF-�1, and MIP-2 compared with PBS-treated
WT mice (P � 0.005). Serum levels of all cytokines ex-
amined in this study were reduced in BLM-treated
CD19�/� mice relative to BLM-treated WT mice (P �
0.005), but remained elevated compared with PBS-
treated CD19�/� mice (P � 0.05).

Like serum cytokine levels, mRNA expression levels of
IL-4, IL-6, IL-10, IFN-�, TNF-�, TGF-�1, and MIP-2 in the
fibrotic skin from BLM-treated WT mice were higher than
those of PBS-treated WT mice (P � 0.005). CD19 defi-
ciency inhibited mRNA levels of all examined cytokines,
except for IL-10, relative to BLM-treated WT mice (P �
0.05). However, mRNA levels of all examined cytokines in
the fibrotic skin from BLM-treated CD19�/� mice were
still elevated relative to those of PBS-treated CD19�/�

mice (P � 0.05). Thus, in the serum and sclerotic

Figure 1. Skin (a–c) and lung (d–f) fibrosis from WT and CD19�/� mice treated with either BLM or PBS. Skin and lung fibrosis was assessed by quantitatively
measuring dermal thickness (a) and lung fibrosis score (d) 1, 2, 3, and 4 weeks after BLM treatment. Representative histological sections stained with H&E are
shown. These results represent those obtained with at least 10 mice of each group. The dermal thickness and lung fibrosis score were measured under a light
microscope. Each histogram shows the mean (�SD) results obtained for 10 mice of each group. *P � 0.05, **P � 0.005 versus PBS-treated mice and ††P � 0.005
versus BLM-treated WT mice. Original magnifications: �40 (b, e); �200 (c, f).

Figure 2. The number of mast cells (a), macrophages (b), T cells (c), and B
cells (d) at the BLM-injected site of skin from PBS- or BLM-treated WT and
CD19�/� mice. Mast cells were identified by toluidine blue staining, whereas
macrophages, T cells, and B cells were stained with F4/80, anti-CD3 mAb,
and anti-B220 mAb, respectively. Cells were counted in 10 random grids
under magnification of �400 high-power fields (HPF). Each histogram shows
the mean (�SD) results obtained for 10 mice of each group. **P � 0.005.
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skin, BLM treatment induced the expression of various
cytokines, which was generally suppressed by CD19
deficiency.

CD19 Deficiency Inhibited Hyaluronan-,
Heparan Sulfate-, and HMBG-1-Induced
Cytokine Overproduction by B Cells

Recent studies have shown that breakdown products of
the extracellular matrix (ECM), such as hyaluronan and
heparan sulfate, stimulate TLR as endogenous ligands
for TLR and regulate inflammatory responses.40,41 In-
deed, hyaluronan fragments, which are generated after
tissue injury and inflammation, stimulate macrophage
chemokine production in a TLR4- and TLR2-dependent
manner.42 Moreover, HMBG-1 released from apoptotic or
damaged cells induces acute inflammatory responses

through TLR2 and TLR4.43 Therefore, we investigated
whether or not ECMs, such as hyaluronan, heparan sul-
fate, and chondroitin sulfate, and HMBG-1 could stimu-
late B cells. The background mRNA and protein levels of
all examined cytokines were similar between WT and
CD19�/� splenic B cells (Figure 4, a and b). Stimulation
of WT B cells with a combination of high- and low-molec-
ular weight hyaluronan (50 to 8000 kDa) increased mRNA
and protein levels of IL-4, IL-6, IL-10, IFN-�, TNF-�, TGF-
�1, and MIP-2 compared to media alone (P � 0.05).
CD19 deficiency suppressed mRNA and protein levels of
all examined cytokines, except for TNF-�, by hyaluronan-
treated WT B cells (P � 0.05), but not to background
levels. When compared with backgrounds, WT B cells
stimulated with heparan sulfate had elevated mRNA and
protein expression of IL-6, IL-10, IFN-�, TNF-�, and MIP-2
(P � 0.05); CD19 deficiency inhibited the expression of
all of these except TNF-� (P � 0.05). The stimulation of

Figure 3. Levels of IL-4, IL-6, IL-10, IFN-�, TNF-�, TGF-�1, and MIP-2 in serum samples (a) and their mRNA expression in the skin (b) from WT and CD19�/�

mice treated with either PBS or BLM. Serum cytokine levels were assessed using specific ELISA. Total RNA was isolated from lower back skin and mRNA
expression was analyzed using real-time PCR. Each histogram shows the mean (�SD) results obtained for six mice of each group. *P � 0.05, **P � 0.005.
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WT B cells with HMGB-1 also increased mRNA and pro-
tein levels of all examined cytokines that CD19 deficiency
suppressed, except for IL-10 (P � 0.05). Although the
effects of heparan sulfate and of HMGB-1 were generally
modest relative to that of hyaluronan, the effect by
HMGB-1 on IL-6 and TGF-�1 and the effect by heparan
sulfate on IL-6 were similar to those by hyaluronan. In
contrast, stimulation with chondroitin sulfate did not affect
cytokine expression.

We then assessed whether or not anti-TLR4 mAb in-
hibited hyaluronan-induced B-cell cytokine production
(Figure 4, c and d). WT B cells treated with hyaluronan
and anti-TLR4 mAb inhibited mRNA expression and pro-
tein production of IL-4, IL-6, IL-10, IFN-�, TNF-�, TGF-�1,
and MIP-2 compared with WT B cells treated with hyalu-
ronan alone (56 to 87% decrease, P � 0.05). In contrast,
control Ab did not affect cytokine production. Thus, ECM,
especially hyaluronan, and HMGB-1 stimulated B cells to
produce various cytokines, mainly through TLR4, in a
CD19-dependent manner.

Low-Molecular Weight Hyaluronan Induced
Fibrogenic Cytokine Production by B Cells
Mainly through TLR4

Hyaluronan’s biological functions differ depending on its
molecular weight44,45: at high-molecular weight, hyaluro-
nan protects against acute lung injury,42 whereas at low-
molecular weight it has a strong inflammatory function.45

Therefore, we investigated whether or not low-molecular
weight hyaluronan also activates B cells and induces
fibrogenic cytokines, such as IL-4, IL-6, and TGF-�1,
through TLR4. Stimulation of B cells with low-molecular
weight hyaluronan (15 to 40 kDa) increased production of
fibrogenic IL-4, IL-6, and TGF-�1 compared to media
alone (P � 0.05, Figure 5). B cells treated with low-
molecular weight hyaluronan and anti-TLR4 mAb inhib-
ited production of these cytokines compared with WT B
cells treated with low-molecular weight hyaluronan alone
(81 to 84% decrease, P � 0.05; Figure 5). Control Ab did
not affect production of these cytokines (data not shown).
Thus, low-molecular weight hyaluronan also stimulated B
cells to produce fibrogenic cytokines, such as IL-4, IL-6,
and TGF-�1, mainly through TLR4.

CD19 Deficiency Suppressed BLM-Induced
Hyaluronan Overproduction

Hyaluronan expression was only faintly detected in the
dermis and lung interstitium from PBS-treated WT mice
(Figure 6, a and b). Remarkably, BLM treatment induced
hyaluronan expression in dermal fibroblasts, dermal col-
lagen bundles, alveolar epithelium, and alveolar intersti-

tium compared with PBS-treated WT mice. In BLM-
treated CD19�/� mice, hyaluronan was also diffusely
found in the dermis and lung interstitium; however, the
staining intensity was markedly reduced relative to that in
BLM-treated WT mice. Serum hyaluronan levels were
also assessed (Figure 6c). BLM-treated WT mice had
higher serum hyaluronan levels than PBS-treated WT
mice (P � 0.005). In contrast, BLM-treated CD19�/�

mice had decreased hyaluronan levels compared with
BLM-treated WT mice (P � 0.005), but remained higher
than PBS-treated CD19�/� mice (P � 0.005). Thus, the
loss of CD19 expression inhibited BLM’s enhancement of
hyaluronan production.

BLM Increased Cytokine Production by LPS-
Stimulated B Cells

It has been demonstrated that BLM induces several cy-
tokines by various cell types, such as macrophages,
dendritic cells, and lung epithelial cells.18,19,30–32,42

Therefore, we assessed the responsiveness of WT and
CD19�/� B cells stimulated with LPS, an exogenous li-
gand for TLR4, to various concentrations of BLM. In the
absence of BLM, the production of all examined cyto-
kines by LPS-stimulated CD19�/� B cells was lower than
that of LPS-stimulated WT B cells. Treatment with 50
ng/ml of BLM most strongly induced production of all
examined cytokines by LPS-stimulated WT and CD19�/�

B cells (P � 0.05, Figure 7). CD19 deficiency reduced
BLM-induced production of all examined cytokines at
least one BLM concentration (P � 0.05). However, cyto-
kine production by CD19�/� B cells treated with 50 ng/ml
of BLM was still higher than that of CD19�/� B cells
without BLM treatment (P � 0.05). Thus, BLM increased
the cytokine production by LPS-stimulated B cells, which
CD19 deficiency suppressed.

CD19 Loss Reduced Serum Ig Levels in BLM-
Treated Mice

The effects of BLM treatment and CD19 loss on B-cell
responsiveness were assessed by determining serum Ig
levels (Figure 8). PBS-treated CD19�/� mice had lower
IgG1, IgG3, and IgA levels compared with PBS-treated
WT mice (P � 0.05), whereas the levels of other isotypes
were similar between these two groups. BLM administra-
tion increased serum IgM, IgG1, IgG2a, IgG3, and IgA
levels compared with PBS-treated WT mice (P � 0.05),
whereas it did not affect IgG2b levels. In contrast, BLM-
treated CD19�/� mice had decreased IgM, IgG1, IgG2a,
IgG2b, IgG3, and IgA levels compared with BLM-treated
WT mice (P � 0.05). Thus, treatment with BLM induced

Figure 4. Cytokine mRNA expression (a) and protein production (b) by WT (white bar) and CD19�/� (black bar) B cells stimulated with chondroitin sulfate
(CS), hyaluronan (HA), heparan sulfate (HS), or HMGB-1. Purified splenic B cells from WT and CD19�/� mice were stimulated with either media alone, CS,
HA, HS, or HMGB-1 for 10 hours. Inhibition of HA-induced cytokine mRNA expression (c) and protein production by anti-TLR4 mAb (d). Purified splenic B
cells from WT and CD19�/� mice were treated with HA and either of anti-TLR4 mAb or control (CTL) Ab. Levels of mRNA expression of IL-4, IL-6, IL-10,
IFN-�, TNF-�, TGF-�1, and MIP-2 were analyzed using real-time PCR. Concentration of these cytokines was analyzed using specific ELISA. Each histogram
shows the mean (�SD) results obtained for six mice of each group. *P � 0.05, **P � 0.005.
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hyper-�-globulinemia, which the loss of CD19 expression
abrogated.

CD19 Loss Abrogated Autoantibody Production
in BLM-Treated Mice

Antinuclear Abs were rarely detectable in PBS-treated
WT and CD19�/� mice (6%, 1 of 16, respectively). Anti-
nuclear Abs with a homogenous chromosomal staining
pattern were detected in 45% (14 of 31) of BLM-treated
WT mice but in only 6% (2 of 31) of BLM-treated CD19�/�

mice. Autoantibody specificities were further assessed
by ELISA (Figure 9). The dilution of sera giving half-
maximal OD values in ELISAs generated arbitrary units
per ml that could be directly compared between groups
(values in parentheses in Figure 9). PBS-treated CD19�/�

mice had decreased IgM autoantibody levels to topo I,
U1-RNP, and dsDNA and reduced IgG autoantibody lev-
els to U1-RNP, histones, ssDNA, and dsDNA relative to
PBS-treated WT mice (P � 0.05). BLM administration in
WT mice increased IgG autoantibody production, espe-
cially SSc-specific anti-topo I Ab (by 15.7-fold) and anti-
histone Ab (by 4.0-fold), as well as IgM autoantibody
production (by 1.5- to 2.6-fold), including anti-topo I,
anti-U1-RNP, anti-histone, and anti-ssDNA Abs and rheu-
matoid factor, relative to PBS-treated WT mice (P � 0.05).
Remarkably, the loss of CD19 expression reduced levels
of BLM-induced IgM and IgG Ab to all autoantigens
examined in this study to a level similar to that of PBS-
treated WT mice. Thus, BLM treatment induced the pro-
duction of various autoantibodies, especially SSc-spe-
cific anti-topo I Ab, that CD19 deficiency eliminated.

Discussion

Transmembrane signals generated through CD19 criti-
cally regulate B-cell activation, differentiation, tolerance,
and cytokine production by amplifying signals generated
through various other receptors.7,46 The present study is
the first to demonstrate that CD19 deficiency inhibited the
development of skin and lung fibrosis, hyper-�-globuline-
mia, and autoantibody production in a BLM-induced SSc

model (Figures 1, 8, and 9), which shares many charac-
teristics of human SSc. Furthermore, CD19 deficiency
suppressed the serum and skin production of various
cytokines, including fibrogenic IL-4, IL-6, and TGF-�1,
that BLM administration induced (Figure 3). Collectively,
these results indicate that CD19 expression regulates
fibrosis by controlling B-cell production of cytokine in the
BLM-induced SSc model.

The reduced dermal fibrosis by CD19 deficiency was
associated with the decreased dermal infiltration of mac-
rophages, mast cells, T cells, and B cells (Figure 2),
which also infiltrate the fibrotic skin of human SSc pa-
tients.5,25,28,29 This suggests that B-cell activation con-
tributes to downstream inflammatory infiltration of other
immune cells. It has been shown that mast cells are
attracted by TGF-�1, whereas macrophages are re-
cruited by TGF-�1, IL-6, IL-10, and TNF-�.38,39,47,48 In the
present study, all these cytokines were produced by WT
B cells stimulated with hyaluronan (Figure 4). Further-
more, CD19 deficiency inhibited the production of these
cytokines except TNF-� (Figure 4). Therefore, the re-
duced production of these cytokines may partly explain
why the loss of CD19 expression suppressed mast cell
and macrophage infiltration. Alternatively, because
MIP-2, which B cells secrete, can recruit macrophages,
mast cells, T cells, and neutrophils,33–39 the reduced
production of MIP-2 by CD19�/� B cells (Figure 4), which
is also reflected by the decrease in MIP-2 expression in
the serum and fibrotic skin of CD19�/� mice (Figure 3),
may in part explain why CD19 deficiency attenuated the
migration of macrophages, mast cells, and T cells to
sclerotic skin.

TLRs and their ligands contribute to inflammatory re-
sponses, including autoimmune diseases, as well as host
defenses by innate immunity.49 Indeed, numerous stud-
ies have documented the ability of microbial TLR ligands
to trigger disease onset in experimental models of arthri-
tis, experimental allergic encephalomyelitis, myocarditis,
diabetes, and atherosclerosis.50 LPS, a major Gram-neg-
ative bacterial component, is an exogenous ligand for
TLR4 that induces B-cell activation. Recently, many stud-
ies have identified various endogenous ligands for TLR4,
such as hyaluronan (especially at low molecular weight),

Figure 5. Cytokine production by WT B cells stimulated with low-molecular weight (LMW) HA, and inhibition of LMW HA-induced cytokine production by
anti-TLR4 mAb. Purified splenic B cells from WT mice were stimulated with LMW HA in the absence or presence of anti-TLR4 mAb for 10 hours. Concentrations
of IL-4, IL-6, and TGF-�1 were analyzed using specific ELISA. Each histogram shows the mean (�SD) results obtained for six mice of each group. *P � 0.05.
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heparan sulfate, fibrinogen, fibronectin, and HMGB-1,
that regulate inflammatory responses.44,45,50,51 In this
study, BLM treatment enhanced hyaluronan production
in the skin, lung, and sera (Figure 6). Furthermore, hya-
luronan that contained both high- and low-molecular
weight hyaluronan, as well as low-molecular weight hya-
luronan alone, stimulated B cells to produce various cy-
tokines, mainly via TLR4, whereas heparan sulfate and
HMGB-1 had lesser effects (Figures 4 and 5). However,
stimulation with heparan sulfate and HMGB-1 induced
the production of fibrogenic cytokines, especially IL-6
and TGF-�1, to levels similar to those with hyaluronan,
suggesting that heparan sulfate and HMGB-1 also con-
tribute to the development of fibrosis. Remarkably, CD19
deficiency generally inhibited hyaluronan-, heparan sul-

fate-, and HMGB-1-induced cytokine production by B
cells (Figure 4). These results suggest that ECM, espe-
cially hyaluronan, and HMGB-1 cooperatively regulate
fibrosis by inducing cytokine production by B cells, which
is primarily dependent on CD19 signaling. Treatment with
anti-TLR4 mAb did not completely suppress cytokine
production by B cells stimulated with hyaluronan (Figure
4, c and d; and Figure 5). A recent study has shown that
hyaluronan stimulates macrophage chemokine produc-
tion in a TLR4- and TLR2-dependent manner.43 Murine B
cells express both TLR2 and TLR4.52 Therefore, the re-
sidual cytokine production after TLR4 blockade may be
attributable to TLR2 activation by hyaluronan.

Recent studies have revealed an important role of
endogenous ligands for TLR2/TLR4 in the development

Figure 6. Hyaluronan expression in the skin
(a), lung (b), and serum (c) from PBS- or BLM-
treated WT and CD19�/� mice. Hyaluronan was
stained by biotinylated hyaluronic acid binding
protein. The amount of hyaluronan in the serum
was quantified using specific ELISA. Histogram
shows the mean (�SD) results obtained for six
mice of each group. **P � 0.005. Original mag-
nifications, �200.

Figure 7. The effect of BLM on cytokine production by WT and CD19�/� (19�/�) B cells stimulated with LPS. Purified splenic B cells were stimulated with 25,
50, or 100 ng/ml of BLM in the presence of LPS (1 �g/ml) for 10 hours. Expression of IL-4, IL-6, IL-10, IFN-�, TNF-�, TGF-�1, and MIP-2 mRNA was analyzed
using real-time PCR. Each histogram shows the mean (�SD) results obtained for six mice of each group. *P � 0.05.
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of diseases.50 The transfer of serum of K/BxN mice, a
spontaneous rheumatoid arthritis model, to WT mice
induces joint swelling that TLR4 deficiency reduces.53

Furthermore, TLR2-deficient or TLR4-deficient mice ex-
hibit reduced myocardial ischemia-reperfusion inju-
ry.54,55 In a BLM-induced lung fibrosis model, hyaluro-
nan degradation products stimulate macrophages to
produce inflammatory mediators.42 Moreover, BLM it-
self directly induces chemokine production by lung
epithelial cells in a TLR2- and/or TLR4-dependent man-
ner, contributing to acute lung injury.42 Similarly, in the
present study, BLM itself enhanced cytokine produc-
tion by B cells stimulated with LPS (Figure 7). Taken
together, these results suggest that BLM-induced hya-
luronan production is an intrinsic signal of disease
expression by activating TLR2/TLR4 signaling, which
BLM itself further enhances.

Analysis of a cytokine profile in sera from human SSc
patients has revealed that fibrogenic Th2 cytokines, in-
cluding IL-4 and IL-6, as well as TGF-�1, are predomi-
nant.56–58 Furthermore, a shift from a Th2 to a Th1 re-
sponse correlates with improvement in skin fibrosis in
SSc.56 However, cytokine production in SSc appears to
be more complicated: increased production of some Th1
cytokines, such as IL-12, is also demonstrated.59 The
production of IFN-�, a potent anti-fibrotic cytokine, is

generally inhibited in human SSc, although some reports
have shown that IFN-� production by peripheral blood
mononuclear cells is increased.60 In the present study,
the production of Th1 as well as Th2 cytokines and that of
TGF-�1 were up-regulated in the skin, lung, and serum
(Figure 3). This production pattern was similar to that of
hyaluronan-stimulated B cells (Figure 4). These results
suggest that hyaluronan stimulation of B cells induced
complex cytokine production and that the net effect of
these cytokines regulates the development of fibrosis.
Furthermore, CD19 deficiency suppressed the produc-
tion of these cytokines by B cells stimulated with endog-
enous TLR4 ligands as well as LPS, an exogenous ligand
(Figures 4 and 7), suggesting that CD19 influences TLR4
signaling. Indeed, a previous study showed that
CD19�/� B cells exhibit reduced proliferation in response
to LPS stimulation.8 CD19 also regulates signals through
B-cell-specific LPS receptor RP105.61 Furthermore,
CD19�/� B cells showed decreased tyrosine phosphor-
ylation of mitogen-activated protein kinases, which are
downstream of TLR4 signaling (unpublished observa-
tion). Thus, CD19 regulates TLR4 signaling in B cells and
thereby controls TLR4-induced cytokine production that
leads to fibrosis.

In the present study, BLM treatment induced the pro-
duction of autoantibodies, especially SSc-specific anti-

Figure 8. Serum Ig levels in PBS- or BLM-treated WT and CD19�/� mice. Serum samples were obtained by a cardiac puncture 4 weeks after treatment with either
BLM or PBS. Serum Ig levels were determined by isotype-specific ELISAs. Horizontal bars represent mean Ig levels. *P � 0.05, **P � 0.005.
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topo I Ab, and hyper-�-globulinemia, both of which are
central features of human SSc. It was previously hypoth-
esized that immune responses to autoantigens are in-
duced by cryptic self-epitopes that are generated by the
modification of self-antigens during apoptosis.62 In this
regard, topo I is selectively cleaved by Fas (CD95) during
apoptosis, and novel cryptic epitopes may be generat-
ed.63 Furthermore, topo I is clustered and concentrated
in the surface blebs (apoptotic bodies) of apoptotic cells,
which may result in the antigen presentation of cryptic
epitopes. In addition, apoptosis is detected in endothelial
cells of early inflammatory lesions from patients with

SSc.64 In the BLM-induced SSc model, apoptosis was
prominently detected in the skin with up-regulated ex-
pression of Fas and FasL.65 Furthermore, aberrant regu-
lation or expression of TLRs is suggested to predispose
an individual to autoantibody production by rendering B
cells hyperresponsive to autoantigens.50 Collectively,
BLM-induced apoptosis and hyaluronan-enhanced TLR
signaling of B cells may induce autoantibody production.
Moreover, the finding that CD19 loss eliminated autoan-
tibody production suggests that CD19 regulates autoan-
tibody production in response to BLM treatment possibly
by altering TLR4 signaling.

Figure 9. Autoantibody levels in sera from PBS- or BLM-treated WT and CD19�/� mice. Relative autoantibody levels
were determined by Ig subclass-specific ELISA. Values in parentheses represent the dilutions of pooled sera giving
half-maximal OD values in autoantigen-specific ELISAs, which were determined by linear regression analysis to generate
arbitrary units per ml that could be directly compared between each group of mice (n 	 6 for each). Horizontal bars
represent mean Ab levels. *P � 0.05, **P � 0.005.
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