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Systemic sclerosis (SSc) is characterized by fibrosis
and autoimmmunity. Peripheral blood B cells from
SSc patients specifically overexpress CD19, a critical
cell-surface signal transduction molecule in B cells.
CD19 deficiency in B cells also attenuates skin fibrosis
in the tight-skin (TSK/�) mouse, a genetic model for
SSc. Herein we analyzed two transgenic mouse lines
that overexpress CD19. Remarkably, 20% increase of
CD19 expression in mice spontaneously induced SSc-
specific anti-DNA topoisomerase I (topo I) antibody
(Ab) production, which was further augmented by
200% overexpression. In TSK/� mice overexpressing
CD19, skin thickness did not increase, although anti-
topo I Ab levels were significantly augmented, indi-
cating that abnormal CD19 signaling influences auto-
immunity in TSK/� mice and also that anti-topo I Ab
does not have a pathogenic role. The molecular mech-
anisms for abnormal CD19 signaling were further
assessed. B-cell antigen receptor crosslinking induced
exaggerated calcium responses and augmented acti-
vation of extracellular signal-regulated kinase in
TSK/� B cells. CD22 function was specifically im-
paired in TSK/� B cells. Consistently, CD19, a major
target of CD22-negative regulation, was hyperphospho-
rylated in TSK/� B cells. These findings indicate that
reduced inhibitory signal provided by CD22 results in
abnormal activation of signaling pathways including
CD19 in TSK/� mice and also suggest that this disrupted
B cell signaling contribute to specific autoantibody pro-
duction. (Am J Pathol 2004, 165:641–650)

Systemic sclerosis (SSc) is a multisystem disease char-
acterized by fibrosis and autoimmunity.1 SSc patients
develop excessive extracellular matrix deposition in the
skin and other visceral organs, resulting in fibrotic chang-
es.2 The tight-skin (TSK) mouse is a genetic animal model
for SSc, which was originally identified as a spontaneous
mutation that results in increased synthesis and exces-
sive accumulation of collagen and other extracellular ma-
trix proteins in the skin and visceral organs.3 Although
homozygous mice die in utero, heterozygous (TSK/�)
mice survive, but develop cutaneous fibrosis resembling
human SSc, if not identical.3,4 TSK mutation is a tandem
duplication within the gene encoding fibrillin 1, an extra-
cellular matrix glycoprotein crucial for microfibril assem-
bly.5 TSK mutation causes a formation of the conforma-
tionally abnormal microfibrils, although it cannot account
for all of the phenotypic abnormalities in TSK/� mice.

The autoimmune aspect is another prominent feature
of SSc.6 Antinuclear antibodies (Abs) are found in the
sera from �95% of SSc patients, and the associations
between some specific antinuclear Abs and clinical man-
ifestations are well established.7 Autoantibody (autoAb)
to DNA topoisomerase I (topo I) is detected most exclu-
sively in SSc and correlated with diffuse cutaneous in-
volvement, peripheral vascular disease, and pulmonary
interstitial fibrosis.8 TSK mice also have a skewed hu-
moral response and produce anti-topo I Abs.9 Although
the relationship between fibrosis and systemic autoimmu-
nity is unclear in TSK/� mice, we recently demonstrated
that B-cell functional defects caused by the loss of CD19,
a B-cell-specific cell-surface molecule, significantly de-
creased skin fibrosis in TSK/� mice, suggesting that B
cells play an important role in the pathogenesis of these
disorders of humans and mice.10

Recent studies using animal models of autoimmune
diseases have revealed that B cells play various impor-
tant roles, including antigen presentation and cytokine
production as well as pathogenic autoAb production.
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Elimination of B cells in the lupus-prone MRL/lpr mice
results in a complete abrogation of nephritis, vasculitis,
and skin disease, which is independent of Ab secre-
tion.11 Pathogenic autoAb production is also important as
K/BxN mice, a model for rheumatoid arthritis, have hy-
peractive B cells that produce arthritogenic autoAb.12

Consistently, recent studies have shown that B cell de-
pletion by anti-CD20 Ab is effective in treating patients
with rheumatoid arthritis or systemic lupus erythemato-
sus.13–15 Thus, B cells have recently attracted much at-
tention as a crucial player in systemic autoimmune dis-
orders.16

B cell fate and functions are primarily determined by
signal transduction through a B-cell antigen receptor
(BCR), which is further regulated by other cell-surface
receptors that inform B cells of their extracellular micro-
environment, including CD19, CD21, CD22, CD40,
CD72, and Fc�RIIB. Among them, the CD19/CD21 com-
plex serves as a positive regulator that amplifies BCR
signal transduction for a prompt and strong immune re-
sponse. When CD19/CD21 is cross-linked with C3d frag-
ment of activated C3, this allows B cells to respond
antigens with 10- to 1000-fold lower concentration.17 By
contrast, negative regulators such as CD22 are crucial
for terminating BCR signal transduction and thus for
avoiding improper immune response such as against
self-antigens.18

We reported that circulating B cells from SSc patients
overexpress CD19 by 20%. Strikingly, the current study
revealed that this relatively small increase of CD19 ex-
pression in C57BL/6 mouse induced spontaneous pro-
duction of SSc-specific anti-topo I autoAbs. Similarly,
CD19 signaling was augmented in TSK/� B cells that
produced anti-topo I Abs. Therefore, we further assessed
how B cell signaling was disturbed in TSK/� mice. The
present study showed that negative regulation provided
by CD22 was disrupted in TSK/� B cells, which resulted
in abnormal activation of downstream signal transduction
molecules including CD19. The results of this study may
provide an important clue of how signaling pathways
might be functionally disrupted in human patients with
rheumatic diseases.

Materials and Methods

Mice

TSK/� (the C57BL/6 background) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). Human
CD19-transgenic (TG)-1 mice (C57BL/6 � B6/SJL),
CD19TG-4 mice (C57BL/6 � B6/SJL), and CD22-defi-
cient (CD22�/�) mice (C57BL/6 � 129) were described
previously.19,20 CD19TG-1, CD19TG-4, and CD22�/�

mice were backcrossed more than four generations onto
the C57BL/6 background before use in these studies.
CD19TG-1 and CD19TG-4 TSK/� mice were generated
through breedings of CD19TG�/�TSK/� mice. Cell-sur-
face CD19 and CD22 expressions were verified by two-
color fluorescence cytometry. To verify the TSK/� geno-
type, polymerase chain reaction amplification of a

partially duplicated fibrillin 1 gene was performed using
genomic DNA from each mouse as described.21 Wild-
type littermates generated from heterozygous matings
were used appropriately as controls. All mice were
housed in a specific pathogen-free barrier facility. Mice
used in this study were 8 to 10 weeks of age. All studies
and procedures were approved by the Animal Care Com-
mittee of International Medical Center of Japan and Ka-
nazawa University School of Medicine.

Reagents and Immunofluorescence Analysis

Monoclonal antibodies (mAbs) used included: anti-B220
(RA3-6B2; Beckman Coulter, Miami, FL); anti-CD19
(MB19.122); anti-CD22 (MB22–123, Cy34; BD PharMin-
gen, San Jose, CA); anti-I-A (M5/114.15.2, BD PharMin-
gen); and anti-phosphotyrosine Abs (4G10; Upstate Bio-
technology, Lake Placid, NY; PY99, Santa Cruz
Biotechnology, Santa Cruz, CA). Antisera used included:
fluorescein isothiocyanate (FITC)-conjugated anti-IgM
(Southern Biotechnology Associations, Inc., Birmingham,
AL); F(ab�)2 fragments of goat anti-mouse IgM (Cappel,
ICN Biomedicals, Irvine, CA); anti-Lyn, anti-Syk, anti-
PLC�2, anti-ERK2, and anti-JNK1 (Santa Cruz Biotech-
nology); anti-SHP-1 (Upstate Biotechnology); anti-Akt,
anti-phospho-Akt (Ser473), and anti-phosphoCD19
(Y513) (Cell Signaling, Beverly, MA); anti-active ERK and
anti-active JNK Abs (Promega, Madison, WI). Rabbit anti-
phosphoCD22 (Y762) was generated by immunizing
phosphotyrosine peptide of the sequence.

Immunofluorescence analysis was performed as de-
scribed.22 Briefly, leukocytes from blood and spleen
were stained at 4°C using predetermined optimal con-
centrations of Abs for 20 minutes. Blood erythrocytes
were lysed after staining using the Whole Blood Immuno-
Lyse kit (Beckman Coulter). Cells with the forward and
side light scatter properties of lymphocytes were ana-
lyzed on an Epics Altra flow cytometer (Beckman
Coulter). Positive and negative populations of cells were
determined using unreactive isotype-matched Abs
(Beckman Coulter) as controls for background staining.
To stain phosphotyrosine intracellularly, cells were fixed
and permeabilized using Cytofix/Cytoperm kit (BD Bio-
sciences, San Jose, CA).

Enzyme-Linked Immunosorbent Assays
(ELISAs) for AutoAbs

Serum anti-topo I autoAb levels were determined with
specific ELISA kits (Medical and Biological Laboratories,
Nagoya, Japan). Briefly, 96-well microtiter plates coated
with topo I were incubated with serum samples diluted
1:100. The bound Abs were detected with alkaline phos-
phatase-conjugated anti-mouse IgG or IgM Abs (South-
ern Biotechnology Associates, Inc.). Relative levels of
autoAbs 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 autoAb levels as
above except the results were plotted as optical density
versus dilution (log scale). The dilutions of sera giving
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half-maximal optical density values were determined by
linear regression analysis, thus generating arbitrary unit
per milliliter values for comparison between sets of sera.

Assessment of Skin Fibrosis

All skin sections were taken from the para-midline, lower
back region (the same anatomical site to minimize re-
gional variations in thickness) as full thickness sections
extending 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. Hypodermal thickness, which was de-
fined as the thickness of a subcutaneous loose connec-
tive tissue layer (ie, the hypodermis or superficial fascia)
beneath the panniculus carnosus, was measured for mul-
tiple transverse perpendicular sections using an ocular
micrometer. The skin from male mice was generally
thicker than that from female mice despite the presence
or absence of TSK mutations (data not shown). Because
similar results were obtained when male or female mice
were analyzed separately, only data from female mice
were presented for skin thickness and hydroxyproline
content in this study.

B Cell Activation, Immunoprecipitations, and
Western Blot Analysis

Splenic B cells were purified by removing T cells with
anti-Thy1.2 Ab-coated magnetic beads (Dynal, Inc., Lake
Success, NY) and resuspended in RPMI 1640 medium
containing 5% fetal calf serum. Cells were stimulated with
F(ab�)2 fragments of goat anti-mouse IgM Ab (40 �g/ml)
at 37°C. To examine antigen-specific B cells, mice were
immunized by an intraperitoneal injection with 50 �g of
2,4,6-trinitrophenol (TNP)-conjugated ficoll (Biosearch
Technologies, Novato, CA) in phosphate-buffered saline
with complete Freund’s adjuvant (Difco, Detroit, MI)
Splenic B cells were harvested on day 7, stimulated with
FITC-conjugated TNP-ficoll (Biosearch Technologies),
and analyzed by flow cytometry. For sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
or subjected to immunoprecipitation, cells were lysed in
buffer containing 1% Nonidet P-40, 150 mmol/L NaCl, 50
mmol/L Tris-HCl (pH 8.0), 1 mmol/L Na orthovanadate, 2
mmol/L ethylenediaminetetraacetic acid, 50 mmol/L NaF,
and protease inhibitors. For immunoprecipitations, cell
lysates were precleared twice by incubation with control
Abs plus protein G-Sepharose beads (Amersham Phar-
macia Biotech, Buckinghamshire, UK), followed by incu-
bation with protein G-beads plus Abs to proteins of inter-
est for 4 hours at 4°C. For CD19 immunoprecipitations,
lysates were precleared with Affigel 10 beads (Bio-Rad
Laboratories, Hercules, CA) conjugated with mouse IgA,
then incubated with Affigel 10 beads bearing anti-CD19
Ab (MB19.1). Immunoprecipitated proteins were sub-
jected to SDS-PAGE, and transferred onto nitrocellulose
membranes for immunoblotting. The membranes were
incubated with peroxidase-conjugated Abs. The blots

were developed using an enhanced chemiluminescence
kit (Pierce, Rockford, IL) and detected using Fluoro-S
imager (Bio-Rad Laboratories). The blots were reprobed
with Abs specific for the protein of interest. Band intensity
was quantified using Quantity One software (Bio-Rad
Laboratories).

Measurement of [Ca2�]i
Spleen cells (107/ml) in RPMI 1640 medium containing
5% fetal calf serum and 10 mmol/L HEPES were loaded
with 1 �mol/L indo-1-AM ester (Molecular Probes, Eu-
gene, OR) at 37°C for 30 minutes. Cells were stained with
FITC-conjugated anti-B220 for 15 minutes. The ratio of
fluorescence (488/407 nm) of B220� cells was deter-
mined using an Epics Altra flow cytometer (Beckman
Coulter). Baseline fluorescence ratios were collected for
1 minute before F(ab�)2 anti-mouse IgM Ab (10 or 40
�g/ml) were added. Results were plotted as the fluores-
cence ratio at 15-second intervals with the background
subtracted. Increased fluorescence ratios indicate in-
creases in [Ca2�]i.

Statistical Analysis

All data are shown as mean values � SEM. The Mann-
Whitney U-test was used for determining the level of
significance of differences between sample means and
Bonferroni’s test was used for multiple comparisons.

Results

Augmented Production of Anti-Topo I Ab by
CD19 Overexpression

We reported that circulating B cells from SSc patients
overexpress CD19 by 20%.23 To assess whether CD19
overexpression can induce SSc-specific autoAb produc-
tion, we examined anti-topo I Ab production in transgenic
mice that overexpress human CD19 specifically on B
cells. Remarkably, 20% increase of CD19 expression in
mice (CD19TG-4�/�) spontaneously induced IgG anti-
topo I Ab production (Figure 1A). Furthermore, trans-
genic mice that overexpress 200% of endogenous CD19
levels (CD19TG-1�/�) showed prominent increase of
both IgG and IgM anti-topo I autoAb levels in the sera
(106- and 41-fold, P � 0.01, respectively; Figure 1A).
Considering that CD19TG-1�/� mice have approximately
twofold higher Ig levels than wild-type mice, the autoAb
levels were still significantly higher when serum Ig levels
were normalized (data not shown). Thus, the anti-topo I
Ab levels correlated with the CD19 expression levels in B
cells, indicating that abnormal CD19 signaling pathway is
closely associated with SSc-related autoimmunity includ-
ing anti-topo I Ab production.

TSK/� mice have circulating anti-topo I Ab, and the
loss of CD19 expression significantly decreases the au-
toAb titers.10 We examined whether CD19 overexpres-
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sion further increased the autoAb levels in TSK/� mice.
Both IgG and IgM anti-topo I Ab levels significantly in-
creased in both lines of CD19TG/TSK/� mice compared
with TSK/� mice (Figure 1A). Furthermore, augmentation
of anti-topo I levels paralleled with the CD19 density on B
cell surface of these transgenic mice (Figure 1A). IgG
anti-topo I levels were 7.9-fold higher (P � 0.01) in
CD19TG-4�/�TSK/� mice and 20-fold higher (P � 0.01)
in CD19TG-1�/�TSK mice compared with TSK/� mice
(Figure 1A). Similarly, IgM anti-topo I levels in CD19TG-
4�/TSK/� mice and CD19TG-1�/�TSK mice were 2.7-
fold (P � 0.05) and 12-fold higher (P � 0.01) than those
in TSK/� mice, respectively (Figure 1A). Therefore, CD19
overexpression enhanced anti-topo I Ab production in
TSK/� mice as well as C57BL/6 mice. Moreover, TSK
genetic background in CD19TG-1�/� and CD19TG-4�/�

mice resulted in significantly augmented anti-topo I Ab
production relative to CD19TG-1�/� and CD19TG-4�/�

mice, respectively (Figure 1A). Therefore, CD19 overex-
pression and TSK genetic background cooperatively
contributed to anti-topo I Ab production.

CD19 Overexpression Did Not Increase Skin
Thickness

We previously reported that CD19 deficiency attenuates
skin fibrosis in TSK/� mice,10 raising a possibility that
CD19 may play a direct role in the induction of fibrosis.
Therefore, we examined skin thickness in CD19TG mice.
However, histopathology of the full-thickness skin sec-
tions from CD19TG-1�/� and CD19TG-4�/� mice
showed normal hypodermal thickness compared with
wild-type littermates (Figure 1B and data not shown). Skin
content of hydroxyproline that is a modified amino acid
uniquely found as a high percentage of collagen also
showed no difference between CD19TG mice and wild-
type littermates (data not shown). We then crossed
CD19TG-1 and CD19TG-4 mice with TSK/� mice to gen-
erate two TSK mouse lines that overexpress CD19 at
different levels on B cells. However, hypodermal thick-
ness and skin hydroxyproline content of TSK/� mice
were not altered by either level of CD19 overexpression
(Figure 1B and data not shown). Collectively, although
CD19 loss can decrease skin fibrosis of TSK/� mice,
CD19 overexpression did not increase skin fibrosis.

Hyperreactive B-Cell Phenotype in TSK/� Mice

Given that CD19 is a critical molecule that regulates B
cell signaling, the finding that TSK/� B cells exhibited the
augmented anti-topo I Ab production that was enhanced
by CD19 overexpression suggests that there are intrinsic
signaling abnormalities of B cells in TSK/� mice. Consis-
tent with this, circulating B cells from TSK/� mice ex-
pressed significantly lower levels of surface IgM (50 �
3% decrease from wild-type mice, P � 0.05; Figure
2A),zref10 and higher levels of MHC class II (I-A) (30 �
7% increase from wild-type mice, P � 0.05; Figure 2B)
than those from wild-type littermates. By contrast, there
was no significant difference in splenic B cells with the
expression levels of IgM or I-A between TSK/� and wild-
type littermates. The phenotypes observed in circulating
B cells form TSK/� mice was equivalent to B cells that
demonstrate augmented transmembrane signaling
through the BCR complex, such as CD22�/� mice and
mice overexpressing CD19.24 These mice also exhibit
phenotypical abnormalities in circulating B cells, al-
though the differences are usually mild in splenic B
cells.22,25,26 These changes appeared distinct because
TSK/� B cells expressed other cell surface molecules,
including CD19, CD21, CD22, CD40, and B220 at similar
levels as those from wild-type littermates (data not
shown). Therefore, TSK/� B cells exhibited distinctive
hyperreactive phenotype.

Augmented [Ca2�]i Responses in TSK/�
B Cells

Because B cell phenotype from TSK/� mice suggested
that TSK/� B cells were hyperresponsive to transmem-
brane signals, an increase in the intracellular calcium
concentration ([Ca2�]i) after BCR ligation was examined

Figure 1. A: Serum levels of anti-topo I Abs in wild-type (WT), TSK/�,
CD19TG-1�/�, CD19TG-4�/�, CD19TG-1�/�TSK/�, CD19TG-4�/�TSK/�
mice. Relative Ab levels were determined by Ig subclass-specific ELISA, with
results from each mouse represented as a dot. Values in parentheses repre-
sent the dilutions of pooled sera giving half maximal optical density values in
ELISA, which were determined by linear regression analysis to generate
arbitrary units per milliliter that could be directly compared between each
group of mice. B: Skin fibrosis in wild-type, CD19TG-1�/�, TSK/�, and
CD19TG-1�/�TSK/� mice. Skin tissues were taken from the dorsal site of
mice. Hypodermal thickness was measured under a light microscope as the
thickness from the top of granular layer to the bottom of a subcutaneous
loose connective tissue layer (ie, the hypodermis or superficial fascia) be-
neath panniculus carnosus. Results from each mouse are represented as a
single dot. Horizontal bars represent mean hypodermal thickness.
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as an indicator of rapid B cell activation. Splenic B cells
were freshly isolated from TSK/� and wild-type litter-
mates and were stimulated with F(ab�)2 fragments of
anti-IgM Ab. TSK/� B cells demonstrated significantly
augmented rapid increase of [Ca2�]i as well as aug-
mented sustained increase after IgM cross-linking when
compared with wild-type B cells (Figure 3). In five exper-
iments, maximum [Ca2�]i in TSK/� B cells was 50%
higher than wild-type B cells (P � 0.01). The kinetics of
[Ca2�]i change was also slightly accelerated in TSK/� B
cells when compared with wild-type B cells. The aug-
mented response in TSK/� B cells did not result from a
few exceptional B cells but represented most of B cells
because the ratio of responding B cells from TSK/� mice
was equal to that of wild-type littermates (data not
shown). Thus, BCR-induced [Ca2�]i response was aug-
mented in TSK/� B cells.

Normal Phosphorylation Levels of Lyn, Syk,
SHIP, PLC�2, and Shc in TSK/� B Cells

Because TSK/� B cells were likely to be hyperresponsive
to BCR cross-linking, tyrosine phosphorylation of B-cell
signaling molecules was assessed to determine which
pathways were responsible for this alteration. Lyn and
Syk are protein tyrosine kinases abundantly expressed in
B cells and have crucial roles in [Ca2�]i responses.27 To
assess Lyn and Syk phosphorylation, freshly isolated
splenic B cells were stimulated with F(ab�)2 fragments of

anti-IgM Ab and were lysed at different time points after
BCR cross-linking. Lyn or Syk was immunoprecipitated
from lysates, followed by SDS-PAGE and anti-phospho-
tyrosine immunoblotting. Anti-IgM ligation induced Lyn
phosphorylation at similar levels between wild-type and
TSK/� B cells (Figure 4A). Also, Syk was comparably
phosphorylated in TSK/� B cells on BCR engagement
(Figure 4B). Therefore, tyrosine phosphorylation of these
protein tyrosine kinases was intact in TSK/� B cells. Also,

Figure 2. Cell surface expression of IgM (A) and MHC class II (I-A) (B) by
blood mononuclear cells from TSK/� mice or wild-type littermates. Single
cell suspensions of leukocytes were isolated from wild-type and TSK/� mice
and examined by two-color immunofluorescence staining with flow cytom-
etry analysis. These results are representative of those obtained in four similar
experiments.

Figure 3. [Ca2�]i responses induced by BCR ligation. Spleen cells from
wild-type or TSK/� mice were loaded with 1 �mol/L indo-1-AM ester and
then stained with FITC-conjugated anti-B220 to identify B cells. At 1 minute
(arrow), goat anti-IgM F(ab�)2 fragments (40 �g/ml) were added. Results
were plotted as the fluorescence ratio at 15-second intervals with the back-
ground subtracted. Increased ratios of indo-1 fluorescence indicate increased
[Ca2�]i. Results represent three experiments.

Figure 4. Phosphorylation of Lyn (A), Syk (B), PLC�2 (C), SHIP (D), and Shc
(E) after BCR ligation. Splenic B cells purified from TSK/� or wild-type
control littermates (1 � 107/lane) were incubated with either medium alone
(time 0) or with anti-IgM Ab (40 �g/ml) for the indicated times and lysed.
Lysates were incubated with protein-G beads and either specific Ab or
control rabbit IgG (CTL). Immunoprecipitated proteins were subjected to
SDS-PAGE and transferred onto membranes for anti-pTyr immunoblotting.
The blots were subsequently stripped and reprobed with appropriate Abs to
verify equivalent loading of proteins between samples.
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tyrosine kinase activities of Lyn and Syk determined by in
vitro kinase assays were comparable between wild-type
and TSK/� B cells (data not shown).

Signaling mediators were then assessed for tyrosine
phosphorylation. SHIP and PLC�2 also regulate [Ca2�]i
response negatively and positively, respectively.27 How-
ever, despite the augmented [Ca2�]i response in TSK/�
B cells, SHIP phosphorylation was similar or slightly de-
creased in TSK/� B cells (Figure 4C). BCR-induced
phosphorylation of PLC�2 was also similar or slightly had
decreased levels in TSK/� B cells (Figure 4D). Addition-
ally, Shc was phosphorylated at wild-type level in TSK/�
B cells after BCR ligation (Figure 4E). Furthermore, phos-
phorylation level at tyrosine-317 of Shc was also similar
between wild-type and TSK/� B cells (data not shown).
Therefore, these mediators were not responsible for aug-
mented [Ca2�]i response in TSK/� B cells.

Modest CD22 Phosphorylation in TSK/�
B Cells

Because B cells from CD22�/� mice exhibit exaggerated
[Ca2�]i response after BCR ligation,20,28–30 CD22 would
be another candidate for augmented [Ca2�]i mobilization
in TSK/� B cells. Therefore, CD22 phosphorylation was
examined in TSK/� B cells. Remarkably, constitutive ty-
rosine phosphorylation of CD22 in TSK/� B cells was
significantly lower than in wild-type B cells (47 � 35% of
wild-type, Figure 5A). Furthermore, anti-IgM engagement
induced only modest tyrosine phosphorylation of CD22
compared with wild-type B cells (58% of wild type at 5
minutes, P � 0.05; Figure 5A). Consistent with this, SHP-1
association with CD22 was also decreased in TSK/� B
cells before and after BCR crosslinking (Figure 5A).
These results raised the question whether CD22 function
was defected in B cells from TSK/� mice. Because CD19
is a major target of the CD22/SHP-1 inhibitory pathway,22

CD19 tyrosine phosphorylation was further assessed in
TSK/� B cells. Consistent with decreased CD22 phos-
phorylation, CD19 was hyperphosphorylated after BCR
ligation in TSK/� B cells relative to wild-type B cells
(Figure 5B). Overall, phosphorylation of CD19/CD22 loop
was specifically dysregulated in TSK/� B cells, which
may lead to augmented [Ca2�]i responses.

To further confirm that the CD19/CD22 loop was dys-
regulated in TSK/� B cells, antigen-specific B cells from
TSK mice immunized with TNP-ficoll were assessed. After
immunizing wild-type and TSK/� mice with TNP-ficoll,
splenic B cells were purified and stimulated with FITC-
conjugated TNP-ficoll. Then, antigen-specific FITC-posi-
tive cells were analyzed for CD19 and CD22 tyrosine
phosphorylation by flow cytometry. Similar to anti-IgM
stimulation, CD19 phosphorylation was augmented by
TNP stimulation in TSK/� B cells compared with wild-type
B cells (Figure 5C), while CD22 phosphorylation was also
decreased by TNP stimulation in TSK/� B cells (Figure
5C). Thus, the CD19/CD22 loop was dysregulated in
antigen-specific B cells from TSK/� mice.

Activation of Downstream Signaling Pathways in
TSK/� B Cells

The consequence of impaired CD22 function was further
studied in downstream signaling pathways such as mito-
gen-activated protein kinases (MAPKs) and Akt. Subfam-
ilies of MAPKs include ERK, c-Jun N-terminal kinase
(JNK), and p38, which become fully activated as a result
of dual phosphorylation on single threonine and tyrosine
residues. Activation of ERK, JNK, p38, and Akt after BCR
stimulation was evaluated by immunoblotting using Abs
specific for the fully active forms of ERK, JNK, p38, and
Akt. Among MAPKs and Akt, only ERK activation exhib-
ited enhanced phosphorylation by 65% in TSK/� B cells
when compared with wild-type B cells (P � 0.01, Figure
6A). Although JNK activation is dependent on [Ca2�]i
response and TSK/� B cells demonstrated elevated
[Ca2�]i response, JNK activation in TSK/� B cells
reached at similar peak level but attenuated more rapidly
than that of wild-type B cells (Figure 6B). Contrast to the
previous studies, we could not detect significant phos-
phorylation of p38 after BCR cross-linking either in wild-
type or TSK/� B cells despite using several Abs (data not
shown). Furthermore, Akt phosphorylation in TSK/� B
cells was at similar levels to that of wild-type B cells
(Figure 6C). Thus, ERK activation was specifically in-
creased in TSK/� B cells.

Figure 5. Phosphorylation of CD22 and CD19 after BCR ligation. A and B:
Lysates of TSK/� and wild-type B cells (107/lane) treated as in Figure 4, and
CD22 or CD19 was immunoprecipitated from the lysate. Immunoprecipitated
proteins were subjected to SDS-PAGE and transferred onto membranes for
anti-pTyr and/or SHP-1immunoblotting. The blots were subsequently
stripped and reprobed with anti-CD22 or anti-CD19 Ab. Relative phosphor-
ylation levels of CD22 are shown in the bottom graph which represent the
relative mean optical density (� SEM) of band intensities determined by
scanning densitometry from five independent immunoblotting experiments.
Phosphorylation levels are shown as percentage of wild-type B cells at 0
minutes defined as 100%. C: Wild-type and TSK/� mice were immunized
with TNP-ficoll, and splenic B cells were purified on day 7. B cells were
stimulated with FITC-conjugated TNP-ficoll for 5 minutes. FITC-positive
(antigen-specific) and FITC-negative (not antigen-specific) cells were ana-
lyzed for CD19 and CD22 tyrosine phosphorylation by flow cytometry using
anti-phosphoCD22 and anti-phosphoCD19 antibodies. FITC-negative cells
showed no significant difference in CD22 and CD19 phosphorylation levels
before and after stimulation. *, �0.05.
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Hyperactivation of B Cells in TSK/� Mice Was
Dependent on CD22 Expression

To determine whether disruption of CD22 function was
the dominant feature of TSK/� B cells, TSK/� mice defi-
cient in CD22 expression (CD22�/�TSK/� mice) were
generated and compared with CD22�/� mice without
TSK mutation. If CD22 function was specifically disrupted
in TSK/� B cells, the abnormalities of signal transduction
would not be observed in the absence of CD22 expres-
sion and thus CD22�/�TSK/� B cells would demonstrate
similar signaling property to CD22�/� B cells without TSK
mutation. Alternatively, if ERK activation observed in
TSK/� B cells was not related to CD22 dysfunction,
CD22�/�TSK/� B cells would exhibit more profound al-
teration than CD22�/� B cells or TSK/� B cells. Remark-
ably, the [Ca2�]i responses in CD22�/�TSK/� B cells
were identical to those responses in B cells from
CD22�/� mice after the optimal or suboptimal concentra-
tion of anti-IgM incubation (Figure 7A and data not
shown). Furthermore, increased ERK phosphorylation
was no longer observed in TSK/�CD22�/� B cells in
response to BCR engagement when compared with
CD22�/� B cells (Figure 7B). However, hypodermal thick-
ness of TSK/� mice was not altered by CD22 deficiency

(data not shown). Thus, hyperactivated signal transduc-
tion of B cells in TSK/� mice was dependent on CD22
expression.

Discussion

In the current study, roles of CD19 and B cell signaling in
autoimmunity and disease expression of SSc were ex-
plored. SSc-specific anti-topo I Ab production was in-
duced by 20%- increased CD19 expression, regardless
of the presence of TSK mutation (Figure 1). By contrast,
anti-fibrillin 1 Ab levels were not significantly increased in
either strain of CD19TG mice compared with wild-type
mice (data not shown). Although diminished B cell func-
tion by CD19 loss in TSK/� mice improve skin fibrosis,10

CD19 overexpression did not accelerate skin fibrosis in
TSK/� mice (Figure 1). Anti-topo I Ab levels are shown to
correlate with severity of skin involvement and global
disease severity of human SSc.31,32 However, results of

Figure 6. ERK (A), JNK (B), and Akt (C) activation induced by BCR ligation
in TSK/� B cells. Splenic B cells purified from TSK/� or wild-type control
littermates (1 � 106/lane) were stimulated with anti-IgM. Subsequently,
lysates of B cells were subjected to SDS-PAGE and transferred to nitrocellu-
lose membranes for subsequent immunoblotting with phospho-specific Abs
for the activated forms of the MAPKs and Akt. Results (left) are representa-
tive of those obtained with three littermate pairs of mice. Membranes were
reprobed with anti-ERK2, anti-JNK1, and anti-Akt Abs. Values in the right
graphs represent the relative mean optical density (�SEM) of band intensi-
ties determined by scanning densitometry from three independent immuno-
blotting experiments. Phosphorylation levels are shown as percentage of
wild-type B cells at 0 minutes and 5 minutes were defined as 0% and 100%,
respectively. *, �0.05; **, �0.01.

Figure 7. [Ca2�]i responses (A) and ERK activation (B) after BCR ligation in
wild-type and CD22�/� B cells with or without TSK mutation. A: B cells
loaded with indo-1 and stained with FITC-labeled anti-B220 were examined
for relative [Ca2�]i levels by flow cytometry after gating on the B220�

population of cells as described in Figure 3. Suboptimal concentration of goat
anti-IgM F(ab�)2 fragments (10 �g/ml) were added at 1 minute (arrow). B:
BCR-induced ERK phosphorylation was assessed as in Figure 6.

Figure 8. A proposed model for disrupted CD19/CD22 loop in TSK/� B
cells. CD22 phosphorylation by Lyn is specifically impaired possibly by the
interaction with CD22 ligand(s). Alternatively, CD19 overphosphorylation
may also affect CD22 phosphorylation. Decreased CD22 phosphorylation
results in modest SHP-1 activation, which leads to hyperphosphorylation of
CD19. This may up-regulate signaling pathways for autoAb production and
cytokine production.
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the present study suggest that anti-topo I Ab does not
have direct pathogenic role in the fibrosis of SSc but is
rather an epiphenomenon. Consistently, although anti-
topo I Ab is highly useful as a diagnostic marker, topo I is
an intracellular component critical for cell mitosis and
there has been no evidence to show anti-topo I Ab is
internalized into the cell. Nonetheless, anti-topo I Ab pro-
duction in CD19TG mice is remarkable because most of
other autoimmune strains of mice, including MRL/lpr and
NZB/NZW mice, do not develop anti-topo I Ab. The only
exception known to date is motheaten viable mice, which
have defective SHP-1 function.33 The current study also
demonstrates that CD22 function was specifically im-
paired in TSK/� B cells (Figure 5). CD22 has immunore-
ceptor tyrosine-based inhibitory motifs that recruit SHP-1
when phosphorylated. CD22 serves as an inhibitory sig-
naling molecule and a major target of CD22/SHP-1 inhib-
itory pathway is CD19.22,33 Consistently, CD19 phos-
phorylation was significantly augmented in both resting
and BCR-ligated TSK/� B cells (Figure 5B). As in TSK/�
B cells, B cells from motheaten viable mice also show
CD19 hyperphosphorylation.33 Collectively, these results
indicate that negative regulation by CD22 was disrupted
in TSK/� B cells, which resulted in abnormal activation of
downstream signal transduction molecules including
CD19 (Figure 8), and also suggest that CD19/CD22 sig-
naling pathways are closely associated with SSc-specific
anti-topo I Ab production. Also, the discrepancy between
anti-topo I Ab and skin fibrosis provides direct evidence
that anti-topo I Ab does not have a pathogenic role.

Considering that there are no known genetic abnor-
malities in lymphocytes of TSK/� mice, it was surprising
that TSK/� B cells have intrinsic abnormalities in BCR
signal transduction, such as exaggerated [Ca2�]i re-
sponses (Figure 3) and augmented ERK activation (Fig-
ure 6A). Circulating B cells from TSK/� mice exhibited
characteristic phenotype of chronically activated B cells
with constitutively lower surface IgM expression and con-
stitutively elevated MHC class II and CD23 expression
(Figure 2).10. This phenotype is also shared by CD19TG
mice, Lyn�/� mice, CD22�/� mice, and motheaten viable
mice, and is considered as a consequence of aug-
mented transmembrane signaling through the BCR com-
plex.34 Because CD19TG mice, Lyn�/� mice, CD22�/�

mice, and motheaten viable mice all exhibit autoimmunity
characterized by various spontaneous autoAb produc-
tion, CD22 dysfunction in TSK/� B cells may lead to
autoAb production in TSK/� mice by abrogating negative
regulation on BCR signaling.

Although CD22 phosphorylation was markedly lower
than wild-type B cells (Figure 5A), major tyrosine kinases
in B cells, Lyn and Syk, showed normal expression and
normal phosphorylation constitutively and on BCR liga-
tion in TSK/� B cells (Figure 4, A and B). Also, Shc and
PLC�2 phosphorylation was of wild-type levels or slightly
decreased in TSK/� B cells (Figure 4, D and E). There-
fore, CD22 dysfunction is not likely a consequence of
disturbed upstream events or general signaling defect.
CD22 is a major regulator of [Ca2�]i mobilization among
a number of signaling molecules because B cells lacking
CD22 display dramatically augmented [Ca2�]i responses

after BCR ligation.20,28–30 Therefore, enhanced BCR-in-
duced [Ca2�]i increase in TSK/� B cells (Figure 3) was
consistent with decreased levels of CD22 phosphoryla-
tion (Figure 5A). Furthermore, ERK phosphorylation in
TSK/� B cells was augmented by 60% when compared
with wild-type B cells (Figure 6A). Because the absence
of CD22 results in increased phosphorylation of ERK after
BCR cross-linking,35 the augmented ERK activation ob-
served in TSK/� B cells may be linked to dysregulated
CD22 function as well. Consistently, ERK activation after
BCR engagement was similar between CD22�/�TSK/� B
cells and CD22�/� B cells (Figure 7). By contrast to
enhanced ERK phosphorylation, BCR-induced JNK
phosphorylation was decreased in TSK/� B cells (Figure
6B). This decreased JNK activation in TSK/� mice might
be intriguing because c-jun plays a regulatory role on the
expression of collagen promoter. Although the mecha-
nism is unclear, JNK activation is also impaired in B cells
from CD22�/� mice.36 This pattern of augmented ERK
activity and decreased JNK activity was also observed in
B cells from CD19TG mice (M.F. and T.F.T., unpublished
observation). Therefore, B cells from TSK/� mice,
CD19TG mice, and CD22�/� mice share the hyperfunc-
tion (ie, hyperphosphorylation or overexpression) of
CD19 and the hypofunction (ie, hypophosphorylation or
deficiency) of CD22,37 and thus this may be a common
trait in autoimmune strains.

In resting B cells, CD22 is bound to endogenous sialic
acid-containing ligands such as CD45 and IgM and is
unavailable for binding to exogenous molecules.38 This
cis-binding may locate CD22 proximal to BCR or CD45,
which may be necessary for inhibitory function of
CD22.39,40 This masking of CD22 by cis-binding can be
relieved by the stimulation of anti-IgM and anti-CD40
Ab.38 Because TSK/� B cells have a chronically acti-
vated phenotype, CD22 on TSK/� B cells may be un-
masked and is available to trans-binding with unknown
exogenous ligands that sequester CD22 from BCR. In-
deed, preincubation of human B cells with anti-CD22
mAb has been shown to lower the threshold for BCR-
induced proliferation and increase in [Ca2�]i signaling
through the BCR.41 Intriguingly, CD72, another negative
regulator that has analogous functions to CD22, is dem-
onstrated to undergo a unique regulation that soluble
form of CD100 binds with CD72 and switches off the
negative signals mediated by CD72.42 Soluble CD100
protein released from activated lymphocytes is abnor-
mally detected in the sera of the MRL/lpr mouse, an
autoimmune strain with a defect in Fas.43 Similarly, the
ligand-binding site of CD22 appears to have a critical role
in autoimmunity. In the mouse, CD22 is defined by Lyb-8
alloantigen system, Cd22a, Cd22b, and Cd22c encoding
CD22.1, CD22.2, and CD22.3, respectively.44,45 The
Cd22 gene is allelic to a lupus-susceptibility locus in New
Zealand White mice, which bear Cd22a alleles.46 Cd22a B
cells constitutively express significantly lower levels of
CD22, and do not up-regulate them on activation, to the
same levels as Cd22b B cells.47 Recently identified Cd22c

is specifically expressed in the autoimmune-prone BXSB
mouse.45 Remarkably, these three alleles have striking
differences in the most distal extracellular regions con-
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stituting the ligand-binding domains. However, no muta-
tion was found in CD22 sequence from TSK/� mice (data
not shown). Therefore, it is possible that factors affecting
cis- and trans-binding levels of CD22 with its ligands may
result in CD22 dysregulation and thereby induce autoim-
munity in TSK/� B cells (Figure 8).

B cell roles in the pathogenesis of TSK syndrome are
still controversial. Kasturi and colleagues48 have re-
ported that mature B cell loss does not abrogate dermal
thickening in TSK/� mice. By contrast, adoptive transfer
of both T and B cells from TSK/� mice induces cutane-
ous collagen deposition and autoAb production in wild-
type mice, whereas the infusion of purified T cells does
not lead to the development of TSK syndrome.49 A recent
study has also demonstrated that disrupting the interleu-
kin (IL)-4/IL-4R rescues TSK phenotype.21,50 IL-4 is
shown to abolish CD22-mediated B cell suppression by
reducing CD22 expression on B cells.51 Collectively, al-
though B cells may not induce fibrosis solely, it is likely
that B cell abnormalities in TSK/� mice significantly con-
tribute to the development of the syndrome cooperatively
with other factors. The current study suggests that func-
tional abnormalities of BCR signal transduction, espe-
cially CD22 inhibitory pathway, could contribute to auto-
immunity in TSK/� mice. Although abnormalities of B cell
signaling in human autoimmune patients have not been
studied intensively yet, the factors that constitute the
CD19/CD22 regulatory loop, including Lyn, CD19, and
SHP-1, are all suggested to be involved in the pathogen-
esis of human rheumatic diseases (Figure 8).16,23,52,53

Exaggerated [Ca2�]i responses to BCR engagement
have been also demonstrated in B cells from active SLE
patients,54 suggesting that signaling in B cells is a critical
factor for disease activity. Further analyses in B cell sig-
naling components would provide a clue for a potential
therapeutic target for SSc and other systemic autoim-
mune diseases.
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