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Immune cells are critical to the wound-healing pro-
cess, through both cytokine and growth factor secre-
tion. Although previous studies have revealed that B
cells are present within wound tissue, little is known
about the role of B cells in wound healing. To clarify
this, we investigated cutaneous wound healing in
mice either lacking or overexpressing CD19, a critical
positive-response regulator of B cells. CD19 defi-
ciency inhibited wound healing, infiltration of neu-
trophils and macrophages, and cytokine expression,
including basic and acidic fibroblast growth factor,
interleukin-6, platelet-derived growth factor, and trans-
forming growth factor-. By contrast, CD19 overexpres-
sion enhanced wound healing and cytokine expression.
Hyaluronan (HA), an endogenous ligand for toll-like
receptor (TLR)-4, stimulated B cells, which infiltrates
into wounds to produce interleukin-6 and transforming
growth factor-B through TLR4 in a CD19-dependent
manner. CD19 expression regulated TLR4 signaling
through p38 activation. HA accumulation was increased
in injured skin tissue relative to normal skin, and exog-
enous application of HA promoted wound repair in
wild-type but not CD19-deficient mice, suggesting that
the beneficial effects of HA to the wound-healing pro-
cess are CD19-dependent. Collectively, these results
suggest that increased HA accumulation in injured skin

induces cytokine production by stimulating B cells
through TLR4 in a CD19-dependent manner. Thus, this
study is the first to reveal a critical role of B cells and
novel mechanisms in wound healing. (4m J Pathol
2009, 175:649—660; DOI: 10.2353/ajpath.2009.080355)

Healing of cutaneous wounds is a complex biological
event that results from the interplay of a large number of
resident and infiltrating cell types, including leukocytes.”
Accumulating evidence has revealed a critical role of
leukocytes in wound healing. Infiltrating neutrophils form
a first line of defense against local infections and are also
a source of pro-inflammatory cytokines to activate fibro-
blasts and keratinocytes.? Macrophages also regulate
wound healing by antimicrobial function, wound debride-
ment, and production of various growth factors, such as
platelet-derived growth factor (PDGF), transforming
growth factor (TGF)-B, basic fibroblast growth factor
(bFGF), heparin binding epidermal growth factor, and
TGF-a.®7® These factors stimulate the synthesis of extra-
cellular matrix by local fibroblasts, generate new blood
vessels, promote the granulation tissue formation, and
enhance re-epithelialization.*® Furthermore, a series of
experimental studies have indicated a significant role for
T lymphocytes in wound healing as growth factor-pro-
ducing cells as well as immunological effector cells.”°
Thus, immune cells have an integral function in wound
healing beyond their role in inflammation and host de-
fense, mainly through the secretion of signaling mole-
cules, such as cytokines and growth factors.®

However, little is known regarding a role of B cells in
wound healing. Previous studies have revealed that B
cells are present within wound tissue®~'" and that B cell
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count is rapidly increased in the first 4 days after wound-
ing, and thereafter reaches a plateau before falling as the
wounds heal.”" Furthermore, recent assessment of the
role of B cells in the immune system has indicated that B
cells are more than just the precursors of antibody (Ab)-
secreting cells.'? B cells have essential functions in reg-
ulating immune responses, including the production of
various cytokines and growth factors, antigen presenta-
tion, regulation of T cell activation and differentiation, and
regulation of lymphoid organization.'® Therefore, the in-
creased numbers of B cells within wound tissue may
reflect a role for these cells that has hitherto been
unrecognized.

Both innate and adaptive immune responses contrib-
ute to host defense cooperatively. B cells play a principal
role in adaptive immune response through B cell antigen
receptor (BCR). BCR-induced signals are further modi-
fied by other cell surface molecules including CD19.
CD19, a major positive response regulator, is a critical B
cell-specific signal transduction molecule of the immuno-
globulin superfamily expressed by early pre-B cells from
the time of heavy chain rearrangement until plasma cell
differentiation.’® B cells also primarily participate in in-
nate immunity; indeed, B cells express toll-like receptors
(TLRs) and respond to exogenous innate stimuli such as
lipopolysaccharide (LPS), a major component of Gram-
negative bacteria. CD19 also regulates LPS signaling: B
cells from CD19-deficient (CD197/") mice are hypore-
sponsive to most transmembrane signals, including BCR
ligation and LPS, while B cells from CD19-transgenic
(CD19Tg) mice that overexpress CD19 by ~threefold are
hyperresponsive to these signals.’'® Thus, CD19 regu-
lates both adaptive and innate immune responses.

In the current study, to clarify the roles of B cells in
wound healing, we investigated the wound-healing
model in CD19~/~ and CD19Tg mice. The results of this
study indicate that CD19 controls cytokine and growth
factor production by B cells mainly through TLR4 signal-
ing, which was activated by an endogenous TLR4 ligand
hyaluronan (HA) increased in the wounded skin, and
thereby CD19 regulates the skin wound-healing process.

Materials and Methods
Mice

CD197/~ (C57BL/6 X 129) and CD19Tg (C57BL/6 X
B6/SJL) mice were generated as described.’* ¢ All mice
were healthy, fertile, and did not display any evidence of
infection or disease. All mice were backcrossed between
5to 10 generations onto the C57BL/6 background. Mice
were 7 to 12 weeks old for all experiments and age-
matched wild-type littermates or C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME) were used as controls. All
mice were housed in a specific pathogen-free barrier
facility and screened regularly for pathogens. All studies
and procedures were approved by the Committee on
Animal Experimentation of Nagasaki University Graduate
School of Biomedical Sciences.

Wounding and Macroscopic Examination

Mice were anesthetized with diethyl ether and their backs
were shaved and wiped with 70% alcohol. Four full-thick-
ness excisional wounds per mouse were made using a
disposable sterile 6-mm biopsy punch (Maruho, Osaka,
Japan), as described elsewhere.” After wounds were
covered with an occlusive dressing (Tegaderm, 3M Can-
ada, London, ON), mice were caged individually. At 3
and 7 days after wounding, mice were anesthetized, and
areas of open wounds were measured by tracing the
wound openings onto a transparency. Any signs sugges-
tive for local infection were not detected in the wounded
skin. All four wounds were analyzed for macroscopic
analysis of wound closure; however, the wound that was
extremely distorted and was difficult to evaluate the cor-
rect size was excluded. For macroscopic analysis of
wound closure, 50 wounds from 15 mice were used in
wild-type group, and 42 wounds from 14 mice were used
in CD19~/~ and CD19Tg group.

Histological Assessment of Wound Healing

After the mice were sacrificed, wounds were harvested
with a 2-mm rim of unwounded skin tissue. The wounds
were fixed in 3.5% paraformaldehyde and was then par-
affin embedded. Six-um paraffin sections were stained
with H&E. The epithelial gap, which represents distance
between the leading edge of migrating keratinocytes,
was measured under a light microscope. We identified
the area that consists of newly formed capillaries and the
collection of fibroblasts and macrophages as granulation
tissue. Wound sections were visualized in the color mon-
itor (PVM-14M4J, Olympus, Tokyo, Japan) using the CCD
camera (CS-900, Olympus). Then, the area of granulation
tissue was gated and measured by the video micrometer
(VM-60, Olympus). The number of neutrophils and mast
cells was counted in the entire section outside the blood
vessels by H&E staining and toluidine blue staining. All of
the sections were examined independently by two inves-
tigators in a blinded fashion.

Immunohistochemical Staining

Paraffin-embedded tissues were cut into 6 um sections,
deparaffinized in xylene, and rehydrated in PBS. Depar-
affinized sections were treated with endogenous peroxi-
dase blocking reagent (DAKO Cytomation A/S, Copen-
hagen, Denmark) and proteinase K (DAKO Cytomation
A/S) for 6 minutes at room temperature. Sections were
then incubated with rat monoclonal Ab (mAb) specific for
macrophages (F4/80; American Type Culture Collection,
Rockville, MD), CD3 (Dainippon Pharmaceutical Com-
pany, Osaka, Japan), and B220 (BD PharMingen, San
Diego, CA). Rat IgG (Southern Biotechnology Associates
Inc., Birmingham, AL) was used as a control for nonspe-
cific staining. Sections were sequentially incubated with a
biotinylated rabbit anti-rat IgG secondary Ab (Vectastain
ABC method, Vector Laboratories, Burlingame, CA), then
horseradish peroxidase-conjugated avidin-biotin com-



plexes. Sections were washed three times with PBS be-
tween incubations. Sections were developed with 3,3'-
diaminobenzidine tetrahydrochloride and hydrogen
peroxide, and then counterstained with methyl green.
Stained cells were counted in nine high-power fields
(0.07 mm?2, magnification, X400) in the wound bed per
section. Among the nine fields, six fields were selected
from both edges of the wound bed, and the remaining
three fields were chosen from the middle of the wound
bed. Each section was examined independently by two
investigators in a blinded fashion.

For HA staining, the deparaffinized sections were in-
cubated with 1.5% hydrogen peroxide for 10 minutes to
block tissue peroxidase activity. Thereafter, sections
were incubated overnight at 4°C with 5 ug/ml of biotinyl-
ated HA binding protein (Sigma-Aldrich Co., St. Louis,
MQO), followed by incubation (30 minutes, 37°C) with
streptavidin-horseradish peroxidase (BD PharMingen).
Sections were developed and counterstained as de-
scribed above.

For double staining of B cells, the sections were incu-
bated overnight at 4°C with rat anti-mouse B220 Ab (R&D
systems, Minneapolis, MN), then sequentially incubated
with a biotinylated rabbit anti-rat IgG secondary Ab and
horseradish peroxidase-conjugated avidin-biotin com-
plexes (Vectastain Elite ABC kit, Vector Laboratories).
Sections were developed with 3,3'-diaminobenzidine tet-
rahydrochloride and hydrogen peroxide. Thereafter, sec-
tions were incubated overnight at 4°C with goat anti-
mouse interleukin (IL)110 Ab (Santa Cruz Biotechnology,
Santa Cruz, CA), then sequentially incubated with an
alkaline phosphatase-conjugated rabbit anti-goat IgG
secondary Ab (Vectastain Elite ABC-AP kit, Vector Lab-
oratories). Sections were developed with Vector Blue.

RNA [solation and Real-Time PCR

Total RNAs were extracted from wounded skin samples
using Qiagen RNeasy spin columns (QIAGEN, Crawley,
UK) and subsequently were reverse transcribed to cDNA
using Ready-To-Go RT-PCR Beads (GE Health care,
Buckinghamshire, UK). Expression of bFGF, acidic FGF
(aFGF), IL-6, IL-10, TGF-B1, PDGF, interferon (IFN)-v,
tumor necrosis factor (TNF)- @ was quantified by real-time
PCR using sequence-specific primers and probes de-
signed by predeveloped TagMan assay reagents (40
cycles of denaturing at 92°C for 15 seconds and anneal-
ing at 60°C for 60 seconds) and an ABI Prism 7300
Sequence Detector (Applied Biosystems, Foster City,
CA). Glyceraldehyde-3-phosphate was used to normal-
ize MRNA. Relative expression of real-time PCR products
was determined by using the AACt method'® to compare
target gene and housekeeping gene mRNA expression.
One of the control samples was chosen as a calibrator
sample.

B Cell Rurification and Stimulation

Splenic B cells were purified (>95% B220™") by removing
T cells with anti-Thy1.2 Ab-coated magnetic beads (Dy-
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nal, Lake Success, NY), macrophage/monocytes, den-
dritic cells, and NK cells with rat anti-CD43 mAb and
sheep anti-rat IgG-coated magnetic beads (Dynal). Puri-
fied splenic B cells were cultured in 0.6 ml of culture
medium in 48-well flat-bottom plates and stimulated with
10 or 100 pg/ml of LPS (0111:B4; Sigma-Aldrich). In other
experiments, B cells were cultured with 200 or 500 pg/ml
of HA (MP Biomedicals, Solon, OH), 1000 ug/ml of fibrin-
ogen (Sigma-Aldrich), 100 ug/ml of HS (Sigma-Aldrich),
200 pg/ml of dermatan sulfate (Sigma-Aldrich), or 200
pg/ml of chondroitin sulfate (Sigma-Aldrich) for 12 hours.
Anti-mouse TLR4 mAb (MTS510; BioLegend, San Diego,
CA) or control rat IgG2a (R&D systems) was added 60
minutes before HA stimulation at concentrations of 100
pg/ml. In the experiments reported here, culture medium
contained <1 U/ml endotoxin determined by Limulus
amebocyte lysate assay (Associates of Cape Cod, Fal-
mouth, MA), and supplementation of HA, fibrinogen, HS,
dermatan sulfate, and chondroitin sulfate did not signifi-
cantly increase endotoxin levels. In addition, all treat-
ments with HA, fibrinogen, HS, dermatan sulfate, and
chondroitin sulfate were in the presence of 10 ug/ml of
polymyxin B (Calbiochem, Darmstadt, Germany) to ex-
clude the effects of any contaminating LPS on experi-
mental conditions. Expression of IL-6, IL-10, TGF-B1, and
TNF-a was analyzed using a real-time PCR quantification
method. Culture supernatants from unstimulated or stim-
ulated B cells were also analyzed for the production of
these cytokines by specific enzyme-linked immunosor-
bent assay (ELISA) kits (IL-6 and IL-10; Invitrogen Corp.,
Carlsbad, CA, and TGF-B1; Biosource International Inc.,
Camarillo, CA, and TNF-«; Bender MedSystems Inc.,
Burlingame, CA).

Macrophage Purification and Stimulation

Macrophages were also purified from single cell spleno-
cyte suspensions by using rat IgG anti-F4/80 mAb
(MCAP 497, Serotec Ltd, Oxford, UK) and sheep anti-rat
|gG-coated magnetic beads (Dynal) as described else-
where."®2° Flow cytometric analysis confirmed the ade-
quacy of the separation (>95%). Purified macrophages
were cultured in 0.6 ml of serum-free RPMI medium in
48-well flat-bottom plates at 37°C for 8 hours with IL-6
(Acris antibodies, Hiddenhausen, Germany), IL-10 (Acris
antibodies), or TGF-B1 (R&D systems) at the indicated
concentrations. Expression of bFGF was analyzed using
a real-time PCR quantification method. Culture superna-
tants from unstimulated or stimulated macrophages were
also analyzed for the production of bFGF by specific
ELISA kit (R&D systems).

Proliferation Assay of Keratinocytes and
Fibroblasts

Primary murine keratinocytes and fibroblasts were iso-
lated from wild-type, CD19™/~, and CD19Tg mice as
previously described.?’ Cells (4 x 102 cells) were cul-
tured in 0.2 ml of Dulbecco’s modified eagle medium in
96-well culture plates with or without 1 ng/ml of bFGF
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(Kaken Pharmaceutical, Tokyo, Japan) for 72 hours. Cel-
lular proliferation was quantified by the addition of 10
pmol/L 5-bromo-2-deoxyuridine (BrdU; Roche Diagnos-
tics, Mannheim, Germany) during the last 24 hours of a
72-hour culture, and BrdU incorporation was assayed by
ELISA (Roche Diagnostics), according to the manufac-
turer’s instructions.

In Vitro p38 Mitogen-Activated Protein Kinase
Assay

Purified splenic B cells (1 X 107 cells) from wild-type,
CD19/~, and CD19Tg were stimulated with 10 pg/ml of
LPS (Sigma-Aldrich), and subsequently lysed for 30 min-
utes on ice in buffer containing 100 mmol/L Tris (pH7.4),
100 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1
mmol/L NaF, 20 mmol/L Na,P,0, 2 mmol/L NazVO,, 1%
Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxy-
cholate, 1 mmol/L PMSF, and protease inhibitors. Protein
concentrations were determined by light absorbance at
280 nm. The phosphorylation level of p38 was analyzed
using PhosphoDetect p38 mitogen-activated protein ki-
nase (MAPK) (pThr'®/pTyr'82) ELISA kit (Calbiochem).

Topical Application of Growth Factors and HA

Growth factors (bFGF and PDGF) or HA were applied to
each wound in 20-ul aqueous buffer immediately and 12
hours after wounding, and wounds were covered with
an occlusive dressing (Tegaderm, 3M Canada). The
amounts of growth factors or HA used in this study were
as follows: bFGF (Kaken Pharmaceutical), 1000 ng/20 ul;
PDGF B-B isoform (AUSTRAL Biologicals, San Ramon,
CA), 800 ng/20 ul; and HA (MP Biomedicals), 20 ng/20
wl. Optimal amounts of growth factors were determined
elsewhere.?? Macroscopic area of the open wound was
measured at 3 and 7 days after wounding. For the anal-
ysis, 15 mice (50 wounds) in wild-type group, 14 mice (42
wounds) in CD197/~, and CD19Tg group, and 10 mice
(38 wounds) in groups of CD19™/~ treated with HA or
growth factors were used.

Statistical Analysis

The Mann-Whitney U-test was used for determining the
level of significance of differences between samples, and
Bonferroni’s test was used for multiple comparisons. A P
value <0.05 was considered statistically significant.

Results

Macroscopic Wound Healing,
Re-Epithelialization, and Granulation

Tissue Formation

The areas of open wounds were measured at 3 and 7

days after wounding to assess macroscopic healing de-
fects (Figure 1, A and B). At both 3 and 7 days after injury,

open wound area was larger in CD19~/~ mice than that in
wild-type and CD19Tg mice. However, macroscopic
wound healing in CD19Tg mice was similar to that in
wild-type mice. Re-epithelialization was assessed by mi-
croscopically measuring the epithelial gap that is the
distance between the migrating edges of keratinocytes
(Figure 1, A and C). The epithelial gap was longer in
CD19~/~ mice relative to wild-type mice, at both 3 and 7
days after wounding. Inversely, it was shorter in CD19Tg
mice compared with wild-type mice. The area of granulation
tissue was also measured microscopically (Figure 1, A and
D). Granulation tissue formation was inhibited in CD19~/~
mice relative to wild-type and CD19Tg mice at both 3 and 7
days after wounding. Inversely, CD19 overexpression pro-
moted granulation tissue formation relative to wild-type
mice. Thus, CD19 loss inhibited cutaneous wound healing,
whereas CD19 overexpression promoted it.

Infiltration of Inflammatory Cells

The number of neutrophils that migrated outside the
blood vessels was reduced in CD19™/~ mice relative to
wild-type mice at 3 days but not 7 days after wounding
(Figure 2, A and D). Neutrophil numbers in CD19Tg mice
tended to be higher than those found in wild-type mice
after 3 days; however, the difference did not reach sta-
tistical significance (P = 0.09). Macrophage numbers
decreased in CD19~/~ mice relative to wild-type mice as
well as CD19Tg mice at both 3 and 7 days after injury
(Figure 2, B and D). However, CD19 overexpression did
not affect macrophage numbers. By contrast, there were
no significant differences in numbers of mast cells, CD3*
T cells, and B220™ B cells among the different genotypes
of mice at both 3 and 7 days after injury (Figure 2C and
data not shown). However, infiltration of B cells in the
wound tissue was confirmed (Figure 2E). There was no
significant difference in B cell numbers among different
wound sites (epidermal wound margin, edges of pannic-
ulus carnosus, and wound basis; Figure 2E and data not
shown). The number of resident cutaneous inflammatory
cells at the time of pre-wounding (day 0) did not differ
significantly among the different genotypes (data not
shown). Thus, CD19 deficiency reduced infiltration of
neutrophils and macrophages, whereas altered CD19
expression did not affect the infiltration of mast cells,
CD3™" T cells, or B220™ B cells.

Cytokine mRNA Expression in Wounded Skin
Tissue

Expression of bFGF, aFGF, IL-6, IL-10, TGF-B, PDGF,
TNF-a, and IFN-y mRNA in wounded skin tissue was
examined by real-time PCR (Figure 3). At 3 days after
wounding, CD19™/~ mice had decreased mRNA expres-
sion levels of bFGF, aFGF, IL-6, IL-10, PDGF, and TGF-3
relative to wild-type mice and CD19Tg mice, whereas at
7 days after wounding, the significant difference between
CD197/~ and wild-type mice was observed only in bFGF
and aFGF mRNA levels. By contrast, CD19Tg mice had
elevated levels of aFGF, PDGF, and TGF-B mRNA relative
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Figure 1. Wound closure and granulation tissue formation in wild-type (WT), CD19™/~ (KO), and CD19Tg (TG) mice at 3 and 7 days after wounding.
A: Representative photographs of open wounds and histology of wound tissues (epithelial gap and granulation tissue) in wild-type, CD19™/~, and CD19Tg mice
(magnification = original X40 and X 400). In histological sections, the edges of the epithelium and panniculus carnosus are indicated by open and filled
arrowheads, respectively. The epithelial gap, which is the distance between edges of the epithelium, is indicated by an arrow. B: The area of open wound was
measured at 3 and 7 days after wounding by tracing of the wound openings onto a transparency. The epithelial gap (C) and the area of granulation tissue (D)
were both microscopically measured in the tissue sections. Each histogram shows the mean = SEM values obtained from 15 mice (50 wounds) in the wild-type

group, and 14 mice (42 wounds) in the CD19™/~ and CD19Tg groups.

to wild-type mice and CD19~/~ mice at 3 days after wound-
ing. Although levels of bFGF, IL-6, IL-10, and TNF-«a in
CD19Tg mice were higher than those in CD19~/~ and were
also tend to be higher compared with wild-type mice, these
differences did not reach statistical significance. At 7 days
after wounding, bFGF, aFGF, TGF-B, and TNF-a mRNA
levels were elevated in CD19Tg mice relative to CD19/~
mice, while they were similar between CD19Tg and wild-
type mice. Finally, the loss or overexpression of CD19 did
not affect IFN-y mRNA expression. Thus, CD19 deficiency
reduced expression of bFGF, aFGF, IL-6, IL-10, PDGF, and
TGF-B, while CD19 overexpression increased expression of
aFGF, PDGF, and TGF-B.

Cytokine Expression by B Cells Stimulated
with LPS

Since CD19 regulates B cell response by LPS stimula-
tion," % it is possible that CD19 affects TLR4-mediated
cytokine production by B cells, resulting in the different
cytokine levels within the wound tissue among the differ-
ent genotypes. Therefore, we stimulated B cells with LPS
and examined their cytokine mRNA expression by real-
time PCR analysis (Figure 4A). Unstimulated B cells from
CD19Tg mice spontaneously produced a higher mRNA

amount of IL-6, IL-10, and TNF-« relative to wild-type B
cells. LPS stimulation increased IL-6 mRNA expression
by B cells from wild-type and mutant mice in a dose-
dependent manner. Similarly, although not in a dose-
dependent manner, IL-10, TGF-B, and TNF-a mRNA lev-
els also increased by LPS stimulation. Furthermore, levels
of IL-6, IL-10, and TGF-B mRNA correlated with CD19
expression levels. Consistently, double staining of B cells
in the skin tissues using anti-B220 (stained brown) and
IL-10 (stained green) Abs revealed that IL-10 expression
was decreased in CD197/~ mice and increased in
CD19Tg mice relative to wild-type mice (Figure 4B).
TNF-a mRNA levels were increased by CD19 overex-
pression but not significantly reduced by CD19 loss,
regardless of LPS stimulation (Figure 4A). None of bFGF,
aFGF, and PDGF was detected in B cells even after
stimulation with LPS (data not shown). Thus, LPS-induced
IL-6, IL-10, and TGF-B production by B cells generally
correlated with CD19 expression levels.

Cytokine Production by B Cells Stimulated with
Endogenous Ligands for TLR

The recent identification of endogenous ligands of TLRs,
including HA, heparan sulfate (HS), and fibrinogen, indi-
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Figure 2. Inflammatory cell recruitment in wounded skin from wild-type (WT), CD19™/~ (KO), and CD19Tg (TG) mice at 3 and 7 days after injury. A: Numbers
of neutrophils per section were determined by counting H&E-stained sections under the microscope. Numbers of F4/80" macrophages (B) and B220" B cells (C)
per field (0.07 mm?) were also counted under the microscope. D: Representative histological skin sections from wild-type, CD19™/~, and CD19Tg mice at 3 days
after wounding (original magnification, X400). Arrows represent neutrophils. E: Representative histological skin sections from wild-type mice at 3 days after
wounding (magnification = original X400). Each histogram shows the mean = SEM values obtained from 10 mice (10 wounds) in each group.

cates that they function not only to induce defensive
antimicrobial immune responses, but also as a sensitive
detection system to initiate tissue regeneration after inj-
ury.?® Both HA and HS are glycosaminoglycan compo-
nent of the extracellular matrix, and are degraded by
proteases in inflammatory conditions.?®*2® These frag-
mented HA and HS can signal through TLR4 and/or
TLR2, which is capable of causing the release of pro-
inflammatory cytokines from macrophages, dendritic
cells, and endothelial cells.?*~2° Similarly, fibrinogen,
which leaks from the vasculature in response to endothe-
lial cell retraction at sites of inflammation, activates
TLR4.3" Thus, it is likely that B cells in wound site are
exposed to HA, HS, and fibrinogen in a sterile condition.
Therefore, we next examined whether B cells could pro-
duce cytokines by stimulation with endogenous TLR li-
gands, HA, HS, and fibrinogen in CD19-dependent man-
ner like LPS (Figure 4C). In general, the pattern and
intensity of cytokine mRNA expression by HA stimulation
were similar to those by LPS stimulation, except for higher
IL-10 mRNA expression by HA than by LPS (Figure 4C).
The stimulatory effect by fibrinogen and HS was generally
lower than that by HA except for the effect by HS for IL-6.

Furthermore, unlike HA stimulation, neither fibrinogen nor
HS stimulation augment TGF-B mRNA levels relative to
the unstimulated status.

We next examined the protein levels of IL-6, IL-10,
TGF-B, and TNF-a by HA-treated B cells (Figure 4D).
Similar to the pattern of MRNA expression levels, the protein
levels of IL-6, IL-10, and TGF-B by HA were also dependent
on CD19 expression level. By contrast, other glycosamino-
glycans, including dermatan sulfate and chondroitin sulfate
did not affect any cytokine production by B cells examined
in this study (Figure 4E and data not shown).

Then, whether IL-6, IL-10, and TGF-B production by
B cells stimulated with HA was inhibited by anti-TLR4
Ab was assessed (Figure 4F). Wild-type B cells treated
with HA and anti-TLR4 Ab exhibited reduced mRNA
expression and protein production of IL-6, IL-10, and
TGF-B relative to those treated with HA alone (54% to
74% decrease). By contrast, control Ab did not affect
cytokine production. Thus, endogenous TLR ligands,
especially HA, stimulated B cells to produce IL-6, IL-10,
and TGF-B mainly through TLR4 in a CD19-depnedent
manner.
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Figure 3. Cytokine production in the wounded skin tissue of wild-type
(W), CD19~/~ (KO), and CD19Tg (TG) mice. Relative mRNA expression of
bFGF, aFGF, IL-6, IL-10, PDGF, TGEF-B, TNF-a, and IFN-y was quantified by
real-time PCR and normalized relative to endogenous glyceraldehyde-3-
phosphate dehydrogenase levels. Each histogram shows the mean = SEM
values obtained from 10 mice (10 wounds) in each group. *P < 0.05, *P < 0.01.

HA Accumulation in Wounded Skin

HA is one of the major structural components of the
extracellular matrix, and undergoes rapid degradation at
sites of tissue injury and inflammation.?® Therefore, HA
composition was assessed immunohistochemically in
normal and wounded skin (Figure 5). HA was slightly
stained in normal skin (Figure 5A). HA staining greatly
increased in wounded skin at both 3 and 7 days after
injury compared with normal skin (Figure 5, B and C, left
part). In addition, HA staining was mainly observed ex-
tracellularly (Figure 5, B and C, right part). There was no
difference in HA accumulation between wild-type,
CD197/~, and CD19Tg mice (data not shown). Thus, HA
was accumulated extracellularly in the injured skin tissue.

Expression of bFGF mRNA by Macrophages
Stimulated with TGF-B

Expression of bFGF was reduced in the wounded skin
from CD19~/~ mice (Figure 3); however, wild-type B cells
as well as CD19™/~ B cells stimulated with LPS did not
produce bFGF (data not shown). We hypothesized that
skin decreased bFGF expression was related to reduced
ability of macrophages to produce bFGF due to de-
creased cytokine production by CD197/~ B cells. There-
fore, macrophages from wild-type mice were cultured
with IL-6, IL-10, or TGF-B, and mRNA and protein levels
of bFGF were examined by real-time PCR and ELISA
(Figure 6, A and B). Both mRNA and protein levels of
bFGF by macrophages were increased by TGF-B stimu-
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lation at both 1 and 10 ng/ml. By contrast, neither IL-6 nor
IL-10 stimulation affects bFGF mRNA and protein levels.
In addition, there was no significant difference in bFGF
production levels by macrophages between wild-type
and CD19 mutant mice (data not shown). Thus, TGF-B
but not IL-6 and IL-10 increased bFGF production by
macrophages.

Cell Proliferation Assay of Keratinocytes and
Fibroblasts

bFGFs are mitogenic for several cell types present at the
wound site, including fibroblasts and keratinocytes.*? We
next assessed whether bFGF-induced cellular prolifera-
tion of keratinocytes and fibroblasts was affected by
CD19 deficiency or overexpression (Table 1). After bFGF
stimulation, keratinocyte proliferation was significantly in-
creased in wild-type, CD197/~, and CD19Tg mice at
similar levels (2.16-, 2.19-, and 2.09-fold increase; re-
spectively; P < 0.05). Similarly, fibroblast proliferation
was significantly increased in wild-type, CD19~/~, and
CD19Tg mice (2.66-, 2.63-, and 2.68-fold increase; re-
spectively; P < 0.05). Thus, bFGF-induced cellular pro-
liferation of keratinocytes and fibroblasts was not affected
by CD19 expression.

Regulation of LPS Signaling by CD19 through
MAPK Activation

TLR signaling is closely linked to the MAPK signaling
pathway that is also regulated by CD19 signaling.®%34
Therefore, we examined whether CD19 expression al-
tered MAPK signaling transduction mediated by LPS
stimulation (Figure 7). CD19 expression did not affect
c-Jun N-terminal kinase and extracellular signal-regu-
lated kinase (data not shown). B cells from CD19Tg mice
showed enhanced phosphorylated p38 level by LPS
stimulation relative to those from wild-type mice. By con-
trast, B cells from CD197/~ mice showed modest p38
phosphorylation level by LPS stimulation. Thus, CD19
expression regulated p38-signaling transduction medi-
ated by LPS stimulation.

Effect of Topical Administration of Growth
Factors and HA on Wound Healing

Finally, we examined the effect of HA on delayed wound
healing observed in CD19™/~ mice, and compared this
effect with that of growth factors (Figure 8, A and B). At 3
and 7 days after injury, administration of HA promoted
wound repair in wild-type mice. By contrast, open wound
area was not changed in CD19™/~ mice by the addition of
HA (Figure 8B). Administration of bFGF normalized the
delayed wound healing by 3 days after injury. However,
PDGF application did not normalize the delayed wound
repair after 3 and 7 days. Thus, topical administration of
HA promoted wound repair in wild-type mice but not in
CD197/" mice.
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Figure 4. Cytokine production by wild-type (WT), CD19~/~ (KO), and CD19Tg (TG) B cells stimulated with TLR4 ligands. A: Cytokine mRNA expression by B
cells stimulated with LPS. B: B cells within wounds were double-stained with anti-B220 Ab (brown) and anti-IL-10 Ab (green; magnification = original X1000).
C: Cytokine mRNA expression by B cells stimulated with endogenous TLR4 ligands including hyaluronan (HA), fibrinogen (Fib), and heparan sulfate (HS). Relative
mRNA expression of IL-6, IL-10, TGF-B, and TNF-a was quantified by real-time PCR and normalized relative to endogenous glyceraldehyde-3-phosphate
dehydrogenase levels. D: Cytokine protein production by B cells stimulated with HA. E: IL-6 mRNA expression and protein production by wild-type B cells
stimulated with dermatan sulfate (DS), chondroitin sulfate (CS), and HA. F: Inhibition of HA-induced cytokine mRNA expression and protein production by
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Discussion

The current study is the first to demonstrate that B cells
play a critical role in the wound-healing process. Macro-
scopic wound healing, re-epithelialization, and granula-
tion tissue formation were inhibited due to CD19 loss by
3 days after wounding (Figure 1). By contrast, CD19Tg
mice exhibited enhanced re-epithelialization and granu-
lation tissue formation by 3 days after wounding (Figure
1). These results indicate that CD19 expression positively
regulates the wound-healing process. Delayed wound
healing in CD19™/~ mice was associated with decreased
infiltration of neutrophils and macrophages (Figure 2, A,
B, and D). In addition, CD19 expression also regulated
skin expression of cytokines, such as bFGF, aFGF, IL-6,
IL-10, PDGF, and TGF-B, especially at 3 days after injury
(Figure 3). Furthermore, HA as well as LPS stimulated B
cells, which infiltrated into wounds (Figure 2, C and E), to
produce several cytokines through TLR4 in a CD19-de-
pendent manner (Figure 4). Wounding induced signifi-

cant local HA accumulation (Figure 5). Taken together,
the results of the present study indicate that CD19 ex-
pression controls cytokine production by B cells through
TLR4 activation and thereby regulates wound-healing
process.

The loss or overexpression of CD19 affected wound-
healing process by 3 days after injury (Figure 1), sug-
gesting that B cells play a critical role in early stage of
the wound-healing process. CD19 regulates both BCR
and TLR signaling.’*'® However, adaptive immune re-
sponses, through BCR requires gene rearrangement and
its response, is inevitably delayed. By contrast, the innate
immune system through TLRs can respond microbial
pathogens promptly and provides the first line of host
defense. Therefore, we hypothesized that B cells regulate
the wound-healing process by producing various cyto-
kines through activation of innate immune system and
that CD19 controls these cytokine levels. Consistent with
this possibility, B cells produced various cytokines, in-
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Figure 5. HA accumulation in wild-type mice during wound healing. HA
accumulation in normal skin (A) and in wounded skin at 3 days (B) and 7
days (C) after injury was assessed by immunohistochemistry using biotinyl-
ated HA binding protein (magnification = original X40 and X400). There
was no difference in HA accumulation between wild-type, CD19™/~, and
CD19Tg mice.

cluding IL-6, IL-10, and TGF-B, by LPS stimulation in a
CD19-dependent manner (Figure 4A). However, as nor-
mal wound-repair process occurs in the absence of mi-
crobial stimuli such as LPS, we examined the role of
several endogenous ligands for TLRs including HA, fi-
brinogen, and HS as a trigger of sterile injury. Remark-
ably, among them, HA most strongly stimulated B cells to
produce cytokines with similar pattern and intensity of
LPS, which was also dependent on CD19 expression
(Figure 4C). Previous studies have suggested that
trauma can release small molecular weight HA fragments
from the extracellular matrix, thus potentially presenting
HA as an intrinsic signal of inflammation.?® Indeed, in-
creased HA accumulation was observed in injured skin
tissue (Figure 5). Collectively, the influence of HA on B
cell functions would provide novel mechanisms how
CD19 expression affects wound healing process: under
the sterile injury, increased HA accumulation in the
wounds may induce cytokine production by B cells

CD19 Regulates Skin Wound Healing 657
AJP August 2009, Vol. 175, No. 2

>

R
b

W‘ p<0.005

-
i

P

Relative bFGF mRNA levels
(2]

4_

2.

0" Media 1 10 1 10 1 10 (ng/mi)

TGF-p IL-6 IL-10
B
?150—
p<0.05 p<0.05
B
c
.9 1001
<
=
[
2 50
<]
(%)
[I'8
O
L
o o
Media _ 1 10 1 10 1 10 (ng/ml)
TGF-p IL-6 IL-10

Figure 6. bFGF mRNA expression and protein production by macrophages
stimulated with cytokines. Macrophages were purified from wild-type mice,
and stimulated with either media alone, TGF-B, IL-6, or IL-10. A: Expression
of bFGF mRNA were quantified by real-time PCR. B: Concentration of bFGF
protein was analyzed by specific ELISA. Each histogram shows the mean *+
SEM values obtained from six mice in each group.

CD19-dependently and thereby regulates wound healing
process.

It has been reported that the application of exogenous
HA enhances keratinocyte proliferation both in vitro and in
vivo.3> Consistent with this, treatment with HA enhanced
wound healing in wild-type mice by 3 days after wound-
ing. By contrast, HA application tended to improve de-
layed wound healing observed in CD197/~ mice, but
could not normalize it (Figure 8). Many cells at the wound
site express CD44, which is known as a HA receptor, and
it is possible that HA-CD44 signaling may affect skin
wound healing. However, it has become apparent from
previous studies in CD44-null mice that although CD44 is
essential for regulating HA turnover, it is not required for
expression of chemokines or cytokines by macrophages
in vivo.3%37 By contrast, the expression of these chemo-
kines is decreased in TLR4~/~ or MyD88/~ mice.?®38
Thus, it is likely that TLR4-signaling is more important for
HA-mediated cytokine or growth factor expression in the
wound healing process than CD44. In addition, a previ-
ous study has revealed that cytokine profiles due to TLR4
activation are different between B cells and macro-
phages.® Therefore, it is possible that although the num-
ber of B cells within a wound is small, the inadequate
increase of B cell-derived cytokines in CD19™/~ mice
fails to create the proper cytokine network, resulting in
little effect on the healing response by HA application.
Collectively, these results suggest that although immune
cells other than B cells, such as macrophages, have
TLR4 and produce inflammatory cytokines in response to
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Table 1. In vitro Keratinocyte and Fibroblast Proliferative Responses in Wild-Type and CD19 Mutant Mice

Proliferative responses (OD)

Cell types Stimulation Wild-type CD197/ ~ CD19Tg
Keratinocytes - 0.32 = 0.041 0.31 = 0.055 0.33 = 0.049
bFGF 0.69 + 0.070* 0.68 = 0.074* 0.69 + 0.069*
Fibroblasts - 0.41 £ 0.042 0.40 = 0.048 0.41 + 0.059
bFGF 1.09 £ 0.115% 1.05 *= 0.090* 1.10 = 0.153"*

Primary keratinocytes and fibroblasts isolated from wild-type and CD19 mutant mice were cultured for 72 hours with or without bFGF. BrdU was
added during the last 24 hours of culture, and BrdU incorporation was assayed by ELISA. Values represent the mean OD (*+SEM) obtained from six

mice in each group.
*P < 0.05 versus control of the same genotype.

HA 25728 proper B cell response is indispensable for im-
proving wound healing.

Treatment with anti-TLR4 Ab did not completely sup-
press cytokine production by B cells stimulated with HA
(Figure 4F). A recent study has shown that HA stimulates
macrophage chemokine production in a TLR4- and
TLR2-dependent manner.?® Murine B cells express both
TLR2 and TLR4.%° In addition, CD44 can also serve as a
HA receptor resulting in B cell activation.*' Therefore, the
residual cytokine production after TLR4 blockade may be
due to either TLR2 or CD44 activation by HA. Further-
more, cytokine production by HA-stimulated B cells was
regulated by CD19 expression, suggesting that CD19
influences TLR4 signaling (Figure 4C). Indeed, a previ-
ous study has shown that CD197/~ B cells exhibit re-
duced proliferation in response to LPS stimulation, while
CD19Tg mice show augmented proliferation.*? Further-
more, tyrosine phosphorylation of p38, which is down-
stream of TLR4 signaling pathway,®** was controlled by
CD19 expression (Figure 7). Thus, CD19 regulates
TLR4 signaling in B cells and thereby controls TLR4-
induced cytokine production that promotes wound-
healing process.

There are two possibilities for how CD19 affects the B
cell response by HA. It was reported that CD19 regulated
signaling pathway of RP105, another member of TLR and
homolog molecule of TLR4.*® Therefore, HA might also
stimulate RP105 signaling, and thereby HA stimulation
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Figure 7. p38 MAPK phosphorylation induced by LPS stimulation. Splenic B
cells from wild-type, CD197/~, and CD19Tg were incubated with LPS (10
ng/mb for the indicated time, and subsequently lysed. p38 phosphorylation
levels were determined by ELISA. These results are representative of those
obtained in three independent experiments.

was controlled by CD19. Alternatively, TLR4 signaling
may be indirectly regulated by CD19. Recently, it has
been reported that RP105~/~ B cells proliferate poorly in
response to not only the TLR4 ligand LPS but also TLR2
ligand lipoproteins, and that RP105/MD-1 controls Ab
production mediated via TLR2 and TLR4/MD-2 receptor
complex. Therefore, the loss of CD19 may indirectly de-
crease TLR2 and/or TLR4 signaling by inhibiting RP105
signaling, which resulted in reduced response to HA
stimulation. However, we did not assess whether HA can
bind to RP105 or whether CD19-dependent B cell cyto-
kine expression was abolished by blocking RP105.
Therefore, further research will be required to address
these issues.
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Figure 8. Effect of growth factors or HA on delayed wound repair in
CD19™/~ mice. Growth factors (bFGF, 1000 ng; PDGF, 800 ng) or HA (20 ug)
were applied to each wound in 20-ul aqueous buffer immediately and 12
hours after wounding, and wounds were covered with an occlusive dressing
(Tegaderm, 3M Canada). A: Macroscopic area of the open wound was
measured at 3 and 7 days after wounding. Each histogram shows the mean *
SEM values obtained from 15 mice (50 wounds) in wild-type group, 14 mice
(42 wounds) in CD19™/~ and CD19Tg group, and 10 mice (38 wounds) in
groups of CD19™/~ treated with HA or growth factors. B: Representative
histology of wound tissue at 3 days after wounding in wild-type (WT) mice
and CD19™/~ (KO) mice treated with HA. Edges of the epithelium and
panniculus carnosus were indicated by open and filled arrowheads. Double
pointed arrows denote epithelial gap.



In the current study, bFGF, aFGF, IL-6, IL-10, PDGF,
and TGF-B mRNA levels were decreased in the wounded
skin from CD19~/~ mice (Figure 3). Both aFGF and bFGF
enhance wound healing: FGFs are mitogenic for several
cell types present at the wound site, including fibroblasts
and keratinocytes.®? Indeed, bFGF~/~ mice exhibit de-
layed wound healing to full-thickness excisional wound.**
IL-6 also has critical roles in wound healing, since IL-6/~
mice show impaired skin wound healing probably by
regulating leukocyte infiltration, angiogenesis, and colla-
gen accumulation.*®4¢ Furthermore, TGF-B promotes re-
epithelialization of skin wounds of rats*” and stimulates
epidermal outgrowth in vitro.*® PDGF also augments dep-
osition of provisional wound matrix, collagen synthesis by
fibroblasts, and the acute inflammatory response.*°=°
Therefore, the decreased expression of bFGF, aFGF,
IL-6, TGF-B, and PDGF may cooperatively delayed
wound healing in CD19™/~ mice (Figure 3). By contrast,
IL-10 likely impedes wound repair via decreasing mac-
rophage infiltration.®' Thus, CD19 deficiency inhibited
not only production of cytokines that stimulates wound
healing, but also production of IL-10 that inhibits wound
repair, suggesting that delayed wound healing by CD19
deficiency reflects a net effect of complicated cytokine
functions.

In the current study, topical bFGF treatment com-
pletely normalized delayed wound healing in CD197/~
mice; however, PDGF was not sufficient to normalize it
(Figure 8). Therefore, decreased skin bFGF expression
may be predominantly related to the delayed wound
healing in CD19™/~ mice. However, change in bFGF
alone did not explain the accelerated wound repair in
CD19Tg mice, since bFGF expression was not signifi-
cantly increased (Figure 3). Although B cells did not
produce bFGF (data not shown), macrophages pro-
duced bFGF by TGF-B stimulation (Figure 6), suggesting
that decreased bFGF expression in skin is related to
reduced ability of macrophages of producing bFGF due
to decreased TGF-B production by CD19/~ B cells. This
finding also suggests complex interaction between im-
mune cells and cytokines. Although CD19Tg mice
showed enhanced mRNA levels of aFGF, PDGF, and
TGF-B, IL-6 mRNA levels were not significantly increased
after 3 and 7 days (Figure 3). This may account for the
failure of enhanced macroscopic wound healing in
CD19Tg mice (Figure 1). Collectively, these results sug-
gest that altered expression of bFGF, aFGF, IL-6, IL-10,
PDGF, and TGF-B by the loss or overexpression of CD19
affects the wound healing process directly or in part
through interaction with other immune cells and skin re-
sidual cells.

Despite the significant difference in inflammatory cell
infiltration and cytokine expression within wounds, there
was no difference in B cell numbers (Figures 2 and 3).
There are two possible reasons for this. One possibility is
decreased peripheral B cell numbers in CD19Tg mice. It
is known that CD19Tg B cells are hyperresponsive to
transmembrane signals and proliferate at elevated levels;
however, there is a >95% reduction in the number of B
cells exiting the bone marrow and entering the circulating
B cell pool, presumably the result of enhanced negative
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selection during development.'# 652 Another possibility
is increased spontaneous apoptosis in CD19Tg B cells.
When B cells are activated, CD95 is up-regulated and its
interaction with CD95 ligand on T cells induces CD95-
mediated apoptosis (activation-induced cell death),
which is essential in the down-regulation of B cell activa-
tion.®3 Indeed, in B cells from systemic sclerosis, which
also overexpress CD19 and are hyperresponsive to var-
ious stimulation, CD95 is up-regulated and spontaneous
apoptosis in peripheral B cells are increased.®* There-
fore, although CD19Tg B cells produced increased levels
of cytokines and induced increased inflammation, spon-
taneous apoptosis may also be increased. Inversely,
CD19/~ B cells produced decreased levels of cytokines
levels, and spontaneous apoptosis may also be de-
creased relative to wild-type mice.

In summary, we propose a novel mechanism how B
cells regulate wound healing: HA, which was produced
during wound healing process, stimulates B cells through
TLR4 to produce various cytokines and growth factors
that cooperatively promote wound healing in part by ac-
tivating other immune cells. CD19 is suggested to regu-
late the contribution of B cells to wound healing by af-
fecting TLR4 signaling and thereby altering cytokine
production. Understanding regulation of cutaneous wound
repair is important as there are many disorders based on
abnormal wound repair, including stasis ulcer, diabetic ul-
cer, keloids, and hypertrophic scars.® Understanding the
contributions of B cells to the wound repair process could
provide new clues to regulating wound healing.
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