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IgE production is inversely regulated by circulating and B cell surface levels of the low affinity IgE receptor, CD23. To begin to
understand physiologic determinants of CD23 expression, we analyzed effects of BCR and TLR stimulation on CD23 levels. BCR
and TLR 2, 3, 4, 6, and 9 agonists induced CD23 down-modulation from the cell surface. However, among the ligands only TLR4
agonists induced transcriptional activation of CD23 and generation of significant soluble CD23. These responses were induced by
LPS both in vitro and in vivo, and were seen in both murine and human B cells. LPS also induced expression of matrix metal-
loprotease 9 (MMP9) and failed to induce CD23 cleaving activity in MMP9�/� cells, thus implicating MMP9 in the LPS-induced
release of CD23 from the cell surface. Finally, type 1 transitional B cells uniquely produce MMP9 in response to LPS, suggesting
a mechanism wherein endotoxin induces T1 cell expression of MMP9, which mediates cleavage of CD23 on distinct, mature B
cells. The Journal of Immunology, 2009, 183: 0000–0000.

A ctivation of mast cells and basophils by IgE binding to
its high affinity receptor, Fc�RI, is a central feature of
allergic inflammation, inducing de novo production and

release of mediators such as histamine, leukotrienes, prostaglan-
dins, and cytokines (1, 2). Interaction of IgE with its low affinity
receptor (CD23 or Fc�RII), which is expressed on B cells and
found in soluble form, regulates IgE production. IgE production
appears to be differentially regulated by membrane-bound (m)4

and soluble (s) forms of CD23. In humans, sCD23 enhances IgE
production via an interaction with the membrane-bound B cell co-
receptor CD21 (3). However, murine CD21 does not contain the
inverse RGD motif and seven amino acid tail required for CD23
binding (2). In mice, reduction of membrane CD23 by treatment of
animals with an anti-CD23 mAb (19G5), which renders mem-
brane-bound CD23 highly susceptible to cleavage, results in a sig-
nificant increase in total and DNP-KLH specific IgE relative to
controls. However, Ag-specific IgE is equally increased in 19G5
treated wild-type and CD21-deficient mice (4), demonstrating that
in mice the regulatory activity of CD23 is not mediated by CD21.

The function of human sCD23 in enhancing IgE production is
consistent with observations that high serum levels of the protein
are directly correlated with severity of allergy and asthma. In hu-
mans, sCD23 is strikingly increased in the blood of patients with

allergic disorders (5). Allergic patients who undergo successful
immunotherapy show a significant decrease in the amount of
sCD23 in their blood (5–7). Preincubation of ex vivo human cells
with Lumiliximab, an anti-CD23 mAb, before allergen stimula-
tion, significantly decreases the production of cytokines associated
with allergic responses (8). In preliminary clinical trials, patients
who received Lumiliximab had a 40% decrease in serum IgE lev-
els (9). The exact mechanism of anti-CD23-induced reductions in
cytokine and IgE production remains unknown. In view of the
demonstrated role of sCD23 in enhancing IgE-mediated allergic
responses, understanding the mechanisms that regulate CD23 ex-
pression and release from the cell surface may provide important
insight regarding improved therapy for patients with allergy and
asthma.

Soluble CD23 is generated from the cleavage of mCD23 from B
lymphocytes. Der p1, a major allergen of house dust mite Der-
matophagoides pteronyssinus, has been shown to induce cleavage
of mCD23 from human B lymphocytes resulting in accumulation
of sCD23 in culture supernatants (10, 11). Patients with atopic
dermatitis (12, 13) or allergies to grass pollen (6), birch pollen
(14), parietaria pollen (15), ragweed pollen (16), or cow’s milk
(17) exhibit increased sCD23 in peripheral blood suggesting that
there must be alternative mechanisms for induction of sCD23 gen-
eration. Interestingly, it has been shown that the severity of asthma
induced by exposure to the house dust mite is not solely a function
of the concentration of the mite in dust, rather the amount of en-
dotoxin in the dust (18). In addition, LPS, a component of endo-
toxin, significantly enhances IgE-mediated histamine release from
basophils in patients allergic to grass pollen and dog dander (19).

As many naturally occurring allergens are found associated with
endotoxin, we hypothesized that Ag and/or innate immune system
signals may trigger synthesis, membrane expression, and/or cleav-
age of CD23 from the B cell surface, and this may explain accu-
mulation of sCD23 in peripheral blood of allergic patients. We
tested the ability of a panel of Ag receptor and TLR agonists to
induce modulation of CD23 from the surface of ex vivo B cells.
All of the stimuli we tested induced down modulation of surface
CD23 on B cells. However, only the TLR4 agonist, LPS, induced
increased accumulation of sCD23 in culture supernatants and pe-
ripheral blood. This effect was dependent on the TLR4 signaling
adaptor molecule MyD88 and matrix metalloprotease (MMP) 9
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expression. Interestingly, only type 1 transitional B cells produced
MMP9 in response to LPS stimulation. Our results suggest that
MyD88-dependent TLR4 agonists may enhance allergic responses
by inducing the production of both CD23 and MMP9, resulting in
increased cleavage of mCD23 and sCD23 accumulation. Taken
together, these data provide a mechanism by which endotoxin con-
taining allergens may promote IgE production.

Materials and Methods
Mice

All experiments with mice were performed in accordance with the regu-
lations and with approval of The National Jewish Health (Denver, CO) and
Institutional Animal Care and Use Committee. C57BL/6 mice were pur-
chased from The Jackson Laboratory and the colony maintained in our
facilities. MyD88-deficient C57BL/6 mice and littermate controls were
provided by Phillipa Marrack (National Jewish Health). MMP9-deficient
mice were purchased from The Jackson Laboratory. All mice were main-
tained in a pathogen-free facility of National Jewish Health.

Medium

All cells were cultured in complete medium: 500 ml of HyQ IMDM from
HyClone, 10% heat inactivated FBS (BioSource), 1 mM sodium pyruvate
(Life Technologies), 50 �g/ml gentamicin (Life Technologies), 100 U/ml
Pen-Strep, 2 mM L-glutamine (Life Technologies), 5 � 10�5 M 2-ME.

Splenocyte culture

Splenectomy was performed on the mice indicated. Whole spleens were
homogenized in 15 ml of complete medium in a dounce homogenizer and
passed through a 70-�M filter (BD Falcon). The splenic cellular suspension
was centrifuged at 1200 � g for 5 min. The supernatant was removed and
the cellular pellet was resuspended in 1 ml of ice-cold ACK buffer (0.155
M ammonium chloride, 1 M disodium EDTA, 0.01 M potassium bicar-
bonate) for 1 min to deplete the mixture of RBC. The ACK buffer was
diluted by the addition of 15 ml complete medium and centrifuged at
1200 � g for 5 min. The supernatant was removed and the cellular pellet
was resuspended in 5 ml of complete medium. The cellular suspension was
counted using a hemocytometer and suspended at 10 � 106/ml in complete
medium. One � 106 splenocytes were cultured in 100 �l of complete
medium in a 96-well plate for each experiment noted.

Processing and stimulation of human peripheral blood cells

With National Jewish Health institutional review board approval, human
blood was collected from consenting subjects in sodium heparin tubes.
Whole blood (100 �l) was incubated with the indicated concentrations of
LPS for 24 h at 37°C. As indicated, the broad spectrum A Disintegrin And
Metalloprotease (ADAM) and MMP inhibitor GM6001 was added 1 h
before the addition of LPS at concentrations ranging from 25 to 125 �M.
Culture plates were centrifuged at 800 � g to separate plasma from cells.
Plasma was collected and prepared for quantitation of soluble CD23 as
described below. Pelleted whole blood was treated with ice-cold ACK
buffer for lyses of RBC and then stained for FACS analysis of CD23
expression.

Stimuli

Unless otherwise indicated, the following concentrations of each stimulus
was used: 5 �g per 1 � 106 cells rabbit anti-IgM �-chain specific Fab�2

(Zymed), 10 �g per 1 � 106 cells LPS from Escherichia coli 011:B4
(Sigma-Aldrich). Poly I:C, 10 �g per 1 � 106 cells; Peptidoglycan, 10 �g
per 1 � 106 cells; and CpG DNA, 2 �g per 1 � 106 cells, were provided
by Dr. R. Kedl, (University of Colorado, Denver, CO). IL-4 was purchased
from BD Pharmingen.

Inhibitors

The following inhibitors were used at the concentrations indicated in the
figure legends: actinomycin-D (Sigma-Aldrich), cyclohexamide (Sigma-
Aldrich), and GM6001 (U.S. Biological).

Biotinylation of splenocytes

RBC-depleted whole splenocytes were resuspended at 20 � 106/ml in ster-
ile PBS. Biotin at 100 mg/ml (EZ link Sulfo-NHS-LC Biotin from Pierce)
in DMSO was added at 1/200 in an Eppendorf tube and rotated at room
temperature for 30 min. Forty micromols of glycine (in sterile H2O) was

added for 5 min, rotating at room temperature to stop the biotinylation
reaction. Cells were washed with complete medium, resuspended at 10 �
106/ml, and plated 1 � 106 cells per sample in a 96-well plate. The cells
were then treated with the indicated stimuli for 24 h and the amount of
biotinylated sCD23 in the culture supernatants was measured by ELISA as
described below.

Biotinylation of murine serum

Murine whole blood was clotted at room temperature for 10 min then
centrifuged at 10,000 RPM for 10 min. The serum was removed and the
total protein was measured by spectrophotometer. One microgram of total
protein was taken from each sample and adjusted to 100 �l total volume in
sterile PBS. Ten microliters of 1 M NaHCO3 was added to adjust pH, then
10 �l of EZ-link biotin (100 mg/ml in sterile H2O). Eppendorf tubes were
rotated at room temperature for 30 min and the reaction was terminated by
the addition of 40 mM Glycine (in sterile H2O) for 5 min at room tem-
perature. The serum was then used directly for the ELISA.

Biotinylation of human plasma

Human plasma was isolated from whole blood as described above. Total
protein was approximated by OD280 and 1 �g of total protein was taken
from each sample and adjusted to 100 �l total volume in sterile PBS. 10 �l
of 1 M NaHCO3 was added to adjust pH then 10 �l of EZ-link biotin (100
mg/ml in sterile H2O) was added. Plasma was rotated at room temperature
for 30 min and the reaction was terminated by the addition of 40 mM
Glycine (in sterile H2O) for 5 min at room temperature. The serum was
then used directly for the ELISA.

Human-soluble CD23 ELISA

Fifty microliters of unconjugated mouse anti-human CD23 at 0.5 �g/ml
(Abcam) in carbonate buffer (0.1 M NaHCO3, 0.1 M Na2CO3 (pH 8.8))
was plated in each well of a 96-well plate (Costar plate from Corning) and
incubated at 4°C overnight. Plates were washed with washing solution
(PBS plus 0.05% Tween 20) three times, and blocked with 100 �l of
blocking buffer (0.5% BSA in carbonate buffer) for 4 h at 37°C. Plates were
again washed with washing solution three times and 10 �l (1/10 dilution of
plasma in sterile PBS) of biotinylated human plasma plus 90 �l of sterile
PBS was added to each well. After overnight incubation at 4°C, plates were
washed three times with washing solution and 100 �l of streptavadin HRP
in PBS (1/5000 from Pierce 10 �g/ml) was added for 1 h at room tem-
perature. The plate was washed three times, and developed with 100 �l of
TMB solution (Zymed) for 5 min. The OD was measured at 650 nm in a
microplate reader every 4 min for 40 min.

Soluble murine CD23 and CD21 ELISA

Fifty microliters of rat anti-mouse CD23 at 5 �g/ml (BD Pharmingen
B3B4) or 50 �l of rat anti-mouse CD21 at 5 �g/ml (BD Pharmingen 7G6)
in carbonate buffer (0.1 M NaHCO3, 0.1 M Na2CO3 (pH 8.8)) was ad-
sorbed to each well of a 96-well plate (Costar plate from Corning; cat. No.
9018) by overnight incubation at 4°C. The plate was washed three times
with 200 �l washing solution (PBS plus 0.05% Tween 20) and blocked
with 100 �l of blocking buffer (0.5% BSA in carbonate buffer) for 4 h at
37°C. The plate was then washed three times with 200 �l washing solution
and 20 �l of the culture supernatant from the biotinylated splenocytes plus
80 �l of sterile PBS was added to each well and incubated at 4°C over-
night. The plate was washed three times with 200 �l washing solution and
100 �l of Streptavidin HRP in PBS (1/5000 from Pierce 10 �g/ml; cat. no.
21124) was added for 1 h at room temperature. The plate was washed three
times and developed with 100 �l of TMB solution (Zymed; cat. no. 00–
2023) for 5 min. The absorbance was measured at 650 nm in a microplate
reader at 4 min intervals for 40 min.

Staining and flow cytometric analysis

Cells were stained for flow cytometry with PerCp anti-B220 (BD Pharmi-
gen; RA3.3A1), FITC, or PE-conjugated anti-CD23 (BD Pharmingen,
clone B3B4), and/or PE anti-CD21 (provided by R. Torres, National Jew-
ish Health) by standard staining procedures. Human PBL were stained as
follows: normal human IgG was added (4 mg/ml) to block Fc receptors
before incubation with Abs against the pan leukocyte marker CD45 PerCP
(BD Pharmingen), CD19 allophycocyanin (eBioscience), and PE anti-
CD23 (BD Pharmingen) to identify CD23 expression on B cells. FACS
analysis was performed using a FACScan flow cytometer (BD Bio-
sciences) for murine studies and a FACSCalibur flow cytometer for human
studies. Flow cytometric analysis was performed using the FlowJo analysis
software (CellQuest).
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Cell sorting using magnetic beads

Whole splenocytes from C57BL/6 mice were incubated with biotin con-
jugated rabbit anti-mouse CD93 followed by anti-biotin beads (Miltenyi
Biotec) and sorted via magnetic separation using MACS LS columns
(Miltenyi Biotec). Cells were sorted for CD23 expressions using PE or
FITC conjugated rabbit anti-mouse CD23 followed by anti-PE or anti-
FITC magnetic beads and sorted using MACS LS columns via magnetic
separation. CD43 and B220 separations were performed using anti-CD43
and anti-B220 magnetic beads (Miltenyi Biotec). Sterile PBS was used as
the buffer for all sorting experiments.

Quantitative real-time PCR (qPCR)

All qPCR experiments were conducted and analyzed as follows: Total
RNA was isolated from the indicated cells using RNeasy mini kit (Qia-
gen). The total amount of isolated RNA was measured using a spec-
trophotometer. First-strand cDNA synthesis was performed using (500
ng total RNA from each sample) Superscript III First-Strand Synthesis
kit for qRT-PCR (Invitrogen). Triplicate for each cDNA reaction was used for
amplification with a predesigned mouse CD23 (Mm00442792_m1), MMP9
(Mm00442991_m1), ADAM10 (Mm00545742_m1), or �-actin (endogenous
control) specific TaqMan primer/probe set (Applied Biosystems) in an ABI
PRISM 5700 Sequence Detection System (Applied Biosystems). Relative
quantification was determined after establishment of standard curves for
CD23, MMP9, ADAM10, and �-actin expression. Quantitative PCR data rep-
resent means that were obtained from triplicates of the first-strand cDNA
reaction � SD.

Statistical analysis

Statistical analysis for all of the experiments was performed using the
nonparametric Wilcoxon signed-rank test. Analysis of LPS-induced accu-
mulation of sCD23 used the percent change of each treated sample com-
pared with the average of the nontreated controls from five different ex-
periments (each condition was done in duplicate) for a total of ten samples
per condition. The data are represented as an average of the ten samples �
SD. The statistical analysis accounted for the false discovery rate by ad-
justing for multiple comparisons.

Statistical significance for the in vivo accumulation of sCD23 used the
percent change of each LPS treated sample (done in duplicate) compared
with the average of the PBS-immunized control from three different ex-
periments for a total of six samples per condition using the mice indicated.
The data are represented as the average fold change in sCD23 from the six
samples � SD.

The statistical analysis for all of the new surface CD23 experiments used
the percent change of each treated sample compared with the average of the
nontreated controls from three different experiments (each condition was
done in duplicate) for a total of six samples per condition. The data are
represented as an average percent change of the six samples � SD.

Statistical analysis for the real time PCR data used the fold change of
each treated sample (each condition done in triplicate) compared with the
average of the housekeeper gene for each of two experiments for a total of
six samples per condition. The data are represented as the average fold
change in the gene indicated � SD.

Results
Toll-like receptor and BCR agonists induce down modulation
of CD23 from the B cell surface

To determine whether Ag or innate immune signals modify CD23
expression, immediately ex vivo splenocytes were stimulated with
a panel of BCR and TLR agonists, and changes in B cell surface
expression of CD23 was determined by flow cytometry. Pepti-
doglycan (TLR2,6), poly I:C (TLR3), LPS (TLR4), and CpG DNA
(TLR9) stimulation resulted in CD23 down modulation from the B
cell surface (Fig. 1a). Although productive TLR signaling can oc-
cur via both MyD88-dependent and independent pathways, induc-
tion of CD23 down modulation was found to be MyD88 dependent
for all TLR stimuli except poly I:C, which was partially indepen-
dent (Fig. 1a). Ag surrogates, including anti-�, anti-�, and anti-�
Abs, also induced CD23 down modulation (Fig. 1a and data not
shown). Equivalent effects were seen following treatment with Abs
against the B cell Ag receptor’s transducers Ig-� and Ig-� (data not
shown). In control experiments, none of these stimuli affected
CD21 expression by splenic B cells (data not shown).

Because sCD23 has been shown to enhance IgE production, we
determined whether CD23 down modulation induced by TLR or
BCR agonists is a result of CD23 cleavage and release intact into
supernatants. To test this, splenocytes from C57BL/6 and MyD88-
deficient mice were stimulated with TLR and BCR agonists, and
the relative amount of sCD23 in culture supernatants was assayed
by ELISA. Only the TLR4 agonist LPS induced the accumulation
of sCD23 above that found in nontreated samples (Fig. 1b, left).
Furthermore, LPS induced accumulation of sCD23 in culture su-
pernatants was dependent on MyD88 expression. None of the stim-
uli tested increased the amount of sCD21 in culture supernatants
(Fig. 1b, right).

Collectively, these data demonstrate that down modulation of
mCD23 can be induced by TLR and BCR agonists. However, only
TLR4-mediated signaling leads to significant accumulation of
sCD23 in culture supernatants. It is unclear why TLR 4 signals are
uniquely able to induce release of CD23 from the cell surface in a
form detectable by ELISA. As shown in Fig. 4, this may result
from the unique ability of TLR4 signals to mediate activation of
MMP9 expression. The ability of TLR4 but not TLR9 to mediate
CD23 release from the cell surface indicates that while MyD88 is
required for the latter, its activation must not be sufficient to drive
this response. Because soluble CD23 levels have been most
strongly implicated in regulating IgE production in humans, we
focused efforts in the remainder of this manuscript on understand-
ing the basis of TLR4 mediated sCD23 generation.

LPS induces accumulation of sCD23 in the blood of mice

As shown in Fig. 1, in vitro treatment of whole splenocytes with
LPS resulted in the down modulation of mCD23 and the accumu-
lation of sCD23. We next assessed whether LPS also induces
mCD23 down modulation in vivo and the accumulation of sCD23
in peripheral blood. C57BL/6 and MyD88-deficient mice were in-
jected i.p. with 50 �g of LPS, and B cell surface expression of

FIGURE 1. Agonists of TLRs 2, 3, 4, 6, and 9 and the Ag receptor
induce CD23 down modulation from B cells, but only LPS treatment re-
sults in detectable accumulation of soluble CD23 in culture supernatants. a,
Surface expression CD23 by splenic B cells from C57BL/6 and MyD88-
deficient mice was determined by flow cytometry 24 h after treatment
with the indicated stimuli; solid line-untreated C57BL/6, shaded line-
treated C57BL/6, dashed line-untreated MyD88�/�, dotted line-treated
MyD88�/�. b, Release of CD23 and CD21 from the cell surface was
measured by ELISA of culture supernatants from C57BL/6 (u) and
MyD88�/� (�) splenic B cells 24 h after treatment with the indicated
stimuli. Statistical significance was determined using the Wilcoxon
signed-rank test. The p value was adjusted for multiple comparisons
using the false discovery rate approach.

2587The Journal of Immunology



CD23 and sCD23 in the sera of mice were determined 30 h later.
LPS-induced CD23 modulation from splenic B cells and the ac-
cumulation of sCD23 in the sera of mice were analyzed. LPS in-
duced these responses and both were subsequently found to be
dependent on MyD88 expression (Fig. 2, a and b). Neither levels
of CD21 expression by B cells nor sCD21 generation were altered
by LPS treatment (Fig. 2b and data not shown).

LPS treatment induces the accumulation of sCD23 in human
plasma

To determine whether LPS induces accumulation of sCD23 and
mCD23 down modulation in humans, peripheral blood was incu-
bated ex vivo with LPS for 24 h. B cells in LPS-treated peripheral
blood down modulated mCD23 in a dose dependent manner (Fig.
2c). To assess whether this decrease was a result of mCD23 cleav-
age, supernatant CD23 levels were assessed by ELISA as de-
scribed in the Materials and Methods. As shown in Fig. 2d, LPS
treatment for 24 h induced sCD23 release from B cells.

LPS, but not other TLR or BCR agonists, induces
transcriptional activation of CD23

Both LPS and anti-� treatment caused down modulation of
mCD23, however anti-� treatment did not induce accumulation of
sCD23 above that seen in the untreated sample. To help delineate
the mechanisms involved in LPS-induced CD23 down modulation,
we performed a kinetic analysis of CD23 expression over a 24-h
time period using splenic B cells treated with LPS or anti-�. Anti-�
treatment, which was shown to operate in a MyD88-independent
manner, was used as a control to further understand the mechanism
by which LPS induces CD23 modulation.

We found that treatment with LPS induced an initial increase in
both the percent of CD23� B cells and CD23 surface expression
on B cells. This increase peaked at 6 h post LPS treatment and was
followed by a dramatic decrease in percent CD23� B cells and
mean CD23 surface expression by positive cells (Fig. 3a). This
response was not observed in B cells stimulated with anti-�. These
results suggest that LPS treatment induces de novo production of
CD23, while BCR signals do not. Other TLR signals also did not
induce this early burst in CD23 expression (data not shown).

To determine whether LPS induces de novo production of
CD23, whole splenocytes were first incubated with unconjugated
anti-CD23 to block existing mCD23, then washed and treated with
the stimuli for 6 h. De novo synthesized mCD23 was then mea-
sured by staining the cells with PE-labeled anti-CD23. In prelim-
inary experiments, we found that blocking the original surface
mCD23 with unconjugated anti-CD23 allowed subsequent detec-
tion of only newly expressed CD23 by staining with fluorochrome

FIGURE 2. LPS induces CD23 down-modulation by human B cells and
the accumulation of sCD23 in vivo. C57BL/6 and MyD88-deficient mice
were injected i.p. with 50 �g of LPS. Surface expression of CD23 on
splenic B cells (a) and the average percent increase in sCD23 accumulation
in the blood of mice immunized with LPS compared with PBS controls;
solid line-untreated C57BL/6, shaded line-treated C57BL/6, dashed line-
untreated MyD88�/�, dotted line-treated MyD88�/� (b) was determined
30-h post immunization; C57BL/6 (u) and MyD88�/� (�). c, Human
peripheral blood from three patients (�, patient 1; Œ, patient 2; f, patient
3) was incubated in the presence of the indicated concentrations of LPS for
24 h. CD23 surface expression on B cells (CD19�) was determined by flow
cytometry. d, Supernatants from the cells cultured with 10 ng/ml LPS in c
were analyzed by ELISA as described in the Materials and Methods.
Shown is the average percent increase in sCD23 in LPS treated cultures
relative to unstimulated controls. Statistical significance was determined
using the Wilcoxon signed-rank test. �, p � 0.05.

FIGURE 3. LPS induces transcriptional activation of CD23 expression.
a, C57BL/6 splenic B cell surface expression of CD23 was determined by
flow cytometry following stimulation in vitro for the times indicated; un-
treated (F), LPS (f), or anti- � (Œ). b, New surface CD23 was determined
by flow cytometry 6 h after in vitro treatment in the presence and absence
of 12.5 �M actinomycin-D (left) or 100 ng/ml cyclohexamide (right). c,
Relative cellular CD23 mRNA expression was quantified by real time PCR
6 and 24 h following treatment of the indicated stimuli. Statistical signif-
icance was determined using the Wilcoxon signed-rank test. (�, statistically
significant change in CD23 expression compared with nontreated or treated
cells without the inhibitor; ��, statistically significant change in CD23 ex-
pression compared with the untreated control. p � 0.05).
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conjugated anti-CD23. Fig. 3b shows the geometric mean fluores-
cent intensity of the PE-labeled new CD23 by cells that had been
blocked with unconjugated Abs before culture. LPS treatment in-
creased new CD23 surface expression 2-fold while anti-� treat-
ment decreased CD23 surface expression two-fold relative to
spontaneous new expression. De novo LPS-induced production of
CD23 was dependent on both transcription and translation, as this
effect was blocked by preincubation with either actinomycin-D or
cyclohexamide (Fig. 3b). Both inhibitors substantially blocked
spontaneous new expression of CD23 as well as the anti-� effect.

Because LPS treatment induced CD23 expression and anti-�
treatment resulted in decreased CD23 expression, we hypothesized
that LPS treatment may increase CD23 message while anti-� treat-
ment may decrease CD23 message levels. To test this hypothesis,
quantitative PCR for CD23 was performed at 6 and 24 h post
treatment using cDNA prepared from splenic B cells. LPS treat-
ment caused a 2-fold increase in CD23 message 6 and 24 h post
treatment while anti-� treatment decreased CD23 message 2-fold
6 and 24 h post treatment (Fig. 3c). These findings suggest that the
anti-� effect can be ascribed to protein decay in combination with
induced failure to replace CD23 on the cell surface.

TLR-mediated, MyD88-dependent CD23 modulation requires
transcriptional activation of MMP9

LPS induction of CD23 synthesis, associated with decreased sur-
face expression and increased accumulation in culture supernatants
suggested that LPS must also induce, by a MyD88-dependent
mechanism, the expression of a factor that cleaves mCD23. To test
this hypothesis, splenocytes were preincubated for 1 h with the
transcription inhibitor actinomycin-D before treatment with LPS
or anti-�, and assay of release of pre-existing mCD23. Inhibition
of transcription prevented the LPS induced sCD23 generation (Fig.
4a, left). Interestingly, preincubation of splenocytes with actino-
mycin-D also decreased the amount of sCD23 generated following

anti-� treatment of splenocytes suggesting that both TLR4 and Ag
receptor signals induce a cleavage mediator.

Transcription is required for LPS induced accumulation of
sCD23 in culture supernatants, so we sought to determine whether
an ADAM or MMP is involved in cleavage of mCD23 to sCD23.
It has been shown that LPS treatment increases MMP9 expression
in culture supernatants from mature splenic B cells (19, 20). Ad-
ditionally, ADAM10 has been shown to be the principle constitu-
tive CD23 “sheddase” (21, 22). To test the role of these enzymes,
splenocytes were preincubated with GM6001, a potent broad spec-
trum inhibitor of ADAMs and MMPs. GM6001 inhibited the ac-
cumulation of sCD23 induced by LPS, suggesting that an ADAM
or MMP is involved in CD23 cleavage (Fig. 4a, right).

Quantitative PCR for MMP9 and ADAM10 using cDNA pre-
pared from treated or untreated B220� splenic B cells and B220�

non-B cells was used to establish whether these enzymes are up-
regulated by LPS and thus are candidate mediators of LPS-induced
accumulation of sCD23. LPS induced a 3-fold increase in MMP9
message in both B cells and in non-B cells compared with un-
treated cells (Fig. 4b). Anti-� treatment induced a 2-fold increase
in MMP9 message in B cells but not alter MMP9 message in B220
negative cells. None of the stimuli affected ADAM10 mRNA ex-
pression (Fig. 4c).

To formally establish whether MMP9 is required for LPS in-
duced CD23 modulation, wild type and MMP9 deficient spleno-
cytes were incubated in the presence of LPS for 24 h. Culture
supernatants were transferred to MyD88-deficient splenocytes,
which do not down modulate CD23 in response to LPS, and the
requirement of MMP9 was determined based on down modulation
of mCD23. As shown in Fig. 4d, the MyD88-deficient B cells only
slightly down modulate mCD23 when incubated in the presence of
culture supernatants generated by LPS stimulation of MMP9�/� B
cells, suggesting that MMP9 is the primary protease involved in
LPS-induced mCD23 down modulation.

FIGURE 4. LPS induced modulation of CD23
from the B cell surface is dependent on MMP9 ex-
pression. a, Splenocytes from C57BL/6 mice were
preincubated for 1 h in presence or absence of 12.5
�M actinomycin-D (left) or 10 �M GM6001 (right)
then stimulated as indicated. Soluble CD23 in su-
pernatants was measured by ELISA 24 h after treat-
ment. Relative MMP9 (b) and ADAM10 (c) expres-
sion was quantified by real time PCR of treated
B220� B cells and B220� B cells. Statistical sig-
nificance was determined using the Wilcoxon
signed-rank test. p � 0.05. d, Release of CD23
cleaving factors was assayed by transfer of culture
supernatants from wild-type (left histogram) or
MMP9-deficient (right histogram) untreated (solid
black line) or LPS treated (shaded) splenocytes to
MyD88-deficient B cell cultures, followed by mea-
surement of cell surface CD23 on these cells by flow
cytometry.
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Interestingly, as might have been expected, LPS failed to induce
sCD23 production from MMP9�/� B cells. However, supernatants
derived from cultures of normal splenocytes that had been stimu-
lated with LPS and therefore contained cleavage activity, also
failed to mediate cleavage of CD23 from MMP9�/� B cells. The
MMP9�/� mice are on the 129 background in which the CD23
gene contains multiple polymorphisms. These may make CD23
insensitive to MMP9-mediated cleavage. Finally, consistent with
both their lack of MMP9 and insensitivity of their CD23 to cleav-
age, B cells from these mice express �2-fold more CD23 than
those from C57BL/6 mice (data not shown).

LPS induces MMP9 expression by transitional B cells and
non-B cells selectively

The splenic B cell compartment is composed primarily of transi-
tional 1 and 2 (T1, T2) subsets as well as follicular (FO) and
marginal zone (MZ) B cells. As shown in supplemental Fig. 1,5 all
of these populations respond to LPS by increasing mCD23 expres-
sion within 6 h of stimulation. To determine which of these B cell
subpopulations produce MMP9, CD23� (T2 and FO B cells), and
CD23� (T1, MZ and all other cells) splenocytes were isolated
using magnetic bead separation. The isolated CD23� and CD23�

splenic populations were cultured for 24 h in the presence of LPS
after which mCD23 expression was determined by flow cytometry.
It should be noted that some sorted CD23 negative T1/MZ cells
spontaneously increase surface expression of CD23 during culture,
possibly reflecting maturation. Fig. 5a, left, shows that T1/MZ B
cells down modulate mCD23 in response to LPS treatment com-
pared with the untreated control, which up-regulate CD23. Sur-
prisingly, T2/T3/FO B cells treated with LPS increased mCD23
expression compared with the untreated control (Fig. 5a, middle).

Down modulation of CD23 by T2/T3/FO was recovered when they
were cocultured with T1/MZ cells (Fig. 5a, right). These data in-
dicate that the primary B cell source of MMP9 is T1 and/or MZ B
cells.

To establish which CD23� splenic B cells produce MMP9 in
response to LPS treatment, we isolated CD93� (transitional B
cells) and CD93� cells (FO and MZ B cells, and all other cells)
from C57BL/6 splenocytes using positive selection by standard
magnetic bead separation techniques. The CD93� splenocytes
were further fractionated based on CD23 expression by FITC con-
jugated anti-CD23 followed by anti-FITC magnetic beads. The
isolated CD93�, CD23� population represents the follicular B cell
population. The CD93�, CD23� population was further depleted
of CD43� cells resulting in the isolation of CD93�, CD23�,
CD43� marginal zone B cells and CD93�, CD23�, CD43� non-B
cells. The isolated populations were cultured in the presence of
LPS for 24 h. Culture supernatants were transferred to cultures of
MyD88-deficient splenocytes and, after 24 h incubation, B cell
mCD23 expression was determined by flow cytometry. As shown
in Fig. 5b, among B cell subpopulations only T1 transitional B
cells produced active MMP9 capable of mediating CD23 cleavage.

It is important to note that the non-B cell splenocyte fraction
also produced CD23 cleaving activity. To assess the relative
amount and thus the relative biologic significance of MMP9 pro-
duction by non-B cells and transitional 1 B cells, each population
was isolated as described previously, cultured at equivalent cell
concentration with LPS for 24 h and the culture supernatants were
titrated onto MyD88-deficient splenocytes. As shown in Fig. 5c,
culture supernatants from transitional B cells contained �16-fold
more activity than the non-B cell fraction indicating that in a per
cell basis, T1 B cells are most likely the primary source of LPS-
induced MMP9 in the spleen.5 The online version of this article contains supplemental material.

FIGURE 5. Transitional 1 and non-B cells pro-
duce MMP9 in response to LPS treatment. a, CD23
surface expression was determined by flow cytom-
etry 24 h after LPS treatment of the indicated B cell
populations. b, Culture supernatants from LPS
treated (filled line) or nontreated (solid line)
C57BL/6 isolated splenic populations (shown on top
of the histograms) were assayed for CD23 cleaving
activity as in Fig. 4. Shown are histograms of su-
pernatant treated MyD88�/� B cells. c, LPS-treated
culture supernatants from the indicated isolated pop-
ulations were assayed as in Fig. 4 and data presented
as mean CD23 expression by supernatant treated
MyD88�/� B cells.
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IL-4 is well known to induce up-regulation of CD23 on B cells
and thus may modify the effects of BCR and TLR4 ligands on
CD23 expression. To test this possibility we examined the effects
of IL-4 costimulation of responses to these ligands. It is notewor-
thy that the IL-4 induced CD23 up-regulation seen was modest
because unfractionated splenocytes are used. Non-B cells in these
cultures, possibly by release of cytokines, induce an increase in
CD23 background levels. This notwithstanding, as shown in Fig.
6, both a BCR stimulus and LPS induced efficient down-modula-
tion of CD23 in cultures to which IL-4 was added. Thus IL-4
produced in vivo is likely to increase levels of sCD23 generated
upon LPS exposure, thereby potentially enhancing IgE production.

Discussion
Findings described in this report indicate that MyD88-dependent
TLR4 signals dynamically regulate levels of soluble and B cell-
associated CD23 in vitro and in vivo. LPS treatment of ex vivo
splenocytes induces transcriptional activation of CD23 in all major
B cell subsets, and MMP9 expression in transitional B cells as well
as a poorly defined non-B cell population. Secreted MMP9 cleaves
surface CD23 primarily from a distinct population of B cells, i.e.,
follicular B cells, resulting in the accumulation of sCD23 in culture
supernatants and peripheral blood. Given the role of CD23 in IgE
production, these findings suggest a potential mechanism by which
LPS enhances IgE synthesis.

Concomitant exposure to LPS and Ag has been shown to en-
hance IgE responses and allergic disease in murine models. LPS
supplementation of ova challenge significantly increases serum
ova specific IgE, as well as IL-4 and IL-5 levels in mice. IgG1,
IgG2a, IL-13, and IFN-� serum levels are not increased by addi-
tion of LPS to ova challenge (23). LPS has also been shown to
enhance latex allergen (24) and cat allergen (25) induced IgE and
IgG1. Our findings suggest that LPS may exercise this effect by
inducing synthesis of CD23 and MMP9, which enhance IgE pro-
duction by elevating sCD23 and reducing mCD23.

Although LPS enhances IgE production in adult immune sys-
tems, it has been well documented that early exposure to endotoxin
reduces the likelihood of developing allergic disease as an adult
(26, 27). This paradox might be explained by in depth examination
of the theory behind the hygiene hypothesis.

The hygiene hypothesis states that exposure to microbial prod-
ucts during development of the immune system shifts the adult

immune repertoire toward a nonallergic phenotype (28). This
skewing is manifest by the biased production of Th1 type cyto-
kines IFN-� and IL-12. Endotoxin or LPS exposure during devel-
opment of the immune system is believed to inhibit allergic and
asthmatic responses in adults and promotes Th1 type cytokine pro-
duction. Paradoxically, LPS exposure in adult humans and mice
induces the production of IgE (29). The mechanism of LPS-in-
duced enhancement of IgE production remains unknown. Our find-
ings suggest that exposure to LPS promotes IgE production indi-
rectly by inducing secretion of MMP9, and consequent shedding of
mCD23 from B cells. As previously hypothesized, LPS-induced
enhancement of IgE production may be due to either the loss of
inhibitory mCD23 or increased systemic sCD23, or both.

LPS promotion of IgE in the mature immune system appears
inconsistent with the hygiene hypothesis and a role for early LPS
exposure in prevention of IgE-mediated allergic disorders. This
inconsistency may be explained by a difference in the response of
immature vs mature B cell compartments to LPS. Culture of bone
marrow derived B220� IgM- immature B cells in the presence of
LPS or Lipid A (a common component of endotoxin) resulted in
a significant increase in CD23 surface expression 72 h post
treatment (30). Thus, the alternate effects of endotoxin exposure
on IgE production in mature and immature immune compart-
ments could result in part from differences in frequency in those
compartments of cells capable of producing MMP9 in response
LPS. This hypothesis is consistent with findings of Melamed et
al. (20, 31), who showed that B cells from bone marrow cultures
of 3– 83TgCD19�/� mice did not produce MMP9 while mature
B populations from spleens of adult mice secrete MMP9 24 h
post LPS treatment.

The relevance of this work to human disease has been demon-
strated by several studies that link elevated MMP9 protein to the
severity of allergic and asthmatic disorders. MMP9 protein is el-
evated in the sera of patients with atopic dermatitis (32) and in
bronchial fluid of children and adults with asthma (33, 34). Chil-
dren with stable asthma have less MMP9 protein in bronchial fluid
compared with children who are having asthma exacerbations (35).
Finally, it was recently reported that chronic asthma in children is
associated elevation of both LPS and MMP9 in bronchoalveolar
lavage (36).

Non-B lineage immune cells also reportedly produce MMP9
following LPS exposure (37, 38). This is consistent with findings
described in this study that non-B cells from the spleen produce
MMP9 in response to LPS. However, splenic transitional 1 B cells
populations produce considerably more MMP9 than splenic non-B
cell populations (Fig. 5c). Transitional B cells, as the name im-
plies, are classically believed to simply represent an intermediary
stage in the development of immature B cells to follicular and
marginal zone B cells, with no unique function. Recently, it has
been reported that transitional 2 B cells could suppress autoim-
mune symptoms when transferred into collagen-immunized mice
(39). Our findings suggest that transitional 1 B cells may also have
effector functions because these cells are uniquely competent to
produce MMP9 in response to LPS treatment.

In conclusion, the findings reported in this study provide a po-
tential resolution to the LPS paradox. In the context of the mature
immune system LPS exposure promotes Th1 type cytokine pro-
duction while simultaneously increasing IgE synthesis by induc-
tion of CD23 transcription concomitant with active MMP9 secre-
tion. The in vitro and in vivo data show that the net result of LPS
exposure is decreased mCD23 on splenic B cells and the accumu-
lation of sCD23. Because the lack of inhibitory mCD23 and an

FIGURE 6. IL-4 stimulation does not affect CD23 modulation in re-
sponse to TLR4 and BCR ligands. Splenocytes from C57BL/6 mice were
cultured for 24 h with or without IL-4 (20 ng/ml) plus F(ab�)2 anti-IgM (1
�g/ml) or LPS(1 �g/ml). CD23 expression by B220� cells was assayed by
flow cytometry.
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increase in sCD23 promote IgE synthesis, these results may pro-
vide a mechanism by which systemic LPS exposure enhances IgE
synthesis.
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