INFECTION AND IMMUNITY, Sept. 2010, p. 3950–3956
0019-9567/10/$12.00 doi:10.1128/IAI.00371-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Vol. 78, No. 9

T-Cell-Independent Immune Responses Do Not Require Cxc Ligand
13-Mediated B1 Cell Migration䌤†
Matthew J. Colombo, Guizhi Sun, and Kishore R. Alugupalli*
Department of Microbiology and Immunology, Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, Pennsylvania
Received 12 April 2010/Returned for modification 5 May 2010/Accepted 18 June 2010

rent episodes of high-level bacteremia (⬃108 bacteria/ml
blood), each caused by antigenically distinct populations of
bacteria generated by DNA rearrangements of the genes encoding the variable major proteins (11). Remarkably, each
episode is resolved rapidly within 3 days by a Borrelia hermsiispecific IgM response independently of T-cell help (4, 12, 21),
and convalescent-phase T-cell-deficient mice are as resistant as
convalescent-phase wild-type mice to reinfection (5). Concurrent with the resolution of bacteremia, B1b cells expand in
great numbers in the peritoneal cavity, and purified convalescent-phase B1b cells confer long-lasting immunity to Rag1⫺/⫺
mice, demonstrating an important role for peritoneal B1b cells
in protective immunity (4, 5). Recently, the role of B1b cells in
TI immunity has been extended to other bacterial infection
systems (26, 29, 32). For instance, Haas et al. have demonstrated that B1a and B1b cells fill independent niches in protecting against Streptococcus pneumoniae (32). B1a cells are
important for natural antibodies, while B1b cells mediate protection by generating a specific antibody response to capsular
polysaccharide on this bacterium (32).
The dynamic movement of B cells increases the probability
of encountering specific antigen and facilitates cell-cell interactions required for mounting a rapid antibody response (19,
23, 41). The omentum, a bilayered sheet of mesothelial cells in
the coelomic cavity that connects various organs, such as the
stomach and pancreas, plays an important role in the movement of peritoneal B1 cells (8, 14, 15). Upon appropriate
stimulus, B1 cells in the peritoneal cavity migrate to the mesenteric lymph nodes (MLNs), where they differentiate into
antibody-secreting plasma cells (25, 31, 48). In support of this,
we have observed that during infection with B. hermsii, a rapid
egress of B1b cells from the peritoneal cavity occurs (2). The

Vaccination generates B cell memory, which provides protective antibody responses upon reexposure to the same pathogen. T cells are essential for the development of conventional
B cell memory. Many proteinaceous molecules such as tetanus
toxin are T-cell-dependent (TD) antigens, and they induce the
generation of antigen-specific T cells that help follicular (FO)
B cells (49). However, certain bacterial products such as capsular polysaccharides induce antibody responses without T-cell
help and are referred to as T-cell-independent (TI) antigens
(47). Responses to TI antigens develop significantly more rapidly than TD responses and thus can play a critical role in a
number of contexts, such as bacteremia, one of the major
causes of death by infectious diseases (39). The B cell subsets
primarily involved in TI responses in mice are marginal zone
(MZ) B cells in the spleen and B1a (B220⫹ IgMhi IgDlo
CD23⫺ Mac1⫹ CD5⫹) and B1b (B220⫹ IgMhi IgDlo CD23⫺
Mac1⫹ CD5⫺) cells, both of which preferentially migrate to
and reside in the coelomic cavity (2, 36). A critical marker on
B1 cells, Mac1 is expressed only on those B1 cells that reside in
the peritoneal or pleural cavities. Thus, B1b cells cannot be
definitively identified elsewhere (2).
Using the murine model of B. hermsii infection, we have
previously shown that B1b cells generate a novel T cell-independent memory (5). The hallmark of this infection is recur-
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The dynamic movement of B cells increases the probability of encountering specific antigen and facilitates
cell-cell interactions required for mounting a rapid antibody response. B1a and B1b cells are enriched in the
coelomic cavity, contribute to T-cell-independent (TI) antibody responses, and increase in number upon
antigen exposure. B1 cell movement is largely governed by Cxc ligand 13 (Cxcl13), and mice deficient in this
chemokine have a severe reduction in peritoneal B1 cells. In this study, we examined the role of Cxcl13dependent B cell migration using Borrelia hermsii infection or intraperitoneal immunization with pneumococcal polysaccharide or 4-hydroxy-3-nitrophenyl-acetyl (NP)-Ficoll, all of which induce robust antibody responses from B1b cells. Surprisingly, we found that antibody responses to B. hermsii or to FhbA, an antigenic
target of B1b cells, and the resolution of bacteremia were indistinguishable between wild-type and Cxcl13ⴚ/ⴚ
mice. Importantly, we did not observe an expansion of peritoneal B1b cell numbers in Cxcl13ⴚ/ⴚ mice.
Nonetheless, mice that had resolved infection were resistant to reinfection, indicating that the peritoneal B1b
cell reservoir is not required for controlling B. hermsii. Furthermore, despite a reduced peritoneal B1b
compartment, immunization with pneumococcal polysaccharide vaccine yielded comparable antigen-specific
antibody responses in wild-type and Cxcl13ⴚ/ⴚ mice and conferred protection against Streptococcus pneumoniae.
Likewise, immunization with NP-Ficoll elicited similar antibody responses in wild-type and Cxcl13ⴚ/ⴚ mice.
These data demonstrate that homing of B1 cells into the coelomic cavity is not a requirement for generating
protective TI antibody responses, even when antigen is initially localized to this anatomical compartment.
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MATERIALS AND METHODS
Mice. The Institutional Animal Care and Use Committee have approved these
studies. Mice were housed in microisolator cages with free access to food and
water and were maintained in a specific-pathogen-free facility at Thomas Jefferson University. C57BL/6J (wild-type) mice were purchased from the Jackson
Laboratories (Bar Harbor, ME). B6.129X1-Cxcl13tm1Cys/J (Cxcl13⫺/⫺) mice have
been described previously (8, 9).
Infections. Mice were infected intraperitoneally (i.p.) or intravenously (i.v.) via
the tail vein with 5 ⫻ 104 bacteria of the fully virulent B. hermsii strain DAH-p1
(from the blood of an infected mouse), and the bacteremia was monitored by
dark-field microscopy (4). For pneumococcal infections, 5 ⫻ 103 CFU of S.
pneumoniae WU2, a type 3 strain (18, 46), were injected i.p. into immunized
mice, and survival was monitored for 10 days.
Immunization. Ten micrograms of 23-valent pneumococcal polysaccharide
vaccine (Pneumovax 23; Merck & Co Inc., Whitehouse Station, NJ) (24) or 50 g
of 4-hydroxy-3-nitrophenyl-acetyl conjugated to Ficoll (50NP-aminoethyl carboxymethyl-Ficoll; Biosearch Technologies, Novato, CA) dissolved in 100 l
Dulbecco’s phosphate-buffered saline (Mediatech, Herndon, VA) was used to
immunize mice i.p. Blood samples were obtained 0, 7, and 14 days following
immunization.
ELISA. IgM or IgG3 levels were measured with enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Bethyl
Laboratories, Montgomery, TX). B. hermsii-specific IgM was determined by
coating 96-well plates (ICN Biomedicals Inc., Aurora, OH) with in vivo-grown B.
hermsii DAH-p1 (105 wet bacteria/well). FhbA-specific IgM was determined by
coating 96-well plates with 0.5 g/ml recombinant FhbA (rFhbA) (20). Pneumovax 23 and pneumococcal polysaccharide type 3 (PPS3)-specific IgM levels
were measured by coating 96-well plates with 50 l of either Pneumovax 23 (5
g/ml) or PPS3 (5 g/ml; American Type Culture Collection, Rockville, MD).
The hapten NP-specific response was measured by coating the plates with NPconjugated bovine serum albumin (BSA) (23NP-BSA; Biosearch Technologies).
All plates were washed and blocked with 2% BSA in PBS, pH 7.2, for 2 h at room
temperature. Blood samples from immunized mice were diluted 1:25, 1:100, or
1:500, samples were centrifuged (16,000 ⫻ g for 10 min), and supernatant was
used. Bound IgM or IgG3 was measured using horseradish peroxidase (HRP)conjugated goat anti-mouse IgM or IgG3. Specific antibody levels were interpreted as ng/l equivalents using IgM or IgG3 standards.
Flow cytometry. The anti-IgM–fluoroscein isothiocyanate (clone 1B4B1), antiMac1-allophycocyanin (clone M1/70) and anti-CD5-peridinin chlorophyll (clone
53–7.3) antibodies were purchased from eBioscience (San Diego, CA); antiCD23-phycoerythrin (clone B3B4) was from PharMingen (San Diego, CA).
23
NP-phycoerythrin was purchased from Biosearch Technologies.

To determine the frequency of B1a and B1b cells, peritoneal cavity cells were
harvested from individual mice and the cell concentration was adjusted to 2.5 ⫻
107/ml in staining medium (deficient RPMI 1640 medium [Irvine Scientific,
Santa Ana, CA] with 3% new calf serum, 1 mM EDTA). To identify NP-specific
B cells in various anatomical compartments, peritoneal cavity cells, spleen tissue,
mesenteric lymph nodes, and blood were collected from NP-Ficoll-immunized
wild-type and Cxcl13⫺/⫺ mice. After Fc receptors were blocked with 2.4G2
antibody (1 g per 106 cells), an aliquot of 25 l of peritoneal cavity cells was
incubated in a microtiter plate with appropriately diluted antibodies. After staining, cells were washed twice with staining medium and the preparations were
analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View,
CA) using CELLQuest software (Becton Dickinson). Data were analyzed using
the FlowJo software program (Treestar, San Carlos, CA).
Statistical analysis. Statistical analyses were performed using the Prism 5
software program (GraphPad Software, Inc., La Jolla, CA). To analyze statistical
significance, the unpaired Student’s t test (one or two tailed), Mann-Whitney
test, or two-way analysis of variance (ANOVA) was used as necessary.

RESULTS
Resolution of B. hermsii bacteremia is not impaired in
Cxcl13ⴚ/ⴚ mice. B1a cells recognize phosphorylcholine on the
surface of S. pneumoniae bacteria (32). Mice lacking either
Cxcl13 or its receptor Cxcr5 have impaired B1a cell migration
into the peritoneal cavity and thus respond poorly to phosphorylcholine after intraperitoneal but not intravenous immunization with nonencapsulated S. pneumoniae (8, 33). In the murine model of B. hermsii infection, we have previously shown
that B1b cells in the peritoneal cavity play a central role in
protection (5). Furthermore, Toll-like receptor 2 (TLR2) stimulation contributes to a rapid IgM response required for the
resolution of bacteremia (3, 17). Like B1a cells, B1b cells are
highly chemotactic toward Cxcl13 (8). Interestingly, Borreliainfected mice have increased production of Cxcl13 mediated
by TLR2 (28, 42), suggesting a link between B. hermsii infection and B1b cell migration. To understand whether Cxcl13mediated B cell migration is critical for protective immunity to
B. hermsii, we studied B. hermsii infection in Cxcl13⫺/⫺ mice.
Surprisingly, both wild-type and Cxcl13⫺/⫺ mice resolved intravenous infection indistinguishably, and the levels of bacteremia were similar in wild-type and knockout mice (Fig. 1A).
For example, there was no significant difference in bacterial
burden during the first wave of bacteremia between wild-type
and Cxcl13⫺/⫺ mice (52,800 ⫾ 29,200 bacteria per l of blood
in wild-type mice versus 36,800 ⫾ 12,200 bacteria per l of
blood in Cxcl13⫺/⫺ mice). Since Cxcl13⫺/⫺ mice are deficient
in peritoneal B1 cells (8), we examined B. hermsii bacteremia
after intraperitoneal infection. Similar to the results with i.v.
infection, both wild-type and Cxcl13⫺/⫺ mice resolved infection indistinguishably after i.p. infection with B. hermsii (Fig.
1B). In fact, when the initial wave of infection was measured,
there was a significantly lower (P ⫽ 0.0492) bacterial burden in
Cxcl13⫺/⫺ mice than in wild-type mice (28,700 ⫾ 11,000 bacteria per l of blood in wild-type mice versus 16,000 ⫾ 11,200
bacteria per l of blood in Cxcl13⫺/⫺ mice). These results
demonstrate that Cxcl13-mediated B cell migration is dispensable for clearance of B. hermsii.
Functional B. hermsii-specific IgM responses in Cxcl13ⴚ/ⴚ
mice. IgM is the essential and sufficient immunoglobulin isotype required for controlling B. hermsii (4). Since the correlate
of protection during B. hermsii infection is the generation of
specific IgM (5, 12, 22), we measured IgM responses in wildtype and Cxcl13⫺/⫺ mice. Regardless of the route of infection,
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magnitude of the migration is directly proportional to the bacterial burden. Interestingly, soon after resolution of bacteremia,
B1b cell numbers in the peritoneal cavity are restored (2).
Chemokines are not only important for lymphocyte migration into secondary lymphoid organs; they are also critical for
development of lymphoid organs (7). Although homing of MZ
B cells into the marginal sinus is not affected in mice deficient
in Cxcl13 or its receptor Cxcr5, B2-cell-rich primary follicles
are severely malformed (9, 27, 35). Germinal centers, while
present, are small and ectopic compared to those of wild-type
mice, suggesting a role for this chemokine axis in germinalcenter dynamics (27). Indeed, Cxcl13 is critical for the migration of B cells into the germinal-center light zone (1). Likewise,
the Cxcl13-Cxcr5 axis is also important for B1 cell movement.
For example, migration of B1 cells into the coelomic cavity is
diminished in the absence of omentum-derived Cxcl13 (8). In
studies using mice deficient in Cxcl13 or Cxcr5, it was reported
that this chemokine axis is important for antibody responses to
bacteria encountered in the peritoneal cavity (8, 31, 33, 40).
These studies were focused on B1a-cell-derived antiphosphorylcholine responses (8, 33). In the present study, we endeavored to determine whether Cxcl13-driven migration was essential for stimulating a robust antibody response to antigens that
induce an antibody response from peritoneal B1b cells.
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the IgM response in Cxcl13⫺/⫺ mice to intact B. hermsii bacteria was indistinguishable from that of wild-type mice (Fig. 2A
and B). Furthermore, wild-type and Cxcl13⫺/⫺ mice produced
comparable levels of IgM specific for FhbA, a B. hermsiiexpressed antigenic target of B1b cells (Fig. 2C and D). These
results demonstrate that Cxcl13-mediated B cell migration is
not required for the generation of B. hermsii-specific IgM responses and the concurrent resolution of bacteremia.
Despite impaired B1b cell expansion, convalescent-phase
Cxcl13ⴚ/ⴚ mice are resistant to reinfection. Naïve mice suffer
recurrent B. hermsii bacteremia, whereas convalescent-phase

FIG. 2. Comparable B. hermsii-specific IgM responses in wild-type
and Cxcl13⫺/⫺ mice. B. hermsii-specific IgM generated during intravenous (A) or intraperitoneal (B) infection was measured by ELISA.
Means ⫾ standard deviations (SD) are shown. FhbA-specific IgM
generated during intravenous (C) or intraperitoneal (D) infection was
measured by ELISA. Data points in panels C and D represent individual animals, and horizontal bars represent means of results for each
group. Statistical significance of the genotype was measured by twoway ANOVA with significance reached at a P of ⬍0.05. The differences between the two genotypes were not statistically significant.

mice are resistant to reinfection. We have previously shown
that the resolution of B. hermsii is concurrent with a specific
expansion of B1b cells in the peritoneal cavity, and these expanded B cells confer long-lasting immunity (4, 5). Peritoneal
B1b cells of convalescent-phase mice, when adoptively transferred into Rag1⫺/⫺ mice, persist for more than 2 months and
remain in a quiescent state similar to conventional TD memory
B cells. However, upon challenge with B. hermsii, these B1bcell-reconstituted mice rapidly generate B. hermsii-specific IgM
(5). Therefore, the peritoneal cavity is a reservoir for apparent
memory B1b cells. Since Cxcl13⫺/⫺ mice are deficient in peritoneal B1b cells, we sought to determine whether convalescent-phase Cxcl13⫺/⫺ mice are resistant to reinfection. To our
surprise, Cxcl13⫺/⫺ mice were as resistant to reinfection as
wild-type mice (see Fig. S1 in the supplemental material),
demonstrating that peritoneal memory-like B1b cells are not
required for resistance to B. hermsii reinfection.
Despite a deficiency in peritoneal B1b cells, X-linked immunodeficient (xid) mice control B. hermsii bacteremia (3, 4). This
resolution of bacteremic episodes is coincident with a remarkable de novo expansion of B1b cells, possibly due to an engagement of a variety of inflammatory pathways, in particular TLR
signaling triggered by B. hermsii infection (3). Since Cxcl13⫺/⫺
mice were resistant to reinfection, we considered the possibility
that a similar expansion occurred in Cxcl13⫺/⫺ mice. As reported previously (4, 5), we observed a significant expansion of
B1b, but not B1a or B2, cell numbers in wild-type mice (Fig. 3).
On the contrary, we did not observe an expansion of peritoneal
B1b cell numbers in Cxcl13⫺/⫺ mice concurrent with the resolution of infection (Fig. 3B). Since B1b cells do not express
Mac1 outside the peritoneal cavity and thus cannot be definitively identified elsewhere, we did not attempt to measure B1b
subset expansion in other compartments such as the spleen or
lymph nodes. These results demonstrate that peritoneal B1b
cells are not required for controlling either primary or secondary B. hermsii infection.
Pneumococcal polysaccharide vaccination elicits a protective antibody response in the absence of Cxcl13-mediated B
cell migration. Phosphorylcholine is a common antigen found
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FIG. 1. Resolution of B. hermsii bacteremia in the absence of Cxcl13-mediated migration. Wild-type (n ⫽ 5 or 6) or Cxcl13⫺/⫺ (n ⫽ 7 to 9) mice
were infected intravenously (A) or intraperitoneally (B) with 5 ⫻ 104 B. hermsii bacteria (strain DAH-p1), and bacteremia was monitored by
dark-field microscopy. Each plot represents data from an individual mouse. For brevity, results for three representative mice from each group are
shown.
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on a variety of bacterial species, including S. pneumoniae (37),
and in mice it is recognized by MZ B cells as well as splenic and
peritoneal B1a cells (38). The participation of B1a cells from
these two niches is related to the route of antigen exposure
(38). Consistent with the lack of peritoneal B1a cells, intraperitoneal exposure to heat-killed nonencapsulated S. pneumoniae does not induce a robust antibody response in
Cxcl13⫺/⫺ mice (8).
Peritoneal B1b cells have been shown to generate a significant antibody response to a serotype-specific pneumococcal
polysaccharide, PPS3 (32). Since the presence of B1b cells in
anatomic sites other than the peritoneal cavity has not been
definitively shown, and since Cxcl13⫺/⫺ mice have a paucity of
peritoneal B1b cells, we expected that intraperitoneal immunization of Cxcl13⫺/⫺ mice with PPS would not generate a
specific antibody response. To test this, we subjected wild-type
and Cxcl13⫺/⫺ mice to intraperitoneal immunization with
Pneumovax 23, a multivalent pneumococcal vaccine composed
of a mixture of 23 serotype-specific polysaccharides, including
PPS3 and PPS14. To our surprise, Cxcl13⫺/⫺ mice exhibited no
impairment in the IgM response to the multivalent vaccine
(Fig. 4A), purified PPS3 (Fig. 4B), or purified PPS14 (data not
shown). PPS-specific IgG3 responses were comparable between knockout and wild-type mice (data not shown). To determine if the antibody response to PPS3 was indeed a protective response, we challenged Pneumovax 23-immunized mice

with a lethal dose (5,000 CFU) of the PPS3-expressing S.
pneumoniae strain WU2. Wild-type and Cxcl13⫺/⫺ mice were
completely protected by the vaccine (Fig. 4C), indicating that
Cxcl13-mediated B1 cell migration is not required for the development of a protective antibody response.
Anti-NP-Ficoll responses are not impaired in Cxcl13ⴚ/ⴚ
mice. NP-Ficoll is a widely used model antigen for studying TI
antibody responses. In mice, MZ B (30) and B1b cells respond
to NP-Ficoll (34). Since intravenous immunization will target
MZ B cells (38), we examined whether a deficiency in peritoneal B1b cells predisposes Cxcl13⫺/⫺ mice to an impaired
response to intraperitoneal exposure of NP-Ficoll. We found
that wild-type and Cxcl13⫺/⫺ mice elicited comparable NPspecific IgM responses (Fig. 5). A possible explanation for the
comparable NP-specific IgM responses between wild-type and
Cxcl13⫺/⫺ mice after NP-Ficoll immunization could be the
participation of other B cell subsets (45) or B1b cells outside
the peritoneal cavity. Indeed, we found that Cxcl13⫺/⫺ mice
had a higher frequency of Mac1-negative NP-specific B cells in
the blood, MLNs, and spleen than did wild-type mice (Table
1). Since Mac1 is not expressed on B1b cells outside the peritoneal cavity, it is unclear whether the NP-specific B cells in the
blood, MLNs, and spleen were B1b cells. Taken together, these
data demonstrate that B cell migration in response to Cxcl13 is
not required for TI responses to intraperitoneal antigens.

FIG. 4. Pneumovax 23 (PVAX) elicits a protective antibody response in Cxcl13⫺/⫺ mice. Wild-type and Cxcl13⫺/⫺ mice were immunized
intraperitoneally with 10 g of Pneumovax 23. Blood samples were obtained on 0, 7, and 14 days postimmunization and Pneumovax 23 (A)- or
PPS3 (B)-specific IgM levels were determined by ELISA. Data points represent individual animals, and horizontal bars represent means of results
for each group. The statistical significance of genotypes was measured by two-way ANOVA, with significance reached at a P of ⬍0.05. (C) Four
weeks following Pneumovax 23 immunization, mice were challenged with 5,000 CFU of S. pneumoniae WU2 (serotype 3) and survival was
monitored for 10 days. The differences between the results for the two genotypes were not statistically significant.
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FIG. 3. Lack of an expansion of peritoneal B1b cells in B. hermsii-infected Cxcl13⫺/⫺ mice. Peritoneal cells from naïve and convalescent-phase
(at 35 days postinfection) wild-type and Cxcl13⫺/⫺ mice were harvested and stained with monoclonal antibodies specific for IgM, CD23, CD5, and
Mac1. The absolute cell counts of IgM⫹ B cells (A), B1b cells (IgM⫹ CD23⫺ Mac1⫹ CD5⫺) (B), and B1a cells (IgM⫹ CD23⫺ Mac1⫹ CD5⫹)
(C) are shown. Data points represent cell counts from individual animals. Statistical significance was determined by a one-tailed unpaired Student’s
t test, with significance reached at a P of ⬍0.05. n.s., differences not statistically significant.
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DISCUSSION
A variety of murine models deficient in B1 cells respond
poorly to TI antigens (16). Most of these murine models have
mutations in positive regulators of B-cell antigen receptor
(BCR) signaling. Since BCR-mediated signaling is a critical
requirement for the antibody responses to TI type 2 antigens
such as PPS and NP-Ficoll, these murine models complicate
the evaluation of the role of peritoneal B1 cells in TI antibody
responses. For instance, xid mice have a point mutation in Btk,
a kinase critical for BCR signaling, and do not respond to PPS
and NP-Ficoll (2). Interestingly, during B. hermsii infection in
xid mice, we observed a specific TI response likely due to the
induction of TLR signaling (3). The resolution of the infection
in xid mice coincides with a remarkable de novo expansion of
B1b cells (4), which stands in contrast to the observation that
there is an absolute requirement for peritoneal B1 cells in
immunity to B. hermsii. In the present study using Cxcl13⫺/⫺
mice, which have a diminished number of B1a and B1b cells in
the peritoneal cavity, we have demonstrated that TI responses
do not require the peritoneal B1 cell compartment (Fig. 2, 4,
and 5). Naïve but not PPS-immunized mice succumb to S.
pneumoniae infection. Similarly, naïve mice suffer recurrent
episodes of B. hermsii bacteremia whereas convalescent-phase
mice are resistant (5). The acquired resistance to these infections has been attributed to an expansion of antigen-specific
B1b cells that migrate to the coelomic cavity (4, 5). Interestingly, we did not observe any expansion of peritoneal B1b cell
numbers in Cxcl13⫺/⫺ mice (Fig. 3), yet these were resistant to
reinfection. Furthermore, Cxcl13⫺/⫺ mice immunized with
Pneumovax 23 are completely protected from lethal challenge
with S. pneumoniae (Fig. 4). These results demonstrate that the
peritoneal cavity is not an essential reservoir for these expanded B1b cells.
B1 cell subsets, in particular B1a cells, have a limited BCR
repertoire and produce natural antibodies. These antibodies
recognize evolutionarily conserved antigens, and positive selection for B1a cells has been shown to be driven by selfantigens (37). T15 idiotype-positive (T15⫹) B1a cells recognize
phosphorylcholine, an antigenic determinant commonly found
on the surface of many bacteria, including nonencapsulated S.
pneumoniae (37). Interestingly, T15⫹ IgM also cross-reacts

with an epitope on oxidized low-density lipoprotein, indicating
that interaction with a self-antigen is a mechanism for positive
selection of phosphorylcholine-reactive B1a cell clones (43,
44). Unlike B1a cells, B1b cells appear to recognize a variety of
structurally heterogeneous antigens, such as NP-Ficoll (34),
the bacterial outer membrane proteins FhbA (20) and OmpD
(29) of B. hermsii and Salmonella enterica, respectively, and
specific polysaccharides of S. pneumoniae and Enterobacter cloacae (26, 32). Previous studies using nonencapsulated S. pneumoniae (strain R36A), which expresses phosphorylcholine, an
antigenic target for B1a cells, have shown that mice deficient in
Cxcl13 or its receptor Cxcr5 are impaired in the antiphosphorylcholine response when the bacterium is introduced intraperitoneally (8, 33). Interestingly, Cxcl13⫺/⫺ mice were not
impaired in their antiphosphorylcholine response after intravenous administration of the same bacterial strain (8). This is
because splenic T15⫹ B1a cells and MZ B cells, including the
M167 idiotype, are the dominant contributors to the antibody
response to phosphorylcholine encountered via blood (38).
These findings led to the conclusion that Cxcl13-mediated
homing is critical for body cavity immunity (8, 33). In contrast
to these findings, in the present study we were unable to observe any impairment in Cxcl13⫺/⫺ antibody responses to intraperitoneal introduction of either bacterial antigens (B.
hermsii or PPS) or a synthetic antigen (NP-Ficoll), all of which
are known to induce a response from peritoneal B1b cells.
Despite certain key differences between B1a and B1b cells,
such as those in BCR repertoire and responses to cytokines,
they share a number of similarities, including self-renewal,
rapid antibody responses, and anatomical localization (2).
Since Cxcl13⫺/⫺ mice have normal or greater numbers of B1a
cells in the blood and spleen (8), it is likely that B1b cells could
also exist in other compartments. Although B1b cells cannot be
definitively identified in any anatomical site apart from the
coelomic cavity, the lymph node is known to contain a small
population of B220⫹ IgMhi IgDlo CD5⫺ cells, a phenotype
characteristic of B1b cells. Moreover, studies have shown that
lymph node cells, when adoptively transferred into the peritoneal cavity of Rag1⫺/⫺ mice, can give rise to B1b cells (34).
These findings suggest that B1b cells or their precursors are
present in lymph nodes and could possibly be responsible for
the TI responses in Cxcl13⫺/⫺ mice. Although Cxcl13⫺/⫺ mice
exhibit many defects in lymph node development, their MLNs
appear to be normal (9). MLNs drain peritoneal antigens and

TABLE 1. Frequencies of NP-specific B cells in various
anatomic compartmentsa
Frequency of IgM⫹ NP⫹ cells inb:
Compartment

C57BL/6 mice
(n ⫽ 5)

Cxcl13⫺/⫺ mice
(n ⫽ 6)

Peritoneal cavity
Blood
MLNs
Spleen

0.40 ⫾ 0.19
0.063 ⫾ 0.016
0.043 ⫾ 0.019
0.11 ⫾ 0.030

0.22 ⫾ 0.16
0.16 ⫾ 0.041
0.088 ⫾ 0.030
0.16 ⫾ 0.028

Significance
(P)

n.s.c
0.0043
0.0303
0.0441

a
Wild-type (n ⫽ 5) and Cxcl13⫺/⫺ (n ⫽ 6) mice were immunized i.p. with
NP-Ficoll. Five to 6 days postimmunization, cells were harvested from various
compartments of mice and stained with NP-phycoerythrin and anti-IgM–FITC.
b
Means ⫾ SDs of IgM⫹ NP⫹ cell frequencies are given.
c
n.s., not significantly different.
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FIG. 5. NP-specific IgM responses in Cxcl13⫺/⫺ mice. Wild-type
and Cxcl13⫺/⫺ mice were immunized intraperitoneally with 50 g of
50
NP-Ficoll. Blood samples were obtained on 0 (preimmune) or 7
(immune) days following the immunization, and 23NP-specific IgM
levels were determined by ELISA. Data points represent individual
mice, and horizontal bars represent means of results for each group.
Statistical significance of the response to immunization was determined by a two-tailed unpaired Student’s t test. n.s., not statistically
significant.
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also play an important role in controlling the B. hermsii bacteremia. Indeed, using CD1d-deficient mice, Belperron et al.
have elucidated a role for MZ B cells in B. hermsii infection
(13). Consistent with these findings, we have previously shown
that splenectomized mice are impaired in controlling B. hermsii infection during high-level primary bacteremic episodes,
suggesting that splenic B cells, including MZ B cells, play an
important role in B. hermsii-specific responses (4, 6). The fact
that splenectomized mice efficiently control subsequent relapses and moderate primary bacteremic episodes (4) suggests
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blood. Therefore, it is possible that in the absence of Cxcl13mediated B1 cell migration, diffusion of antigen to various sites
in the body can be accountable for the observed TI antibody
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various sites after intraperitoneal immunization with NP-Ficoll
(Table 1). These data suggest that in the absence of peritoneal
B1b cells, other B cell subsets elsewhere contribute to TI
antigen-specific immune responses.
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