
Identification of two subpopulations of purified human blood B
cells, CD27

) CD23
+ and CD27

high CD80
+, that strongly express cell

surface Toll-like receptor 9 and secrete high levels of interleukin-6

Introduction

The innate immune system uses a restricted number of

receptors to discriminate among a large number of patho-

genic agents and self-elements. This ability to discriminate

is critical in mediating the body’s reaction to danger

signals,1 and requires complexity for a successful response

to pathogen mutations. Discrimination properties evolved

from a variety of receptors that recognized conserved pro-

karyotic pathogen motifs not found in higher eukaryotes.

These motifs play essential roles in prokaryotic pathogen

biology and are thus immutable. They are termed

‘pathogen-associated molecular patterns’ (PAMPs), and

they primarily bind to receptors on phagocytic cells

termed ‘pattern recognition receptors’ (PRRs). There are

two principal classes of PRRs: those that mediate phago-

cytosis and those that drive the activation of the

proinflammatory cascade; some PRRs possess properties

of both classes.2

Among factors that principally drive inflammation,

Toll-like receptors (TLRs) are expressed by multiple types

of immune cells and recognize a large and diverse range

of viral, bacterial and parasitic agents.3 TLR9 specifically

binds to the cytosine–phosphate–guanosine (CpG) motifs

that are prevalent in bacterial, viral and parasitic DNA.

Ligand binding triggers a biochemical cascade that begins

at the cytoplasmic domain of TLR9 and terminates with

the activation of nuclear factor-jB.

Several studies have shown that TLR9 is highly

expressed on B cells.4,5 When several human and murine

cell types, including human B lymphocytes, were

exposed to CpG motifs the expression of class II major

histocompatibility complexes, CD40, CD80 and CD86

were significantly augmented, and the secretion of inter-

leukin-12 (IL-12) was stimulated.6 After reevaluating

TLR9 expression on human B lymphocytes obtained from

blood buffy coats,7,8 we demonstrated that various B-type

CpG oligodeoxynucleotides (CpG-ODNs) were also reac-

tive with human lymph node B cells. We observed that

one CpG-ODN, DSP30, upregulated TLR9 messenger

RNA (mRNA) expression in activated B cells from blood

and lymph nodes.7 We also observed the induction of

CD69 expression, followed by the sequential expression of

CD80, CD86, and activation of the nuclear factor-jB

Fabrice Cognasse,1,2 Hind Hamzeh-

Cognasse,2 Sandrine Lafarge,2

Patricia Chavarin,2 Bruno

Pozzetto,2 Yolande Richard3 and

Olivier Garraud1,2

1EFS Auvergne-Loire, Saint-Etienne, France,
2GIMAP-EA3064, Université de Saint-Etienne,
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Summary

B-cell expression of certain Toll-like receptors (TLRs) is important in

linking innate and adaptive immune responses in normal and pathological

conditions. The expression of TLR9 plays a role in the recognition of con-

served pathogen motifs in a manner that is dependent on B-cell localiza-

tion, deduced from B-cell phenotype. The nature of TLR9 function is

unclear. A first step in unravelling the function of this pattern recognition

receptor is to discover the precise nature of the cell types that express

TLR9. This study used three-colour flow cytometry to characterize the B

lymphocytes from human peripheral blood mononuclear cells (PBMCs)

that express TLR9 on the surface. We sorted TLR9-positive B and non-B

cells from the PBMC population and detected TLR9 expression on naı̈ve

and memory B cells. Moreover, we identified two discrete subpopulations

of B cells: CD19+ CD27) CD23+ cells and CD19+ CD27high CD80+ cells.

These subpopulations expressed high levels of membrane TLR9 and

exhibited a strong in vitro response to binding a relevant CpG motif by

secreting high levels of interleukin-6 (compared to controls). Our finding

that this pattern recognition receptor is expressed on a variety of cell sub-

sets adds to the current understanding of the functional complexity of

B-cell membrane TLR9.
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pathway.7 Exposure to DSP30 also influenced the mRNA

expression of the B-cell-derived cytokines IL-1b and IL-6.

Interestingly, when these B cells were costimulated in vitro

with IL-2, IL-10 and soluble CD40 ligand (sCD40L), they

had markedly different responses to different CpG-ODNs

in terms of their terminal differentiation into immuno-

globulin-secreting cells. Among the six currently available

B-type CpG-ODNs tested, only one (K101) did not signif-

icantly augment the production of at least one immuno-

globulin (Ig) class (IgA, IgG or IgM). Bohle-CpG and

CpG-K16 significantly augmented the production of IgA

and IgM, while CpG-1686 and CpG-K19 affected the pro-

duction of IgM only. Only CpG-DSP30 proved capable of

significantly augmenting the production of all three

immunoglobulin classes compared to the culture medium

control (IL-2, IL-10 and CD40L) and compared to its

own CpG-ODN control, DSP30K.7 In human B cells,

TLR9 stimulation by CpG-DNA in association with IL-10

initiated gene transcription of germline immunoglobulin

heavy chain constant regions Cc1, Cc2 and Cc3.9 In

addition, in response to CpG in vitro human memory B

cells proliferated and produced antibodies.10 Moreover,

Capolunghi et al. showed that the most immature B-cell

type in peripheral blood responded to TLR9 stimulation;

first they acquired the phenotype of IgM memory B cells

and then they terminally differentiated into plasma cells

that produced antibacterial antibodies.11

Based on those findings, the present study investigated

the distribution of TLR9 on blood CD19+ B cells that

were either positive or negative for the cell marker, CD27.

This allowed us to identify subsets of TLR9+ B cells

within the naı̈ve and memory blood B-cell population,

and to investigate the capacity of these cells to produce

IL-6 upon stimulation.

Materials and methods

Cell preparation

Human blood was obtained from healthy donors at the

Auvergne-Loire Regional Blood Bank. Peripheral blood

mononuclear cells (PBMCs) were prepared from buffy

coats as described previously7 using density gradient

centrifugation (Lymphoprep�; Nycomed, Oslo, Norway).

Purified blood B cells were subjected to anti-CD2,

anti-CD4, anti-CD8, anti-CD14 and anti-CD16 mono-

clonal antibodies (mAbs) for negative selection using

magnetic beads coated with anti-mouse IgG according

to the manufacturer’s instructions (Dynal Biotech,

Invitrogen, Compiègne, France).12–14 In the isolated

population, > 98% of the cells expressed CD19 and

CD20 and < 1% expressed CD2 or CD14. In our

laboratory, the B-cell purity after flow cytometry was

routinely 97–98%, and these B cells were previously

shown to be non-activated.7,13

Detection of nuclear factors by Western blot

Polyacrylamide gel electrophoreses was performed with

25 lg human PBMC lysate or 10 lg positive control

human small intestine tissue lysate (Imgenex, San Diego,

CA) per well on a 10% acrylamide gel (Sigma-Aldrich,

Saint Quentin Fallavier, France). After electrophoresis, the

separated proteins were transferred to a 0�45-lm nitro-

cellulose membrane (Amersham Pharmacia, Orsay, France)

by electroblotting. The transfer buffer was supplemented

with 20% methanol (Sigma-Aldrich). Blots were blocked

overnight at 4� in phosphate-buffered saline, 0�1% Tween-

20 and 1% bovine serum albumin (ID Bio, Limoges,

France). The blots were then incubated with a primary

mAb to TLR9 (clone 26C593; Imgenex) for 90 min at room

temperature. Next, the blots were washed three times, for

10 min each time, with blocking buffer, then incubated for

another 90 min with the secondary antibody, horseradish

peroxidase-linked goat anti-mouse antibody, diluted at

1:5000 (Santa Cruz Biotechnology, Santa Cruz, CA) as

determined previously. Then, blots were incubated with a

chemiluminescent substrate according to the manu-

facturer’s instructions (ECL; Amersham Pharmacia) and

finally exposed to radiographic film (Sigma-Aldrich).

Flow cytometry

The PBMCs were incubated with the indicated antibodies

for 45 min at 4� in the dark, washed twice in endotoxin-

free phosphate-buffered saline–fetal calf serum 10% and

resuspended in 1% paraformaldehyde. The PBMCs were

stained with the following: phycoerythrin Cy-7 fluoro-

chrome-conjugated mAb to CD19 (clone SJ25C1; BD

Biosciences, Le Pont de Claix, France); allophycocyanin-

conjugated anti-human mAb to CD27 (clone O323;

eBioscience, San Diego, CA); -associated mAb to TLR9

(clone 26C593; Imgenex); fluorescein fluorochrome-phyco-

erythrin-conjugated mAb to CD21 (clone 1F8; DAKO,

Trappes, France); mAb to CD22 (clone HIB22; BD Bio-

sciences); mAb to CD23 (clone MHM6; DAKO); mAb to

CD38 (clone AT13/5; DAKO); mAb to CD40 (clone 5C3;

BD Biosciences); mAb to CD80 (clone 2D10�4; DAKO);

mAb to CD95 (clone DX2; DAKO); IgD (clone IA6-2; BD

Biosciences); and IgM (clone G20-127; BD Biosciences).

Notably, it has been shown that CD19 is expressed on all B

cells throughout ontogeny.15–17 Labelled cells were incu-

bated and stained with fluorochrome-conjugated mAbs or

with control isotype-matched mouse IgGs at the appropri-

ate concentrations. To avoid non-specific antibody bind-

ing, staining experiments were performed in the presence

of an FcR blocking reagent (BD Biosciences). Events were

recorded with a FACSCalibur (BD Biosciences) and analy-

sed with CELL QUEST PRO software from BD Biosciences.

To detect B-lymphocyte cell surface and intracellular

TLR9 expression by flow cytometry, purified B cells
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originating from PBMCs were fixed, or not, in parafor-

maldehyde (3�6%, Sigma-Aldrich) and permeabilized with

TRITON (0�4X, Sigma-Aldrich).

The sorting of CD19+ CD27) CD23+ TLR9+ and

CD19+ CD27high CD80+ TLR9+ B cells was performed by

three-colour staining on Ficoll-isopaque-purified cell

suspensions enriched in B cells to 95–98% by magnetic

cell separation (see above). One of the following was

used for sorting: anti-human mAb to TLR9 (clone

26C593; Imgenex) conjugated to phycoerythrin; anti-

human mAb to CD27 (clone O323; eBioscience); or puri-

fied anti-human mAb to CD80 (clone 2D10�4; DAKO)

and anti-human mAb to CD23 (clone MHM6; DAKO).

Cell sorting was performed with FACSVantage (Becton

Dickinson, San Diego, CA). CD27 is a useful marker in

assessing the number of circulating B cells and B-cell

subsets because it permits one-step identification of

the major B-cell compartments (CD27) are naı̈ve and

CD27+ are memory B cells) and classification of CD27high

plasma cells.18,19 We used three different concentrations

of anti-CD27 for staining to enable designations of

B-cell subsets as CD27) (CD27low), CD27+, or CD27++

(CD27high).

B-cell subset stimulation and IL-6 production assays

Sorted CD19+ CD27) CD23+ TLR9+ and CD19+

CD27high CD80+ TLR9+ B cells were cultured in Iscove

modified Dulbecco’s medium (Bio-Whittaker Europe,

Verviers, Belgium) supplemented as described previously.7

The cells were exposed to IL-2 (10 ng/ml) and IL-10

(50 ng/ml; Peprotech, Rocky Hill, NJ) and to the recom-

binant CD40L-FLAG-tag fusion protein as described by

the manufacturer’s protocols (sCD40L; Alexis Biochemi-

cals, Paris, France); we also included 1 lg/ml CD40L

enhancer (Alexis Biochemicals), according to the manu-

facturer’s recommendation. All experiments were per-

formed in 96-well, flat-bottom microtitre plates (Falcon,

Oxnard, CA).

To investigate the capacity of B-cell subsets to be

activated by non-phosphorothioate-modified (nonPTO-

modified) CpG-ODNs, CD19+ CD27) CD23+ TLR9+,

CD19+ CD27high CD80+ TLR9+, CD19+ CD27) CD23+

TLR9) and CD19+ CD27high CD80+ TLR9), cultured at

8000 cells/well, were exposed to 2 lM concentrations

of well-characterized human stimulatory CpG-ODNs:

ODN 2006: (50-TCGTCGTTTTGTCGTTTTGTCGTT-30)

or ODN 2006-G5: (50-TCGTCGTTTTGTCGTTTTGTCG

TTGGGGG-30). The addition of a 30 poly-G string (ODN

2006-G5) was reported to improve ODN internalization

and was correlated with increased IL-6 secretion and

PBMC proliferation.20 To improve internalization of

ODN 2006, therefore, we used ODN 2006-G5 instead of

adding PTO modifications. The control ODN (ODN

2006 control) had the same sequence except the CpG

dinucleotides were replaced by GpC dinucleotides:

50-TGCTGCTTTTGTGCTTTTGTGCTT-30. The stimula-

tory and control ODNs were obtained from Cayla-

InvivoGen Europe (Toulouse, France).

To evaluate the functional capacity of sorted B cells,

especially B-cell subsets that were unresponsive to CpG,

we stimulated with a 0�01% concentration of Staphylo-

coccus aureus, Cowan strain (SAC; Sigma Chemicals, Saint

Quentin Fallavier, France) and 50 ng/ml of human

recombinant IL-2 (R&D Systems Europe Ltd, Lille,

France).21

Sorted B-cell production of IL-6 was measured from

aliquots of cell-free culture supernatants (n = 10) with or

without stimulation. Measurements of IL-6 production

were made using a specific enzyme-linked immuno-

sorbent assay (ELISA) from commercial kits (R&D

Systems Europe Ltd) according to the manufacturer’s

instructions. Absorbance at 450 nm was measured with

an ELISA reader (Multiskan EX; Labsystem, Helsinki,

Finland).

Statistical analysis

The data obtained in this study were evaluated using the

Mann–Whitney U-test for unpaired observations. P values

< 0�05 were considered significant.

Results

TLR9 is expressed on the surface of peripheral blood
B cells and non-B cells

To examine TLR9 expression on PBMC subsets, we first

analyzed non-permeabilized PBMCs by flow cytometry.

We found that subsets of both CD19+ and CD19) cells

were labelled with anti-TLR9 mAb (Fig. 1). Western blot

analysis showed that the anti-TLR9 mAb bound specifi-

cally to TLR9 (Fig. 1a). The TLR9-expressing cells

accounted for roughly 64% of all PBMCs: 53% were

CD19) cells (non-B cells) and 11% were CD19+ cells (B

cells) (Fig. 1b). Within the B-cell population (i.e. the

CD19+ subset), 78% ± 12�9 were TLR9+ and only

19% ± 8�3 were TLR9) (Fig. 1c). Next, we investigated

more precisely the localization of TLR9 expression. Puri-

fied B cells were either fixed (non-permeabilized) or per-

meabilized for surface or intracellular labelling,

respectively, with phycoerythrin-linked anti-TLR9. Flow

cytometry indicated that B-cell expression of TLR9 was

76% ± 2�9 for non-permeabilized and 90% ± 3�3 for per-

meabilized cells. The mean fluorescence in non-permeabi-

lized cells was also less than that in permeabilized cells

(Fig. 1d). We further investigated the possibility that

immunocomplexes could influence the TLR9 expression

via Fcc-receptors. When these receptors were blocked,

we observed no significant differences in B-cell surface
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expression of TLR9 compared to the results reported

above (data not shown).

Differential membrane TLR9 expression by B cells
according to their membrane marker patterns

To further characterize B cells that express – or do not

express – membrane TLR9 within each main subset, we

four-colour-labelled blood B cells with mAbs against

CD19, CD27, TLR9 and other antigens associated with

phenotype, activation, or maturation states. For example,

CD23 is only expressed by activated naı̈ve B cells and

CD80 is widely expressed early after B-cell activation.22–24

After a large series of analyses, we focused on two

B-cell subpopulations, CD27) and CD27+, to determine

their differential expression of TLR9. The ratio of TLR9+

to TLR9) expression was 12�20 ± 2�5 in CD27) B cells

(CD23+) and 20�06 ± 3�6 in CD27+ B cells (CD80+)

(Fig. 2a). To determine whether antibody binding was

dependent on the degree of activation, we performed co-

staining with either CD80 or CD23 in the presence of

anti-TLR9 and compared the results to those obtained

using the isotype controls. We determined that B-cell sur-

face TLR9 expression was independent of strong activa-

tion, because we observed strong TLR9 expression even

when B cells were weakly activated (data not shown).

In 10 experiments with blood from healthy donors,

two-thirds (62% ± 5) of the CD19+ CD27) B cells were

CD23+ (Fig. 2b) and 71% ± 6 of the CD19+ CD27high B

cells were CD80+ (Fig. 2c). TLR9 expression was princi-

pally observed (> 85%) within the CD19+ CD27) CD23+

and the CD19+ CD27high CD80+ subsets (Fig. 2c).

Functional TLR9 expression on B-cell subsets
CD19+ CD27) CD23+ and CD19+ CD27high CD80+ is
associated with sustained IL-6 secretion

Interleukin-6 is a growth factor that stimulates activated

B cells upon binding to the IL-6 receptor (CD126); IL-6

binding is required for plasma cell differentiation and

immunoglobulin production.25,26 To determine whether

the TLR9+ B-cell subset could produce IL-6 upon stimu-

lation, sorted CD19+ CD27) CD23+ and CD19+ CD27high

CD80+ B-lymphocyte subsets were stimulated with IL-2,

IL-10 and soluble CD40L in the absence or presence of

ODN 2006. The aim was to detect B-lymphocyte IL-6

production after TLR9 stimulation with CpG-ODN. We

found that costimulation with ODN 2006 significantly

upregulated IL-6 production, as expected from other

studies.4,27 CD19+ CD27high CD80+ cells produced 11�1
pg/ml ± 2�3 IL-6 compared to 0�6 pg/ml ± 1�1 in the

control, P < 0�01, and CD19+ CD27) CD23+ cells pro-

duced 13�5 pg/ml ± 3�2 IL-6 compared to 0�9 pg/ml ±

1�6 in the control, P < 0�01 (Fig. 3). In contrast, we

found that, compared to ODN 2006, co-stimulation with

ODN 2006-G5 produced significantly less IL-6;

CD19+ CD27high CD80+ cells produced 6�5 pg/ml ± 1�6
IL-6 (P < 0�05 versus control) and CD19+ CD27) CD23+

cells produced 6�7 pg/ml ± 1�2 IL-6 (P < 0�05 versus con-

trol) (Fig. 3a).

As a negative control, we used the same conditions to

stimulate the TLR9) B cells isolated from the same two

populations (CD19+ CD27high CD80+ and CD19+ CD27)

CD23+) with ODN 2006, ODN 2006-G5 and control
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Figure 1. Cell-surface Toll-like receptor 9 (TLR9) expression on B

cells sorted from peripheral blood mononuclear cells (PBMCs).

(a) Western blot analysis of TLR9 protein expressed in human

PBMC lysate (lane 1) and positive control (lane 2). The estimated

molecular weight of TLR9 is 120 000; b-actin was used as the load-

ing control. The Western blot was performed three times with simi-

lar results. (b) TLR9 was detected by antibody labelling and flow

cytometry analysis after gating for CD19+. (c) Summary of flow

cytometry analysis of TLR9 expression by CD19+ B cells. The mean

percentage of CD19+ B cells that were positive and negative for

TLR9 expression is shown (mean ± SD from 10 independent experi-

ments). (d) Detection of cell surface and intracellular TLR9 expres-

sion by flow cytometry. Flow cytometry representations of TLR9

expression on B-cell surface and intracellular locations (one repre-

sentative experiment out of three). Cells stained with the isotype

control antibody provided the background level of TLR9 expression.
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ODN; under these conditions, we noted no significant

modulation of IL-6 production (Fig. 3b). As a positive

control, the functional capacity of sorted B cells was

tested by stimulation with S. aureus Cowan strain and

human recombinant IL-2 (Fig. 3a,b). The results showed

that the functional capacity of the B-cell subpopulations

was readily detectable.

Discussion

TLRs play important roles in innate immunity and in

bridging innate and adaptive immune responses.28 In this
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Figure 3. Detection of interleukin-6 (IL-6) in the culture superna-

tants of the indicated B-cell subsets stimulated with oligodeoxydi-

nucleotide (ODN; CpG 2006, CpG 2006-G5) or control ODN (CpG

2006c) for 48 hr. (a) CD19+ CD27) CD23+ TLR9+ and CD19+

CD27high CD80+ TLR9+, (b) CD19+ CD27) CD23+ TLR9) and

CD19+ CD27high CD80+ TLR9) B cells (8000 cells/well) were exposed

to IL-2 (10 ng/ml), IL-10 (50 ng/ml), and to a recombinant CD40L–

FLAG-tag fusion protein (sCD40L) along with 1 lg/ml CD40L

enhancer. Cells were stimulated with 2 lm final concentrations of

human stimulatory CpG-ODN type B (CpG 2006 and CpG 2006-

G5), control ODNs (CpG 2006c), or Staphylococcus aureus Cowan

strain (0�01%) with 50 ng/ml human recombinant IL-2 (SACIL-2).

IL-6 was quantified by enzyme-linked immunosorbent assay after

48 hr; background levels were subtracted. Data are representative of

three experiments (mean ± SD). Asterisks (*) indicate a statistically

significant effect compared to control ODN stimulation (P < 0�05).
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Figure 2. Flow cytometry analysis of cell surface marker expression

by the CD19+ B-cell subpopulation. (a) Cell surface marker associa-

tions with Toll-like receptor 9 (TLR9) expression. Ratios of TLR9

expression : non-expression on purified B-cell subsets, including the

ratio of CD27) TLR9+ to CD27) TLR9) and the ratio of CD27+
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of TLR9-labelled cells is shown after gating for CD19+ (mean ± SD;
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study, we noted that 64% of PBMCs expressed TLR9, and

53% were non-B cells. Although TLR9 is predominantly

expressed on plasmacytoid dendritic cells and B cells, var-

ious studies show that monocytes, natural killer cells and

T cells can express weak but detectable levels of TLR9.8 In

addition, at the mRNA level, human T cells have been

shown to express several TLR isoforms, suggesting that

TLR ligands can directly influence T-cell function. For

example, several studies have shown that T cells express

TLR4 and TLR9, and that binding to TLR4 and TLR9

ligands induced an activation/proliferation response.29,30

It has also been suggested that the detection of baseline

levels of TLR9 in human monocytes indicates that mono-

cytes are able to modulate TLR9 expression along distinct

differentiation pathways, depending on the cytokine

milieu and the microbial molecules present.8 Although

some studies indicated that purified monocytes did not

react to CpG-ODNs, others have shown that monocyte-

derived DCs (cultured in the presence of granulocyte–

macrophage colony-stimulating factor and IL-4) expressed

TLR9 and reacted directly to CpG-ODN.31,32

B lymphocytes and other immune cells, including den-

dritic cells, bridge both types of immunity because they

are able to bind pathogens through several types of recep-

tors (FccRs, complement receptors, and PRRs), present

antigens to selected T-cell types, and coactivate those T

cells. Human B cells express several TLRs. Specifically,

peripheral B lymphocytes and tonsillar B cells express

TLRs 1, 2, 6, 7, 9 and 10; tonsillar B cells also express

TLR4.33 It has been particularly challenging to clarify the

location of TLR9 on B lymphocytes. Initially it was

thought that TLR9 was only expressed intracellularly, and

not on the B-cell surface. However, recently several

groups, including ours, have demonstrated the presence

of TLR9 on the surface of B cells. Other groups have

reported very low surface TLR9 expression levels on only

a small percentage of B cells (� 5%).34 Although all these

studies used the same reagents (i.e. the same mAb

clones), we cannot rule out the influence of different

experimental conditions.34 Still other studies have demon-

strated that B cells must be permeabilized to detect intra-

cellular TLR9; in those studies, virtually all B cells were

TLR9+.4,34,35

The precise function of TLR9 is not yet known; it is

expressed by a variety of immune cells and it appears that

discrete subpopulations of different cell types display

TLR9. The natural ligand for TLR9 is methylated CpG

DNA, which is primarily found in bacteria and some

parasites. B-type CpG-ODNs are also found in some

vertebrate species, and are powerful B-lymphocyte activa-

tors.6 B-type CpG-ODNs induce B-lymphocyte entry into

G1 phase; rapid secretion of cytokines including IL-6,

IL-10 and IL-12;36–38 and overexpression of FccRs and

molecules characteristic of activated stages, including

CHM II, CD80, CD867,39 and CD40L (CD154).40

Priming with interferons or B-cell antigen receptor

(BCR) -mediated delivery of CpG–antigen complexes may

induce antigen-specific follicular B cells to become

responsive to complex TLR9 ligands; this may lead to an

increase in B-cell proliferation and promote immunoglob-

ulin secretion and isotype switching.

Moreover, both IFN priming and CD40-mediated acti-

vation, together with autocrine secretion of IL-6 and

IL-109 and signalling initiated by B-cell activating factor

from the tumour necrosis factor family, are requisite for

CpG-DNA-mediated isotype switching toward comple-

ment-fixing IgG isotypes.41 Recently, Cunningham-Run-

dles et al. investigated B cell activation induced by

TLR9.35 They showed that CpG-DNA did not upregulate

expression of CD86 on common variable immune defi-

ciency (CVID) B cells, despite costimulation by the BCR,

and did not induce production of IL-6 or IL-10 (as would

healthy B cells). Although TLR9 was found in the cyto-

plasm and on the surface of ODN-activated healthy B

cells, both TLR9 and its mRNA were deficient in CVID B

cells. Moreover, these TLR9 deficiencies were not related

to the proportion of CD27+ memory B cells. The data

therefore suggest that there are TLR9 activation defects in

CVID that would prevent CpG-DNA-initiated innate

immune responses; these defects may lead to loss of B-cell

function.

The aim of the present investigation was to further

characterize TLR9+ B-cell subset(s). We found TLR9

expression on circulating peripheral B cells from healthy

blood donors, which was generally consistent with other

reports.33,34 We further identified two distinct subpopula-

tions of B cells, CD19+ CD27) CD23+ and CD19+

CD27high CD80+ cells, that expressed higher levels of

membrane TLR9 than other subpopulations. Our results

showed that both naı̈ve and memory B cells exhibit TLR9

expression; this agrees with data from other groups.

Upon stimulating B-lymphocyte subsets with IL-2, IL-10

and sCD40L in the absence or presence of ODN 2006 or

ODN 2006-G5, the CD19+ CD27) CD23+ and CD19+

CD27high CD80+ B-cell subsets produced elevated amounts

of IL-6 in comparison to other subsets. This suggested

that TLR9 engagement is followed by sustained IL-6

production. Moreover, we found that surface TLR9

exhibited better responsiveness to ODN 2006 than ODN

2006-G5.

The physiological significance of B-cell expression of

TLR9 has not yet been determined. Our results are consis-

tent with others showing that human B cells are stimulated

by a TLR9/CpG interaction, and that both naı̈ve and mem-

ory B cells respond, to different extents, by proliferation

and differentiation into immunoglobulin-secreting

cells.10,42,43 However, our study did not confirm the data

reported by Bernasconi et al.10 and Jung et al.43 For

instance, we found that CD23+ CD27) TLR9+ B cells

(naı̈ve B cells) produced as much IL-6 as or more IL-6 than
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CD80+ CD27high TLR9+ B cells (memory B cells). Jung

et al. used an in vitro human purified tonsillar B-cell

culture system that mimics the primary or secondary

immune response in vivo. In that system, CpG DNA clearly

augmented the proliferation and generation of plasma cells

from naı̈ve and memory B cells.43 However, the Bernasconi

et al. reported that in human naı̈ve B cells, TLR9 expres-

sion was rapidly induced following BCR triggering; they

also reported that human memory B cells proliferated and

differentiated into immunoglobulin-secreting cells in

response to CpG, but naı̈ve B cells only did so when simul-

taneously stimulated through the BCR.10

In spite of these recent efforts, little is known about

the precise function of TLR9+ B cells. They very likely

play a role in protection mechanisms, similar to other

TLR-positive cells.7,34,44 Both naı̈ve and non-naı̈ve B

cells may play a protective role by sensing certain types

of infectious pathogenic danger (e.g. CpG DNA)1 or by

sensing autoimmune clones.45,46 However, the signifi-

cance of TLR9 expression by distinct subsets of periph-

eral B cells is still largely unexplained. One could

speculate that naı̈ve B cells are designed to sense bacte-

rial and viral (or even parasitic) danger, via patho-

gen-derived CpG DNA. Alternatively, it has been shown

that engagement of the BCR on naı̈ve B cells by their

cognate antigen can lead to upregulation of TLR9

expression.10

The potential role of TLRs in B-cell activation and

antibody production in vivo is intriguing because T-cell-

dependent antigen-specific antibody response appears to

require engagement of TLR on B cells.47 TLR9 stimulation

on memory B cells may drive cell activation and sub-

sequent immunoglobulin production,10,42 but its effect on

naı̈ve B cells is less clear and more controversial.22,48

Our findings add to the current understanding of

differentiation of circulating blood (memory) B cells

through TLR9 stimulation. We showed that one

ligand that signals infectious danger can stimulate naı̈ve

and memory B-cell subsets to produce large amounts of

IL-6. In turn, the cytokine IL-6 exerts pleiotropic effects

on a variety of cells, including B cells themselves, and

influences B-cell maturation into antibody-producing

cells. These data support a role for TLR9 signalling in

B-cell production of antibodies in response to danger.
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