
Type I cytokine profiles of human naı̈ve and memory
B lymphocytes: a potential for memory cells to impact polarization

Introduction

Professional antigen-presenting cells (APC), i.e. dendritic

cells (DC) – play a critical role in initiating T-cell medi-

ated immune responses.1 B cells can also serve as APC

but are much less efficient than DC unless they meet

already activated T cells.2 It is now appreciated that, anal-

ogous to T helper cells, B cells can be polarized to dif-

ferentiate along ‘type 1’ or ‘type 2’ pathways and

correspondingly – in their role as APC – impact upon the

direction of an immune response.3 How commitment to

and deviation to these pathways are regulated, particularly

for human naı̈ve and memory B cell subsets confronted

with T-cell dependent signals, remains unclear. Some

studies suggest a role for B cells in the induction of inter-

leukin (IL)-4 gene expression by T lymphocytes.4,5 While

B-cell deficient mice show normal priming of T cells on

DC during the early stages of an immune response6 this

may change as T cells further differentiate within follicles,

as suggested by Moulin et al.7

Cross-talk between B cells and DC appears to be

bidirectional with B cells regulating DC function possibly

early in a response8 and DC and their products impact-

ing, in turn, upon B-cell differentiation.9,10 The major ini-

tiating type 1 polarizing cytokine produced by DC upon

interaction with T cells is IL-12.11 Whether B cells qualify
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Summary

B cells bifurcating along ‘type 1’ or ‘type 2’ pathways under the influence

of polarizing cytokines can, in turn, influence the direction of an immune

response. Here, we compare the capacity of human B cells residing within

naı̈ve and memory compartments to participate in type 1 polarizing

responses. B-cell receptor (BCR) engagement provided the main signal for

interleukin (IL)-12Rb1 expression in the two subsets: this was potentiated

by CD154 together with interferon-c (IFN-c) but inhibited by IL-12.

IL-12Rb2 could be induced on a minority of B cells by the same signals,

and also by IFN-c alone. WSX-1, a receptor for IL-27, was expressed in

both subsets with no evidence for its regulation by the signals studied.

While neither subset was capable of secreting much IL-12 p70, memory B

cells could produce a small amount of IL-12 p40 on CD40 ligation. Mem-

ory B cells also, exclusively, expressed IL-23 p19 mRNA on BCR trigger-

ing. Importantly, products of appropriately stimulated memory – but not

naive – B cells were shown to promote the synthesis of IFN-c in uncom-

mitted T-helper cells. The data indicate an equal capacity for naı̈ve and

memory B cells to respond within a type 1 polarizing environment.

Although poorly equipped for initiating type 1 responses, B cells – by vir-

tue of the memory subset – reveal a capacity for their maintenance and

amplification following T-dependent signalling.
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as competent T helper (Th)1-promoting APC by produ-

cing IL-12 has been tested in a variety of models both

in vivo and in vitro with a consensus indicating at least

the potential for such a role.3,10,12–14

The capacity of a B cell to respond within an IL-12-rich

polarizing environment appears to depend on the cell’s

activation status. IL-12 is considered to target a popula-

tion via the heterodimeric IL-12R complex of IL-12Rb1

and IL-12Rb2,15 with regulation of the latter likely repre-

senting one of the major mechanisms through which IL-

12 responsiveness is controlled. Human tonsillar B cells

express transcripts for both receptor subunits as do

freshly isolated human peripheral blood B cells; however,

detailed analysis of surface expression of receptor subunits

was performed for IL-12Rb1 subunit only.16,17

Our own studies have demonstrated the importance of

CD40 signals to human resting B cells developing IL-12-

responsiveness.10 Airoldi et al. were the first to report IL-

12Rb2 expression in human B cells with Staphylococcus

aureus Cowan (SAC) I strain, or rIL-12, selectively

increasing transcripts for b2 chain: IL-4, interferon-c
(IFN-c), anti-immunoglobulin light chain monoclonal

antibodies (mAb), anti-CD40 alone or in combination

with IL-4, were all ineffective at modulating the expres-

sion of either the IL-12R chain genes.16 Functional studies

showed that IL-12 signals to B cells through the nuclear

factor (NF)-jB pathway in naı̈ve cells only, indicating

possible post-transcriptional modifications of IL-12R sub-

units to explain this apparent discrepancy. In the case

of possible tyrosine phosphorylation of signal transducer

and activator of transcription (STAT)4, contradictory

results have been reported.16,17

In the present study, we have generated highly enriched

populations of naı̈ve and memory B cells from human

tonsils and followed their behaviour when confron-

ted with signals that would be encountered during a

T-dependent antigen response: primarily those delivered

through the BCR and CD40. We investigated, for each

compartment, both basal and regulated expression of not

only the IL-12 receptor components but also the IL-27

receptor. IL-27 is a heterodimeric cytokine that consists

of EBI3, an IL-12 p40-related protein, and p28, an IL-12

p35-related polypeptide. Similar to IL-12, IL-27 is

involved in type 1 polarization of T cells but its actions

seem to target exclusively naive and not memory T cells.18

In addition to establishing their potential to respond

within a type 1 polarizing cytokine milieu, we assessed

the capacity of the naive and memory compartments to

produce the cytokines themselves and to impact type 1

polarization directly. The data generated strongly indicate

an inability of B cells to act as frontline APC for initiating

Th1 responses: they do, however, display the machinery

necessary for participating in the maintenance and ampli-

fication of type 1 skewing of the response following sec-

ondary encounters with antigen.

Materials and methods

Reagents

The mAbs OKT3 (anti-CD3, immunoglobulin G1

(IgG1)), 61D3 (anti-CD14, IgG1), and OKT10 (anti-

CD38, IgG1) were produced from hybridomas in the

Medical Research Council Centre for Immune Regulation,

University of Birmingham, UK, and purified by ion-

exchange chromatography on DE52 (Whatman Ltd,

Maidstone, UK). For phenotypic analysis on the flow

cytometer we used fluorescein isothiocyanate (FITC)-con-

jugated mAbs to IgD, IgA, IgG, and CD23 (all from Dako

Ltd, High Wycombe UK), CD11c, CD27, CD20 and

CD19 (BD PharMingen, San Diego, CA), phycoerythrin

(PE)-conjugated mAbs to CD14 and CD5 (Dako), CD27,

IgD, IgM, CD3, IL-12Rb1, and IL-12Rb2 (BD PharMin-

gen), and CyChrome-conjugated CD38 mAb (BD PharM-

ingen). Human recombinant IL-12, recombinant IFN-c
and neutralizing antibodies to IL-12 and IFN-c were pur-

chased from R & D Systems Ltd. (Oxford, UK). IFN-a
(Intron A) was obtained from Schering Plough (Brinny,

Ireland).

Isolation of naı̈ve and memory B cells from human
tonsils

Total human B cells (>95% CD19+) were isolated from

human tonsils and subsequently separated in naı̈ve and

memory B cells by negative depletion on a magnetic cell

separator (MidiMACS, Miltenyi Biotec GmbH, Bergish

Gladbach, Germany) as previously described.10,19 Briefly,

total resting B cells were incubated with a cocktail of anti-

bodies specific to CD3 (OKT3), CD14 (61D3) and CD38

(OKT10), followed by goat anti-mouse IgG Microbeads�
(Miltenyi Biotec).

Magnetically unlabelled resting B cells were collected

and their purity was assessed by immunofluorescence

labelling with mAb to CD3, CD19 or CD20, CD27,

CD38, CD11c, IgA, IgG, IgD and IgM on a flow cyto-

meter (FACScan or FACSCalibur, Becton Dickinson, San

Jose, CA). In preparations used in this study less than 2%

of T cells, CD14+, CD11c+ and CD38+ cells remained.

Resting B cells were further divided for isolation of mem-

ory and naive B cells, based on the percentage of CD27+,

and IgD+ IgM+ cells, respectively.19 For the isolation of

memory B cells, resting B cells were first incubated with

anti-IgD (Sigma, Poole, UK) and then with goat anti-

mouse IgG Microbeads� (Miltenyi Biotec). For the

isolation of naive B cells, we first depleted CD27- and

IgA-expressing B cells (both mAbs were from BD Phar-

Mingen). IgG-expressing B cells were then removed with

mouse anti-human IgG Microbeads� (Miltenyi Biotec).

The purity of isolated naive and memory B cells was

assessed by immunofluorescence labelling with CD27,
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CD38, IgA, IgD, IgG and IgM. In some experiments addi-

tional direct phenotypic analysis with fluorochrome-

coupled mAbs specific for CD23 and CD5 was performed

on freshly isolated cells.

Isolation of T cells

Untouched CD3+ CD4+ T cells were prepared from per-

ipheral blood mononuclear cells (PBMC) of healthy blood

donors using the CD4+ T Cell Isolation kit from Miltenyi

Biotec. In a first step, non-T cells were depleted from

PBMC of adult healthy blood donors using hapten-

coupled antibodies to CD8, CD11b, CD16, CD19, CD36,

and CD56, and antihapten magnetic beads. Preparations

were always >97% CD3+ CD4+ as assessed by immuno-

phenotypic analysis.

Culture of naive and memory B cells

Naive and memory B cells were cultured in flat-bottom

24-well microtitre plates at a concentration of 106 cells/ml

in RPMI-1640 with 10% fetal calf serum (FCS; Dipro, Wi-

ener Neudorf, Austria) and 50 lg/l gentamicin (complete

medium, CM), in a total volume of 1 ml, in a humidified

incubator at 37� and 5% CO2. Where indicated, B cells

were cocultured with mouse L cells transfected with

human CD32 (CD32-L cells), cotransfected with CD32

and CD40L (CD32/CD40L-L cells) or non-transfected

mouse L cells. Adherent mouse L cells were cultured in

CM and were recovered with 0�002% disodium ethylen-

ediaminetetra-acetic acid (EDTA), resuspended in CM

and c-irradiated (70 Gy) before addition to B cells at the

ratio 1 : 10, L cells : B cells. To stimulate B cells via their

BCR 0�5 lg/ml of anti-j and anti-k mAb were added to

the wells with CD32-L cells or CD32/CD40L-L cells,

where indicated. IL-12 (10 ng/ml), IFN-c (1000 U/ml)

or IFN-a (5000 U/ml) were added at the beginning of

the incubation, where indicated.

Flow cytometric analysis

The cells were recovered at different time points of cul-

ture by brief incubation with 0�02% disodium EDTA to

disperse aggregates and resuspended in PBS with 5% FCS

and 0�1% sodium azide (Sigma Chemical Co, St. Louis,

MO). In some experiments supernatants were first collec-

ted and stored at )20� for subsequent enzyme-linked

immunosorbent assay (ELISA). Cell suspensions were

stained using standard direct two- or three-colour immu-

nofluorescence staining methods as already described.10

Briefly, after harvesting, cells were washed in phosphate-

buffered saline (PBS) supplemented with 5% fetal calf

serum and 0�1% sodium azide and then incubated using

at least 2 · 105 cells per sample with previously deter-

mined optimal concentrations of mAbs conjugated to

different fluorochromes (FITC, PE and CyChrome) for

15 min in the dark at room temperature. Cells were then

washed and subsequently resuspended in 0�5% formalde-

hyde (Sigma) in PBS containing 5% fetal calf serum and

0�1% sodium azide and analysed within 24 hr of staining

on a flow cytometer.

Measures of IL-12 production in B cells

ELISA. Released IL-12 p70 and IL-12 p40 were measured

in duplicate supernatants of cultured cells as indicated in

the results using Human IL-12 Quantikine HS ELISA

Kit� and Quantikine Human IL-12 p40 Kit�, respect-

ively (R & D Systems) following the manufacturer’s

instructions. The detection limit of the IL-12 p70 kit was

0�5 pg/ml and of IL-12 p40 was 15 pg/ml.

Intracellular staining of IL-12. Intracellular IL-12 was

detected by flow cytometry using a PE-labelled anti-IL-12

mAb that reacts with p40 monomer and p70 heterodimer,

but not with p35 monomer (clone C11.5; PharMingen). B

cells or plastic adherent fraction of human peripheral

blood mononuclear cells were cultured as described pre-

viously.10 An inhibitor of protein secretion, monensin

(2 lM; Sigma), was added during the last 6–8 hr of cul-

ture. Harvested cells were washed with PBS and then

processed for surface and intracellular staining as previ-

ously described.10 Briefly, B cells or monocytes were first

stained with FITC-conjugated anti-CD19 or anti-CD14

antibody, respectively, for 15 min in the dark at room

temperature, washed and fixed for 20 min at 4� with 4%

paraformaldehyde in PBS. Cells were then permeabilized

with 0�1% saponin in PBS for 10 min prior to addition

of PE-conjugated anti-IL-12 antibody or isotypic control

(0�5 lg/106 cells; PharMingen) and then incubated for a

further 30 min at 4�. In experiments when cells were

stained for intracellular IFN-c or IL-4, PE- or allophyco-

cyanin-conjugated anti-IFN-c or PE-conjugated IL-4 were

added (both from BD PharMingen). Cells were then

washed in PBS containing 0�1% saponin to wash out

unbound antibody, resuspended in PBS, and analysed

immediately on a flow cytometer. To ascertain the spe-

cificity of IFN-c staining, unlabelled anti-IFN-c (BD

PharMingen) was added first for 30 min. Cells were

washed again and incubated with fluorochrome-labelled

anti-IFN-c antibody.

Real-time reverse transcription–polymerase chain
reaction (RT–PCR)

To quantitate RNA levels total RNA was isolated from cell

cultures using RNAzol B (Biogenesis, Poole, UK) and sem-

iquantitative real time PCR was done as described.6 Beta-

actin specific primers were as in Brown et al.20 Primers

for genes to quantified were IL-12 p35 (probe 50-AG

GCCAGACAAACTCTAGAATTTTACCCTTGCA, primers:
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forward AGGGCCGTCAGCAACATG, reverse ATGGTA

AACAGGCCTCCACTGT), IL-12 p40 (probe 50-ACCCA

GCAGCTTCTTCATCAGGGACATCA, primers: forward

GCCGTTCACAAGCTCAAGTATG, reverse TCTTGGGT

GGGTCAGGTTTG), IL-23 p19 (probe 50-TGACCCC

CAAGGACTCAGGGACAAC, primers: forward GTGGG

ACATGGATCTAAGAGAAG, reverse TGGATCCTTTGC

AAGCAGAAC), WSX-1/TCCR (probe 50-TGGAACCG

GAGCTGAAGACCATACCC, primers: forward AAGTT

CTGATCTGCCAGTTCCACTA, reverse GCTCCAAATC

TTGGATCTCAACA). The data are presented as fold

increase in comparison to unstimulated B cells. Mouse

fibroblasts (L-cells) did not express mRNA for either of

the tested transcripts so there was no need for their

removal prior to mRNA extraction.

IFN-c production by CD3+ CD4+ T cells

Human purified CD3+ CD4+ T cells were stimulated with

phorbol myristate acetate (PMA) (10 ng/ml; Sigma

Chemical Co.) and 5 ll of BD FastImmune CD28/CD49d

costimulatory reagent (clones L293 and L25, respectively)

at 106 cells/ml in 100 ll total volume/well in 96-well

plates in triplicates. B cell-derived supernatants were gen-

erated by incubating naı̈ve and memory B cells for 3 days

with mouse L cells cotransfected with CD32 and CD40L

(CD32/CD40L-L cells) or non-transfected mouse L cells.

B cell-derived supernatant was added to the T cell culture

at a volume of 1 : 1. After 3 days, supernatants from the

T cell cultures were analysed for IFN-c by Human IFN-c
Quantikine ELISA Kit� (R & D Systems; detection limit

of the kit was 15�6 pg/ml). Where indicated, neutralizing

antibodies for IL-12 (20 lg/ml; R & D Systems) were

added from the beginning of the culture.

Statistics

Data were analysed by ANOVA using STATISTICA v. 6

(StatSoft, Inc., Tulsa, OK). P < 0�05 was considered

significant.

Results

Basal and regulated expression of IL-12R components
and IL-27R on naı̈ve and memory B-cell subsets via
BCR and CD40

Previous analysis of freshly isolated normal human tonsil

B-cell subsets focused on gene expression and showed the

presence of transcripts for both the IL-12 receptor sub-

units.16,17,21 Because IL-12 is biologically active on resting

B cells once they have been stimulated through BCR

and/or CD4010 – critical early signals in a T-dependent

antigen response – we asked how these signals act to

influence the surface expression of IL-12Rb1 and b2 on

non-activated B cells: the total population as well as those

negatively sorted into naı̈ve and memory compartments.

B cells were cultured up to 120 hr either on mouse fibro-

blast L cells alone (‘control’), with anti-j and anti-k anti-

bodies held on CD32-transfected L cells (‘BCR signal’), or

on L cells dually transfected with CD32 and CD40L

(CD154) either without or with the anti-light chain anti-

bodies (‘CD40 signal’ and ‘BCR/CD40 signal’, respect-

ively). Similar to T cells and natural killer (NK) cells, we

found that resting B cells failed to express constitutively

either of the receptor subunits for IL-12 whether analy-

sing the total population or enriched naı̈ve and memory

compartments (Fig. 1 and data not shown). BCR cross-

linking was a major signal for the up-regulation of IL-

12Rb1 chain on resting B cells with a plateau being

reached at 72 hr of culture (Fig. 1a). CD40-engagement

induced only small levels of IL-12Rb1 chain on resting B

cells and did not substantially alter the BCR-dependent

induction of this receptor subunit. Figure 1(b) shows

that, although absent on each of the subsets basally, IL-

12Rb1 chain was induced in both the naı̈ve and memory
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Figure 1. BCR-plus CD40-ligation triggers IL-12Rb1 expression.

B cells isolated from tonsils were cultured in the presence of non-

transfected L cells (Control), CD32-transfected L cells with anti-j
and anti-k antibodies (BCR), and dual CD32/CD40L-transfected L

cells without (CD40) and with anti-j and anti-k antibodies

(BCR + CD40). Expression of IL-12Rb1 was measured on resting B

cells after 1, 3 and 5 days (a) and on naı̈ve and memory B cells (b)

after 3 days of culture by flow cytometry. Data, expressed as the per-

centage positive cells, are the mean ± SD for three separate experi-

ments. * Indicates significant increase in IL-12Rb1 expression in

comparison to unstimulated cells (P < 0�05).
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compartments on BCR-signalling to levels similar to those

observed on otherwise unfractionated resting B cells.

IL12Rb2 is induced only with a combination of signals

through both the BCR and CD40 (see later). Resting B

cells were stimulated with BCR plus CD40 and analysed

for IL-12Rb2 expression. After 72 hr of treatment, only

up to 3% of resting B cells expressed IL-12Rb2 (Fig. 2);

this was lost by day 5 of treatment (data not shown). In

comparison, 8% of peripheral blood CD3+ T cells express

IL-12Rb2 after stimulation with phytohaemagglutinin

(PHA; Fig. 2). In naı̈ve and memory B cells only a minor

fraction were found to express IL-12Rb2 chain following

coengagement of BCR and CD40 with no significant dif-

ference between the two B-cell subsets seen in this regard

(data not shown).

IL-12 drives distinct phenotypic change (e.g. down-

regulation of CD23 and up-regulation of CD38) in a sub-

set of unfractionated resting B cells triggered through

BCR and CD40: we have shown this to be a consequence

of IL-12-induced, endogenous IFN-c production.10 We

used this property as a marker to assess functional IL-12R

expression within the naı̈ve and memory compartments.

Figure 3 shows that following BCR/CD40 costimulation, a

similarly small proportion of naı̈ve and memory cells pro-

duce IFN-c and no IL-4 in response to IL-12. This stain-

ing was inhibited by unlabelled anti-IFN-c antibody

added to the cells prior to PE-conjugated IFN-c mono-

clonal antibody (data not shown).

The recently described type 1 cytokine IL-27 is an early

product of activated APC and strongly synergizes with IL-

12 to trigger IFN-c production in naive but not memory

CD4+ T cells.18 We analysed the expression of its receptor

WSX-1/TCCR by RT-PCR to ask whether naı̈ve and

memory B cells might similarly differ in their potential to

respond to IL-27. No significant difference in mRNA lev-

els for WSX-1/TCCR was found between the naive and

memory B cell compartments before stimulation. More-

over, there was no significant change of WSX-1/TCCR

expression in either of the two B-cell subsets following

any of the stimuli investigated (i.e. BCR-cross-linking

with or without CD40 triggering, Fig. 4), or in the

absence or presence of IFN-c (data not shown). These

findings corroborate with findings of Yoshimoto et al.

who recently showed that primary murine spleen B cells

expressed WSX-1 mRNA even without the stimula-

tion by anti-CD40 and was not greatly increased by the

stimulation.22

Cytokine regulation of IL12R subunit expression
in naı̈ve and memory B-cell compartments

We next asked whether the expression of the IL-12R sub-

units within the naı̈ve and memory compartments might

be affected by cytokines implicated in their regulation on

either unfractionated B cells or other cell types. For exam-

ple, expression of IL-12Rb2 appears to be differentially

regulated by type I and II interferons in human and

mouse cells, respectively.23 IFN-a, as well as IFN-c, is able

to induce IL-12Rb2 chain in mitogen-stimulated human

T cells.24 Unfractionated resting B cells activated either by

SAC, IFN-c or IL-12 show a strong up-regulation of IL-

12Rb2 gene transcripts.16,17 Because most of the biological
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Figure 2. Effect of BCR- and CD40-triggering on IL-12Rb2 expres-

sion on resting B cells. Resting tonsillar B cells were jointly stimula-

ted through BCR and CD40 for 3 days and then analysed for

IL-12Rb2 chain expression by flow cytometry. IL-12Rb2 expression

on peripheral blood CD3+ T cells was determined following 3 day

culture with PHA (10 lg/ml). Data, expressed as the percentage pos-

itive cells, are the mean ± SD for three separate experiments.
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Figure 3. Similar IL-12-dependent IFN-c production from naı̈ve and

memory B cells. Naı̈ve and memory B cells were cultured for 3 days

in the presence of dual CD32/CD40L-transfected L cells and with

anti-j and anti-k antibodies in the presence of IL-12 (10 ng/ml).

Monensin was added during the last 6–8 hr of culture. Cells were

harvested and stained for surface CD19, intracellular IFN-c and IL-4.

Histograms show staining for IFN-c (x-axis) and IL-4 (y-axis) in

naı̈ve (a) and memory (b) B cells gated upon the expression of

CD19. The quadrants were drawn on the basis of control cells

stained with isotypic antibody of irrelevant specificity. The percent-

age of positive cells is indicated. Results are representative of three

independent experiments.
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responses to IL-12 are mediated via induction of IFN-c
synthesis, we first determined whether IFN-c might

encourage further expression of IL-12Rb1 and b2 sub-

units. A small percentage of both naı̈ve and memory B

cells were induced to express IL-12Rb1 chain in response

to IFN-c alone (Fig. 5a). However, the effect of exogen-

ous IFN-c was most striking upon triggering through

BCR either alone or together with CD40 on both naı̈ve

and memory cells such that up to 30% of cells became

positive. IFN-c induced more cells to express the IL-

12Rb2 subunit irrespective of the stimulation received

although the number of positive cells remained small

(Fig. 5b). IFN-a had no effect on IL-12R expression

on human B cells (data not shown), which is similar to

mitogen-activated human NK cells.25

It has been shown that IL-12 up-regulates the expres-

sion of IL-12Rb1 and IL-12Rb2 mRNA in mouse B cells

and IL-12Rb2 mRNA in human B cells.16,17,26 We tested

whether IL-12 differentially modulates the expression of

the two IL-12R subunits at the surface of naı̈ve and mem-

ory cells. Figure 6 shows that IL-12 did not induce signifi-

cant up-regulation of the IL-12Rb1 subunit on either

non-activated or BCR-stimulated naı̈ve or memory cells.

However, the effect of simultaneous engagement of BCR

and CD40 on IL-12Rb1 induction was significantly

reduced in the presence of IL-12 (Fig. 6). This effect is

not simply a consequence of IL-12-provoked IFN-c pro-

duction: addition of exogenous IFN-c actually induces

IL-12Rb1 expression on BCR-stimulated as well as on

BCR/CD40-stimulated naı̈ve and memory cells (Fig. 5).

IL-12 had no effect on either basal or induced levels of

IL-12Rb2 (data not detailed).
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Naive (empty bars) and memory (filled bars) B cells were cultured

in the presence of non-transfected L cells (Control), CD32-transfect-

ed L cells with anti-j and anti-k antibodies (BCR), and dual CD32/
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anti-k antibodies (BCR + CD40) for 24 hr. Expression of WSX-1/

TCCR was measured by real-time PCR. Data, expressed as the fold

change in comparison to unstimulated naı̈ve and memory B cells are

the mean ± SD for three separate experiments.
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Capacity for IL-12 and IL-23 production within naı̈ve
and memory B-cell compartments

IL-12-dependent IL-12Rb1 chain down-regulation is seen

only in B cells stimulated through their BCR and CD40.

In vivo this would likely take place as B cells encounter

antigen-specific T cells primed by DC. While DC are

clearly established as the major source of IL-12 during

immune responses, production of IL-12 by human B cells

has been reported for a CD40-activated ‘non-germinal cen-

tre’ tonsillar fraction.13 IL-12 p40 functions in several

forms: as a heterodimer with p35 in IL-12 p70, as p40

homodimers that (like IL-12 p70) bind to IL-12Rb1, and

as heterodimers with p19 polypeptide to generate the

cytokine IL-23.27 Therefore, an evaluation of the physiolo-

gical role for B cells in type 1 responses needs to consider

their ability to produce the different forms of p40-contain-

ing cytokines.28 We attempted to establish whether the

source of IL-12 might be contained within the naı̈ve and/or

memory B-cell compartment. Staining of freshly isolated

tonsil B-cell subsets with CD14 and CD11c mAbs did not

detect cells such as macrophages or DC capable of expres-

sing IL-12 (data not shown).

Quantitative PCR showed that mRNA levels for IL-12

p35 failed to increase and, indeed, could even decrease in

either the naı̈ve or memory compartment in response to

activation through BCR and/or CD40 (Fig. 7a). Though

absolute levels of expression among different tonsil samples

varied widely, CD40-activated memory B cells revealed a
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trol), CD32-transfected L cells with anti-j and anti-k antibodies

(BCR), and dual CD32/CD40L-transfected L cells without (CD40)

and with anti-j and anti-k antibodies (BCR + CD40). (a) Expression

of IL-12 p35 and IL-12 p40 mRNA was measured after 24 hr of cul-

ture by real-time PCR. Data, expressed as the fold change in com-

parison to unstimulated cells are the mean ± SD for three separate

experiments. (b) IL-12 p40 and IL-12 p70 were determined by ELISA

in supernatants obtained following the culture of naı̈ve and memory
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* Indicates significantly higher expression of IL-12 p40 in CD40

alone and BCR and CD40 stimulated memory B cells (P < 0�05).

(c) Intracellular cytokine staining for IL-12 in naı̈ve, memory and

PBMC following the culture of cells in the presence of dual CD32/

CD40L-transfected L cells and rIFN-c (1000 U/ml) for 2 days. A rep-

resentative experiment out of 4 is shown.
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consistent up-regulation of IL-12 p40 mRNA reaching up

to eight times that found in unstimulated counterparts.

Interestingly, coligating BCR with CD40 on memory B cells

did not produce a significant up-regulation of IL-12 p40

mRNA, while the CD40 stimulus alone did although sub-

stantial variations among experiments were observed (P <

0�05). This effect on memory B cells appears quite different

to that of CD40 ligation on either dendritic cells or mono-

cytes where T-independent signals, such as lipopolysaccha-

ride stimulation, up-regulates IL-12 p40, whereas p70

production (for which p35 is considered the limiting fac-

tor) is T-dependent.27 In parallel experiments levels of

mRNA expression for IL-12 p35 and IL-12 p40 were deter-

mined in PBMC stimulated with CD40L and rIFN-c. Inter-

estingly, these stimulated monocytes had a 10-fold increase

in mRNA p40 levels compared to stimulated memory B

cells while no significant modulation of p35 mRNA was

observed in either of the cell types tested (data not shown).

We next analysed levels of secreted p40 and p70 by

ELISA. CD40-engagement (with or without BCR stimula-

tion) increased the amount of IL-12 p40 released, partic-

ularly in memory B cells. It is secreted in 10–15-fold

excess over free p70 (Fig. 7b). This is similar to DC and

monocytes where p35 and p40 production are also found

in non-stochiometric amounts. Although there is no

increase of p40 mRNA in memory B cells after 8 hr (data

not shown) and 24 hr stimulation with BCR and CD40,

strong secretion of p40 protein was found by ELISA after

3 days. This difference may represent different kinetics of

p40 mRNA expression or different regulation of p40 bio-

synthesis at the post-transcriptional level.

In order to establish rigorously whether the IL-12

detected by ELISA was the product of B cells rather than

that of a minor non-B-cell contaminant flow cytometric

analysis was determined the content of IL-12 in CD19+

cells specifically (Fig. 7c). The monoclonal antibody used

to detect intracellular IL-12 binds to both IL-12 p40 and

IL-12 p70 and therefore does not distinguish between the

two molecules. We found that engaging BCR and CD40

(or CD40 alone), even in the presence of rIFN-c, induces

only a very small number (always <1%) of CD19+ cells in

either the naı̈ve or memory subset to express intracellular

IL-12. At the same time, CD40 cross-linking could be

seen to induce intracellular IL-12 in up to 10% of mono-

cytes from peripheral blood indicating that the method

and sensitivity of detection was reliable and sufficient.

Exogenous IL-12 inhibits the induction of CD23

expression on resting B cells.10 Here, we used this obser-

vation in a surrogate bioassay for endogenous IL-12 activ-

ity. Neutralizing antibody to IL-12 and/or IFN-c (both

10 lg/l) was added at the beginning of culture to CD40-

activated naı̈ve or memory B cells and the resultant CD23

expression measured. As previously established, the two

compartments differ in their basal expression of CD23

with it being either low or completely absent from mem-

ory B cells.19 CD40 signals up-regulate CD23 expression

on both memory and naı̈ve cells although the level of

expression on activated memory B cells remained lower

than on naı̈ve equivalents (Table 1). Neutralizing anti-

IL-12 produced a significant increase in CD23 expression

after CD40 stimulation of memory B cells. Because neut-

ralizing anti-IFN-c had the same effect, this most likely

reflected the blocking of endogenous IL-12-dependent

IFN-c production. In contrast, neutralizing antibodies did

not significantly alter the expression of CD23 on CD40-

stimulated naı̈ve B cells, indicating the absence of signifi-

cant, functional IL-12 production by this compartment.

In addition, we measured the capacity of stimulated

naı̈ve and memory B cells to induce secretion of IFN-c by

CD3+ CD4+ T cells. For this purpose supernatants of

CD40-activated naı̈ve and memory B cells collected after

3 days of culture were added to PMA and anti-CD28/

CD49d stimulated peripheral blood CD3+ CD4+ T cells

and the level of IFN-c was determined after 3 days.

Table 1. Effect of cytokine neutralizing anti-

bodies on the percentage of CD23 expressing

B cells and CD23 MFI (brackets)1 Control CD40

CD40 +

anti-IL-12

CD40 +

anti-IFN-c
CD40 + anti-IL-12 +

anti-IFN-c

Experiment 1

Naive 2 (31) 63 (156) 63 (142) 68 (126) 61 (103)

Memory 2 (32) 7 (53) 21 (95) 15 (76) 34 (114)

Experiment 2

Naive 1 (48) 51 (137) 57 (145) 54 (130) 61 (136)

Memory 0 (45) 14 (60) 19 (64) 19 (66) 20 (76)

Experiment 3

Naive 4 (42) 73 (260) 72 (262) 74 (245) 72 (215)

Memory 2 (49) 7 (65) 15 (84) 13 (84) 17 (92)

1Neutralizing antibodies to IL-12 (10 lg/ml) and/or IFN-c (10 lg/ml) were added at the

beginning of culture to CD40-activated naı̈ve or memory B cells and the resultant CD23

expression was measured after 72 hr.

Control, B cells cultured in the presence of non-transfected L cells.

MFI, mean fluorescence intensity.
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Figure 8 shows the increase in IFN-c in supernatants of

activated helper T cells cultured in the presence of superna-

tants of CD40-activated memory B cells only. Addition of

neutralizing anti-IL-12 antibody (20 lg/ml) to cultured T

cells reduced IFN-c secretion by these cells.

The high level secretion of IL-12 p40 by memory B

cells prompted us to analyse whether these cells are

capable of producing p19 to form IL-23. IL-23 has

been shown to induce proliferation and promote IFN-c
secretion in human memory T cells. Quantitative

PCR demonstrates that BCR stimulation is capable

of inducing IL-23 p19 mRNA in memory – but not

naı̈ve – B cells (P < 0�05, Fig. 9). This induction is,

similar to that of IL12Rb1, independent of CD40 sig-

nalling.

Discussion

A role for B cells as APC for primed T cells is well estab-

lished. The degree to which, and the manner whereby, they

might contribute to the polarization of an immune

response is less clear however, particularly with regard to

possible differences between those residing within naı̈ve

and memory compartments. The present study has focused

on the potential of the two B subsets both to express recep-

tors for and to produce type 1 polarizing cytokines with a

focus on the initiating type 1 cytokine, IL-12.

There is some evidence to suggest that IL-12 may act

directly on B cells. For example, in B-cell deficient mice,

IFN-c production in response to systemic IL-12 adminis-

tration is diminished relative to wild-type controls.4

Human B cells respond to IL-12 only after activation. IL-

12 can potentiate growth of highly purified human B cells

after polyclonal activation with SAC.29 In these activated

B cells, IL-12 plus IL-2 results in enhanced immunoglob-

ulin secretion.29 In B cells triggered via BCR and CD40,

IL-12 can induce IFN-c secretion.10 Most of the studies

regarding IL-12 responsiveness of human B cells lack

information as to the surface expression of the IL-12R

chains, thus making it difficult to establish whether repor-

ted effects are always direct – being mediated through an

IL-12R that is functional and capable of signal transduc-

tion – or indirect, via paracrine interactions. We have

defined the activation signals required and shown, for the

first time, that expression of the different IL-12 receptor

subunits is regulated similarly within the naı̈ve and mem-

ory B-cell compartments. That BCR and CD40 engage-

ment is essential for the induction of a complete IL-12R

would explain why earlier studies not incorporating

such a signal failed to detect IL-12R using radiolabelled

IL-12.30,31

A number of reports have demonstrated that whereas

the IL-12Rb1 subunit is constitutively up-regulated in

CD4+ T cells after T-cell stimulation, expression of IL-

12Rb2 is influenced by the presence of key cytokines and

accessory molecules at the time of stimulation. In our

hands, IFN-c had a positive regulatory effect on IL-12Rb2

surface expression on human B cells. Conversely, while

IL-12 and type I interferon (IFN-a) induces IL-12Rb2

expression on T cells25 neither of these cytokines had an

effect on the BCR/CD40-mediated up-regulation of IL-

12Rb2 on B cells in our study.

IL-12Rb1 is critical for IL-12 responsiveness in vitro

and in vivo.32 In DC and T cells, IL-12 up-regulates its

own receptor: this has been interpreted to imply a poten-

tial autocrine pathway of regulation that could lead to an

amplification of Th1 responses. We have shown here that

for B cells engaged in signalling via BCR and CD40, the
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Figure 8. IL-12 derived from CD40-activated memory B cells induce

T cells to produce IFN-c. CD3+ CD4+ T cells were stimulated with

PMA (10 ng/ml) and 5 ll of CD28/CD49d costimulatory antibodies

with or without supernatants from naı̈ve or memory B cells cultured
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was added. Data are the mean ± SD for three separate experiments.
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presence of IL-12 leads to a reduced expression of surface

IL-12Rb1. A recent study analysing IL-12Rb1 mRNA

failed to detect any significant variation in IL-12Rb1

expression in human tonsillar B cells activated with either

SAC, IL-12, IFN-c or anti-CD40.16 This may be explained

by the fact that levels of IL-12Rb1 mRNA do not neces-

sarily correspond with IL-12Rb1 protein expression at the

cell surface. Thus, down-regulation of IL-12Rb1 by IL-12

in human B cells could act as a negative feedback mech-

anism controlling the size of the IL-12-responsive B-cell

pool participating in type 1-polarizing responses.

Exogenous IL-12 induces IFN-c in B cells activated via

their BCR and CD40. IL-12-driven down-regulation of

IL-12Rb1 was, however, deemed to be IFN-c independent

as exogenous IFN-c actually increased IL-12Rb1 expres-

sion on activated B cells. For human T cells, several

negative regulators of IL-12Rb1 expression have been

identified. These include cytokines such as transforming

growth factor-b, IL-4, and IL-10; the biochemical medi-

ator prostanglandin E; the hormone dexamethasone; and

cholera toxin. However, none of these appear to exert

such an effect on B cells.33–36

It has recently been suggested that p40 could combine

with subunits other than p35 and p19.37 IL-12Rb1 is also

a part of the receptor termed IL-23R.38 IL-23R mRNA is

expressed by human Th1 and Th2 clones, several NK cell

lines and clones, as well as at lower levels by Epstein–Barr

virus-transformed B cells, a similar expression pattern to

that observed for IL-12Rb2.28 Studies on the expression

of IL-23R in normal B-cell subsets are clearly warranted.

More recently, IL-27 was identified as a type 1-driving

cytokine that participates in the initiation but not in the

maintenance of Th1 responses.20 In naive CD4+ T cells it

synergizes with IL-12 for IFN-c production. Our analysis

so far suggests that naı̈ve and memory B subsets do not

substantially differ in their quantitative expression of

mRNA for its receptor, WSX-1/TCCR: neither did activa-

tion via BCR, CD40, and/or IFN-c appreciably modulate

basal levels of WSX-1 expression in either of the B cell

compartments. Naı̈ve CD4+ T cells appear to down-regu-

late WSX-1 expression upon their differentiation.39 Once

IL-27R-specific antibodies become available it will be

important to ascertain whether the number of transcripts

for IL-27R is also reflected at both the protein and func-

tional level.

We have shown that BCR engagement up-regulates not

only IL-12Rb1 surface protein expression but also, and

exclusively in memory B cells, mRNA for IL-23 p19. IL-23

has similar effects to IL-12, and among T cells these are

manifested predominantly within the memory compart-

ment.40 Taken together, these observations identify IL-23

production by memory B cells as a good candidate for

enhancing the polarization of secondary type 1 responses.

One earlier study reported IL-12 synthesis in human

‘non-germinal centre’ tonsillar B cells following their sti-

mulation via CD40.13 More recently however, Duddy et al.

were unsuccessful in detecting IL-12 production from BCR

and CD40 stimulated peripheral blood B cells.41 We simi-

larly failed to establish IL-12 production as a clear pheno-

type of resting B cells whether using a highly sensitive

ELISA, intracellular cytokine staining, or RT–PCR for IL-

12 p35 and IL-12 p40. Analysis of mRNA levels of the two

IL-12 subunits, p35 and p40, by quantitative PCR showed

that neither BCR nor CD40 signals, alone or together,

induced significant p35 expression. The earlier study13

failed to take into account the expression of CD27 when

defining memory B-cell subsets. In our hands, memory B

cells had the capacity to express increased p40 mRNA, a

finding confirmed by ELISA. A bioassay for IL-12 action

making use of our previous observation that IL-12 down-

regulates CD40-dependent up-regulation of CD2310

revealed that neutralizing IL-12 resulted in increased

amounts of CD23 on CD40-stimulation: but only within

the memory, and not the naive, B-cell compartment. In

addition, we also demonstrated that IL-12 secreted by

CD40-activated memory B cells was capable of promoting

low level IFN-c synthesis in activated helper CD3+ CD4+ T

cells. This result does indicate, that at least among memory

B cells, CD40 signals for the production of biologically act-

ive IL-12. Although produced in seemingly small quantity,

this may accumulate to more significant amounts over

time. While Schultze et al. have shown that cord blood T

cells skewed towards a Th1 pathway maintained their cyto-

kine expression pattern when restimulated with allogeneic

resting B cells13 this has not been addressed for isolated

naı̈ve and memory B cells.

In summary, our results indicate that the limited ability

of naı̈ve B cells to produce the IL-12 p70 heterodimer

would compromise their capacity as frontline antigen

presenting cells for the initiation of Th1 responses.

Restriction of responsiveness of naı̈ve and memory B cells

to IL-12 via down-regulation of IL-12Rb1 corroborates

previous findings that these cells might regulate the mag-

nitude of type 1 responses as observed in B-cell deprived

animals. Additional mechanisms that may work in con-

cert to this end have been described: namely, the delivery

of IL-12 by DC during B-cell activation resulting in IL-10

release with a subsequent dampening of further IL-12

secretion.7,42 Notably, our establishing of the memory

B-cell population as a source of IL-12 and IL-23, together

with an ability to produce IFN-c, offers this B-cell com-

partment the capacity both to maintain and amplify a

type 1-direction of skewing during the course of an

immune response or following subsequent encounter with

the antigen. However, it is not clear whether memory B

cells that have already undergone a class switch would be

employed to extend or amplify a Th1 response. A ten-

dency for isotype stabilization would ensure that a secon-

dary response to the same antigen generates those

isotypes which have been instructed by signals during a
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primary response. However, it is known that sequential

switch can occur;43 the question is whether this happens

frequently and does so for all isotypes. In human B cells,

in particular a sequential switch to IgE has been repor-

ted.44,45 We found only a small subset of memory B cells

secreting IL-12 and promoting Th1-like T cells which cor-

roborate with recent data suggesting that human memory

B cells are heterogeneous. Further investigations are there-

fore necessary to address these issues in details.
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