
Differential responses of human B-lymphocyte subpopulations
to graded levels of CD40–CD154 interaction

Introduction

Peripheral B lymphocytes are classified as naı̈ve and

memory B lymphocytes, representing about 60 and 40%,

respectively, of the total B-cell pool. Previous studies have

used membrane immunoglobulin D (IgD) expression to

distinguish naı̈ve and memory B lymphocytes, assuming

that only IgD– cells are memory B lymphocytes.1,2 The

recent finding that the expression of CD27 is restricted to

memory B lymphocytes in the periphery3 has enabled

these two populations to be distinguished; in fact, we

now know that some memory B cells can be IgD posi-

tive. Naı̈ve and memory B lymphocytes are both present

in lymphoid tissues and, particularly after a primary

immune response, in the mantle and marginal zones of

lymphoid follicles.4–6 In germinal centres, the memory

B-lymphocyte response to antigen (Ag) is faster than the

naı̈ve cell response, because of the intrinsic characteristics

of memory B lymphocytes,7–10 their higher affinity for Ag

epitopes11 and the presence of cytokines, follicular dend-

ritic cells and memory T lymphocytes in the follicular

microenvironment.6,11–13 Thus, memory B lymphocytes

could have the capacity to populate niches faster than

naı̈ve B lymphocytes, as described for several immuno-

regulatory mechanisms.12,14,15

The binding of CD40 to CD154 expressed on activated

T lymphocytes plays a central role in B-lymphocyte activa-

tion (reviewed in references 16 and 17). Naı̈ve and mem-

ory T lymphocytes, which are believed to interact with

their respective B-lymphocyte counterparts,18,19 differen-

tially respond to activation. Following antigenic challenge,

both T-lymphocyte subpopulations express high levels of

CD154 within hours,20,21 but only memory T lymphocytes

have preformed CD154 molecules, which can be targeted

to the cell membrane within 5–15 min after cellular acti-

vation. These observations suggest that stimulation of B

lymphocytes through CD40 binding could depend on the

maturation status of the interacting T lymphocytes.

We previously reported that strong CD154 stimulation

in the presence of interleukin (IL)-4 alone could result in

distinct responses of naı̈ve and memory B lymphocytes.

In fact, naı̈ve B lymphocytes were able to proliferate and
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Summary

Naı̈ve and memory B-lymphocyte populations are activated by CD154

interaction through cell-surface CD40. This interaction plays an important

role in the regulation of the humoral immune response, and increasing

evidence indicates that fine variation in CD40 binding influences B

lymphocytes, macrophages and dendritic cells in murine models. Here we

have investigated whether and how variations in the intensity of the

CD40–CD154 interaction could contribute to differential regulation of

human B-lymphocyte populations. Proliferation and differentiation of B

lymphocytes were monitored in response to graded levels of CD40 stimu-

lation in the presence of interleukin (IL)-2, IL-4 and IL-10. Our results

show that the level of CD154 binding to CD40 on B lymphocytes can

directly influence the evolution of CD19+ CD27– and CD19+ CD27+ cell

populations. Furthermore, proliferation, global expansion of CD19+ cells

and emergence of CD38++ CD138+ cells, as well as immunoglobulin G

(IgG) and IgM secretion, were affected by the level of exposure of B

lymphocytes to CD154. These results suggest that the CD40–CD154 inter-

action is more like a rheostat than an on/off switch, and its variation of

intensity may play a role in the regulation of B-lymphocyte activation fol-

lowing the primary and/or secondary humoral immune response.
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further differentiate to secrete immunoglobulins, while

memory cells were only able to differentiate. This result

contrasted with the findings of other studies showing that

memory (IgD– or CD27+ cells) B lymphocytes were able

to proliferate following CD40 stimulation in the presence

of IL-4. As these groups, including ours, used a single

level of CD154 stimulation, we hypothesized that these

different sources of CD154 could result in variation of

CD40 stimulation and thus differences in B lymphocyte

outcome. Indeed, various forms of CD40 ligand used for

in vitro stimulation of B lymphocytes, such as membrane-

associated CD154, soluble trimeric, dimeric or mono-

meric CD154 proteins or anti-CD40 antibodies, produce

distinct functional responses (reviewed in reference 22).

Even anti-CD40 monoclonal antibodies targeting different

epitopes on CD40 molecules may give rise to distinct

responses.23,24 The extent of CD40 binding using anti-

CD40 or membrane-associated CD154 affects the cellular

response of human hybridomas as well as murine B

lymphocytes and B cell lines.25–28 Finally, it was recently

reported that differences in the intensity of the CD40–

CD154 interaction lead to functional differences in dend-

ritic cells and macrophages.29,30 Collectively, these studies

suggest that variation in CD40 binding could result in

important differences in B-lymphocyte outcome.

We have therefore investigated whether fine variations

in the CD154 interaction intensity could further influ-

ence the responses and homeostasis of B-lymphocyte sub-

populations.

First, we found that a low level of CD40 stimulation

allowed the maintenance of a relatively high proportion

of CD27+ B lymphocytes. However, increasing CD154

binding exerted negative effects on CD27+ B-lymphocyte

populations, while positively influencing CD27– cell pop-

ulations. We also found that low CD40 stimulation

increased IgG secretion by up to 5-fold, and led to a

reversion of the IgG/IgM secretion ratio. In addition, a

high proportion of B lymphocytes (up to 20%) differenti-

ated towards plasma cells, as demonstrated by coexpres-

sion of CD138 and CD38, when less than 5000 CD154

molecules were available per B cell. Finally, we report that

the density of CD154 expressed on the CD154+ cell lines

could also influence the balance between CD27+ and

CD27– B-lymphocyte populations. Overall, our results

suggest that fine-tuning of the CD40–CD154 interaction

could be a significant parameter in the regulation of

B-lymphocyte physiology during the primary and secon-

dary humoral immune responses.

Materials and methods

Isolation of human peripheral B lymphocytes

Blood samples were collected from healthy individuals,

after informed consent had been obtained, in heparinized

tubes (Vacutainer; BD Labware, Franklin Lakes, NJ),

pooled and diluted with 1 volume of phosphate-buffered

saline (PBS) (10 mM potassium/sodium phosphate buffer,

136 mM NaCl, pH 7.4, and Dulbecco’s PBS; Invitrogen,

Grand Island, NY). Peripheral blood mononuclear cells

(PBMCs) were prepared by density centrifugation over

Ficoll-Paque (Amersham Biosciences, Baie D’Urfé, Canada).

B lymphocytes were purified by negative selection using

the StemSep CD19 mixture according to the manufac-

turer’s instructions (Stem Cell Technologies, Vancouver,

Canada). Purified human B lymphocytes were > 95%

CD19+, as determined by flow cytometry.

Preparation of L4.5high and L4.5low cells and
quantification of CD154 molecules per cell

L4.5, a genetically modified L929 cell line (CCL-1; Ameri-

can Type Culture Collection, Manassas, VA) expressing

CD154,31 shows heterogeneous levels of CD154 expres-

sion.32 We have therefore used a phycoerythrin (PE)-

conjugated hamster anti-mouse CD154 antibody (Ab)

(Serotec, Oxford, UK) and a FACScalibur cytometer

equipped with a low-speed sorter (BD Biosciences, Moun-

tain View, CA) to sort two populations, respectively,

expressing high and low levels of CD154. The numbers of

CD154 molecules expressed on the parental L4.5 cell line

(21 000 ± 20%) and the sorted L4.5high (47 000 ± 8%)

and L4.5low (9000 ± 10%) populations were estimated

using PE anti-CD154 and the QuantiBRITETM system,

according to the manufacturer’s instructions (BD Bio-

sciences). For the CD154 dose–response experiments, the

estimated number of CD154 molecules per L4.5high and

L4.5low cell enabled to obtain 1000, 2000, 5000, 10000,

and 25000 CD154 molecules per B lymphocyte. The

expression of CD154 by L4.5high and L4.5low cells was

found to be stable (± 15%) for the duration of the

experiments described herein. All L4.5 cell lines were

mycoplasma-free, as determined with the Mycotect kit

(Invitrogen).

Culture of human B lymphocytes

Purified B lymphocytes (3.75 · 105 cells/ml) were seeded

in Primaria plates (BD Labware) in the presence of L4.5

cells that had been gamma-irradiated with 75 Gy

(7500 rad). The specificity of the response induced by

L4.5 has been previously confirmed, as mock-transfected

L929 cells are unable to activate B lymphocytes in the

presence of cytokines. Gamma-irradiated L929, L4.5,

L4.5high and L4.5low cells were seeded at a density ranging

from 0.15 to 0.75 · 105 cells/cm2. Human B lymphocytes

were cultured in Iscove’s modified Dulbecco’s medium

(IMDM) supplemented with 10% heat-inactivated ultra-

low IgG fetal calf serum (FCS), 10 lg/ml of insulin,

5.5 lg/ml of transferrin, 6.7 ng/ml of sodium selenite,
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antibiotics (all from Invitrogen), and 50 U/ml of IL-2,

25 U/ml of IL-10 (PeproTech, Rocky Hill, NJ) and/or

100 U/ml of IL-4 (R & D Systems, Minneapolis, MN).

Cultures were fed by replacing half of the culture medium

every 2–3 days, while irradiated L929 and/or L4.5 cells

were renewed every 4–5 days. The ratios of L4.5 cells, as

well as the numbers of CD154 molecules per B lympho-

cyte, were kept constant throughout the culture period.

Cell counts and viability were evaluated in triplicate by

Trypan blue dye exclusion. Cultured B lymphocytes were

always > 96% CD19+, and, unless specified otherwise,

viability was > 90%.

Flow cytometry analysis

Allophycocyanin-, peridinin chlorophyll protein (PerCP)-

cyanin 5.5- or fluorescein isothiocyanate (FITC)-conjugated

anti-CD19, PE-conjugated anti-CD27, allophycocyanin-

conjugated anti-CD38, PE-conjugated anti-CD138, FITC-

conjugated anti-IgG, and allophycocyanin-, PerCP-cyanin

5.5-, PE- and FITC-conjugated isotype controls were used

in double, triple or quadruple staining procedures. All Abs

were IgG1 mouse mAbs obtained from BD Biosciences.

All staining was carried out using 1 lg of each Ab for

1 · 106 cells at 4�. Cells were fixed with 2% paraformalde-

hyde. In all analyses, > 95% of the cells were double-

negative when using isotype-matched control Abs. Regions

containing dead cells were delineated using 7-amino-

actinomycin D staining, following the manufacturer’s

instructions (BD Biosciences). Analyses were performed by

gating 10 000 cells, with a FACSCalibur Flow cytometer

and the CELLQUEST PRO software (BD Biosciences).

Quantification of IgG and IgM secretion

IgG and IgM concentrations were determined by a stand-

ard enzyme-linked immunosorbent assay (ELISA) using

96-well plates and plastic-adsorbed affinity-purified goat

Abs specific to human c- and l-chains, respectively. Cap-
tured IgG and IgM were revealed with peroxidase-conju-

gated goat anti-human immunoglobulin Abs. All Abs

were from Jackson Laboratories (Mississauga, ON, Can-

ada). Tetramethylbenzidine (Scy Tek, Logan, UT) was

used as substrate and optical densities (ODs) were meas-

ured at 450 nm, with reference at 630 nm.

Western blot analysis of tyrosine phosphorylation
patterns

B lymphocytes were stimulated for either 3 or 72 hr in

the presence of IL-2, IL-4 and IL-10, and either L4.5low

cells (1000 and 5000 CD154 molecules per B lymphocyte)

or L4.5high cells (25 000 CD154 molecules per B lympho-

cyte). B-cell pellets were prepared using CD19 Dynabeads

(Dynal Biotech, Lake Success, NY). CD154–CD40-

induced tyrosine phosphorylation was evaluated as des-

cribed elsewhere.33 Briefly, protein extracts were prepared

by incubating cell pellets at 4� in lysis buffer containing

20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% [weight/

volume (w/v)] glycerol, 1% (w/v) phenylmethylsulphonyl

fluoride (PMSF), 2 lM pepstatin A, 4 lg/ml of aprotinin

and 1 mM sodium orthovanadate.33,34 Protein content

was determined using Bio-Rad Protein Assay (Bio-Rad

Laboratories, Mississauga, Canada), and 20 lg was subjec-

ted to sodium dodecyl sulphate–polyacrylamide gel elec-

trophoresis (SDS-PAGE) on a 10% polyacrylamide gel.

Prestained SDS-PAGE standards (Bio-Rad Laboratories),

ranging from 20 to 206 kDa, were run in parallel. The gel

was transferred onto a Hybond ECL nitrocellulose mem-

brane (Amersham Biosciences). Tyrosine-phosphorylated

proteins were probed using a mouse 4G10 anti-phospho-

tyrosine mAb (Upstate Biotechnology, Charlottesville,

VA). A peroxidase-conjugated goat anti-mouse IgG

(Jackson Laboratories) was used as a secondary reagent.

The blot was revealed using the enhanced chemilumines-

cence (ECL) detection system, according to the manufac-

turer’s instructions (Amersham Biosciences). As a loading

control experiment, the same blot was subsequently

stripped using Restore Western Blot stripping buffer

(Pierce Biotechnology, Rockford, IL), and then probed

with a polyclonal rabbit anti-actin Abs (Sigma Canada,

Oakville, ON, Canada) whose binding was revealed with

peroxidase-conjugated goat anti-rabbit IgG and the ECL

system, as described above.

Results

The number of CD154-expressing L4.5 cells exerts
differential effects on B-lymphocyte populations

We previously reported that CD40 stimulation by

CD154-expressing L4.5 cells enhances naı̈ve B-lymphocyte

proliferation and long-term differentiation, whereas mem-

ory B lymphocytes undergo differentiation and die within

7 days.35 We relied upon the same in vitro system to

investigate the effect of variations in the number of

CD154+ cells on B-lymphocyte growth and differenti-

ation. One, five, 10, 50 and 100 B lymphocytes were

seeded per L4.5 cell in the presence of IL-4, and cell

growth was monitored for 7 days (Fig. 1). B-lymphocyte

seeding was identical and kept constant in all five condi-

tions; therefore, the number of L4.5 cells was adjusted to

obtain the desired ratios. B lymphocytes stimulated in the

presence of IL-4 alone, without CD154-expressing cells,

did not expand and died within the first few days of

culture (Fig. 1a, ‘none’). We observed that, 24 hr post-

seeding, up to 30 B lymphocytes were able to interact

with a single L4.5 cell (data not shown). Thus, the seed-

ing of 50 and 100 B lymphocytes per L4.5 cell probably

corresponded to oversaturation in our assay conditions.

456 � 2005 Blackwell Publishing Ltd, Immunology, 116, 454–463
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Expansion of CD19+ cells was indirectly proportional

to the ratio of B lymphocytes to L4.5 cells (Fig. 1a). No

expansion occurred when > 10 B lymphocytes were seeded

per L4.5 cell, and, in these conditions, viability showed

a marked decline on day 14 (� 70%; data not shown).

However, decreasing the CD154 interaction from 1 to 10

B cells per L4.5 cell led to a proportional decline in B

lymphocyte proliferation, although L4.5 cells are large

enough to bind up to 30 B cells.

On day 5, phenotypic analysis of cells showed that the

proportions of CD27– and CD27+ B-lymphocyte popula-

tions were influenced by the numbers of CD154-expres-

sing L4.5 cells (Fig. 1b). Ratios of 1, 5 and 10 B

lymphocytes per L4.5 cell favour CD27– B lymphocytes,

which represented 96, 89 and 84% of the total population

of CD19+ cells, respectively. In contrast, when > 10 B

lymphocytes were seeded per L4.5, the proportions of

CD27– and CD27+ B lymphocytes were both maintained

at levels similar to those found in the starting initial

peripheral blood populations: approximately 60% naı̈ve B

lymphocytes and 40% memory cells (Fig. 1b). This may

be a result of the combined effects of increased cell death

and low proliferation, as in these conditions less than

200–500 CD154 molecules are available per B cell, as

shown in Table 1. Ig secretion was similarly low after

7 days of stimulation for all conditions tested (1 : 1 to

1 : 100), yielding 14 ± 5 ng/ml for IgM and 56 ± 13 ng/ml

for IgG (data not shown).

Similar results were obtained when L929 parental cells

(CD154–) were added to keep the number of L cells per

well (5 · 105) constant. These results suggest that CD27–

and CD27+ B lymphocytes are differentially sensitive to

CD154 stimulation in conditions of low numbers of B

lymphocytes (1, 5 or 10) per L4.5 cell. Although the addi-

tion of IL-4 by itself seemed insufficient to induce global

expansion of B lymphocytes, lowering the level of CD154

stimulation allowed at least maintenance of a higher pro-

portion of CD27+ B lymphocytes.

The number of CD154+ cells influences B-lymphocyte
expansion and differentiation

The loss of CD27+ B lymphocytes in the presence of IL-4

alone indicates that other cytokines are needed to main-

tain this population in the culture. Some studies have

reported that IL-10 alone or in combination with IL-2

or IL-4 allows the proliferation of memory B lympho-

cytes.8,36,37 We have previously observed that addition of

IL-10 alone or in the presence of IL-235 or IL-10 and IL-4

to high levels of CD40 stimulation is not favourable to

expansion of CD27+ B cells (unpublished observations).

We have recently reported that a mixture of IL-2, IL-4

and IL-10 allows proliferation and differentiation of sorted

CD27– naı̈ve and CD27+ memory B lymphocytes.38 A

combination of IL-2, IL-4 and IL-10 was therefore used to

examine the influence of the number of L4.5 cells

(CD154+ cells) on B-lymphocyte expansion and differenti-

ation (Table 1). As in experiments reported in Fig. 1, the

number of L4.5 cells ranged from 5000 to 500 000 cells/

well. Therefore, L929 parental cells (CD154–) were seeded

so as to keep a constant number of 500 000 L cells/well. In

these conditions, any observed differences between the

conditions assayed would be related to the presence of

variable numbers of CD154-expressing cells, rather than

non-specific interactions between B lymphocytes and vari-

able numbers of L cells. As observed in previous experi-

ments (Fig. 1), expansion of CD19+ cells was directly

related to the number of L4.5 cells, and the proportion of

CD19+ CD27++ CD38+ cells was higher when the numbers

of L4.5 cells were relatively low. Increased expression of

CD38 on these cells also indicated their commitment to

differentiation.39 Furthermore, in these conditions, IgG

secretion was increased, while IgM secretion was reduced,

as shown by reversal of the IgG/IgM ratio (Table 1). We
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Figure 1. A low level of CD154 stimulation allowed maintenance of

memory B lymphocytes. CD19-purified human peripheral blood B

lymphocytes (3.75 · 105 cells/ml) containing 40% CD27+ cells were

stimulated in the presence of variable numbers of gamma-irradiated

CD154+ L4.5 cells in complete medium containing 100 U/ml inter-

leukin (IL)-4 for 7 days. Ratios corresponding to 1–100 B lympho-

cytes per L4.5 cell were obtained by varying the number of L4.5 cells

while keeping constant the seeding number of B lymphocytes.

(a) Expansion factors were evaluated using viable cell counts per-

formed in triplicate at the indicated times. Error bars may be smaller

than the symbols. (b) On day 5, the proportions of CD19+ CD27+

and CD19+ CD27– cells were determined by flow cytometry, using

phycoerythrin (PE)-conjugated anti-CD27 and peridinin chloro-

phyll protein (PerCP)-cyanin 5.5-conjugated anti-CD19 antibodies.

PB, phenotype of peripheral blood B cells. Viable cells were � 95%

CD19+ throughout the 7 days of stimulation. These results are repre-

sentative of two independent experiments.
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therefore conclude that the number of CD154+ L4.5 cells

directly influences B-lymphocyte proliferation and differ-

entiation in the presence of IL-2, IL-4 and IL-10.

B-lymphocyte expansion and differentiation are
influenced by the number of CD154 molecules

As shown in Fig. 2, the phenotype of our CD19+ purified

B lymphocytes is typical of that of peripheral B lympho-

cytes.40–42 This purified population, representative of all

our experimental samples, was used in subsequent experi-

ments measuring the effect of the amount of CD154

on B-lymphocyte proliferation and differentiation. Sorted

L4.5high and L4.5low cell populations were used to obtain

a range of 1000–25 000 CD154 molecules per B lympho-

cyte stimulated in the presence of IL-2, IL-4 and IL-10

(Fig. 3 and Table 2). To obtain the desired number of

CD154 molecules per B cell, ratios of 2, 5 or 10 B

lymphocytes per L4.5high or L4.5low cell were used. The

range was equivalent to 50 000–150 000 L4.5 cells/well,

without additional L929 cells, as the number of CD154–

cells does not have any effect on B lymphocytes (Fig. 1

and Table 1). As observed in Fig. 1 and Table 1, B-lym-

phocyte expansion and differentiation and Ig secretion

were all influenced by the number of CD154 molecules

available per B lymphocyte, but not by the relative num-

ber of L4.5 cells. On day 8, phenotypic analysis of the

resulting cells revealed three distinct populations, namely

CD19+ CD27–, CD19++ CD27– and CD19+ CD27++

(Fig. 3; ellipsoid regions). The CD19+ CD27– and CD19+

CD27++ populations were also characterized by re-

expression of CD38 (Table 2). On days 5 and 8, the

relative proportion of CD19+ CD27++ cells was inversely

related to the number of CD154 molecules to which B

lymphocytes were exposed. We also determined the pro-

portion of cells expressing CD138, a plasma cell marker.43

On day 13, in the presence of < 5000 CD154 mole-

cules per B lymphocyte, up to 20% of cells were

CD19+ CD38++ CD138+, whereas in all other conditions

this population represented < 3% of the cells (Table 2).

Finally, as observed above, when variable numbers of L4.5

cells were seeded (Table 1), IgG secretion and IgM secre-

tion were reciprocally related to the number of CD154

molecules per B lymphocyte. This increase in IgG secre-

tion and decrease in IgM secretion as CD40 stimulation

is reduced suggests that class switch recombination is

increased in B lymphocytes. These results further indicate

Table 1. The number of CD154-expressing cells influenced B-lymphocyte differentiation and proliferation

L4.5:B cell

ratio1
Number of

CD154/B cell1

Expansion of

CD19+ cells2

(· 106)

Viability2

(%)

Proportion of

positive cells3 (%)

Ig secretion4

(ng/106 cells/hr; mean ± SD)

CD27+ CD38+ IgG IgM IgG:IgM ratio

1 : 2 8000–13000 333 96 5.7 1.2 34 ± 2 47 ± 3 0.72

1 : 5 3000–5000 839 96 21.2 9.2 62 ± 8 26 ± 2 2.4

1 : 10 1700–3000 634 95 25.9 14.3 70 ± 6 12 ± 1 5.8

1 : 25 700–1000 189 89 31.3 31.2 181 ± 36 16 ± 1 11.3

1 : 50 200–500 56 82 35.4 34.6 223 ± 8 25 ± 2 8.9

1 : 100 <250 4 75 38.7 43.4 – – –

These results are representative of two independent experiments. Ig, immunoglobulin; SD, standard deviation.
1CD19-purified human peripheral B lymphocytes containing 31% CD27+ cells (375 000 cells/ml) were stimulated in the presence of variable

numbers of CD154+ L4.5 cells and in the presence of interleukin (IL)-2, IL-4 and IL-10. Ranges of CD154 molecules shown are based on an

average of 21 000 ± 25% molecules per L4.5 cell. Parental L929 cells were added as needed to adjust the total number of L cells (L4.5 + L929) to

500 000 cells/well.
2Viability and B-cell expansion were evaluated on day 14.
3The percentage of CD19+ CD27+ (CD27+) and CD19+ CD27++ CD38+ (CD38+) cells were determined on day 9.
4IgG and IgM secretion from day 14–15 was measured by enzyme-linked immunosorbent assay (ELISA).
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Figure 2. Purified B lymphocytes showing normal peripheral pheno-

types. CD19-purified B lymphocytes were analysed for CD19, CD27,

CD38 and CD138 expression following negative selection, as des-

cribed in the Materials and methods. These results are representative

of more than three independent experiments.
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that, in the presence of IL-2, IL-4 and IL-10, the amount

of CD154 molecules per B lymphocyte can directly influ-

ence B-lymphocyte proliferation and differentiation.

B-lymphocyte populations are influenced by
CD154 density

We sought to determine whether the 5-fold difference in

the density of CD154 expression on sorted L4.5high and

L4.5low cells could further modulate B-lymphocyte expan-

sion and differentiation. To this end, we determined and

tested the respective numbers of L4.5high and L4.5low cells

needed to have � 5000 CD154 molecules per B lympho-

cyte (Fig. 4), while B lymphocyte seeding was maintained

at a constant level. Purified B lymphocytes were analysed

for their expression of CD19, CD27 and CD40 (Fig. 4a).

CD40 expression was equivalent in both CD27+ and

CD27– populations. Expansion was similar for both con-

ditions using L4.5high and L4.5low cells (Fig. 4b). Con-

versely, the proportion of CD19+ CD27++ (Fig. 4c,

ellipsoid regions) was 4-fold higher when L4.5low cells

were used (Fig. 4c). Finally, IgM secretion was unaltered

by CD154 density, whereas IgG secretion was 1.3- to

2-fold higher in the presence of L4.5high cells (Fig. 4d).

However, we observed no significant differences when

L4.5high and L4.5low cell densities were adjusted to give

1000 or 2000 CD154 molecules per B lymphocyte (data

not shown). Given that the number of CD154 molecules

was equivalent in the two conditions, these results suggest

that not only the number but also the density of CD154

expressed on L4.5 cells can influence, albeit to a lesser

extent, B-lymphocyte expansion and differentiation, and

Ig secretion.

Increased CD154 stimulation enhances tyrosine
phosphorylation

The binding of CD40 induces phosphorylation of several

substrates by tyrosine kinases (reviewed in 15), such as

the Janus kinase (JAK), Ras/extracellular signal-regulated

kinase (Ras/ERK) or phosphatidylinositol 3-kinase (PI3K)

pathways. To test whether the number of CD154 mole-

cules per B lymphocyte alters signal transduction, we

analysed phosphotyrosine proteins in B lymphocytes

stimulated for either 3 or 72 hr in the presence of 1000,

5000 and 25 000 CD154 molecules per B cell (Fig. 5).

After 3 hr, no differences were observed amongst the

three CD154 intensities. However, after 72 hr, the overall

level of tyrosine phosphorylation was clearly higher when

B lymphocytes were exposed to 25 000 CD154 molecules

per B cell. These results support the notion that increas-

ing the number of CD154 molecules results in enhanced

CD40 stimulation, which in turn can up-regulate directly

or indirectly intracellular tyrosine phosphorylation and

eventually result in variations in B-lymphocyte activation.

Discussion

CD40 stimulation in the presence of IL-4 has been shown

to efficiently stimulate human B lymphocytes to prolifer-

ate and differentiate. In contrast, the specific responses of

naı̈ve and memory B lymphocytes to CD40 stimulation

were found to vary amongst studies. In addition, we also

observed that naı̈ve and memory B lymphocytes can be
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Figure 3. The number of CD154 molecules per B lymphocyte influ-

enced the evolution of CD19+ CD27– and CD19+ CD27+ popula-

tions. CD19-purified B lymphocytes were stimulated in the presence

of cytokines, and irradiated L4.5low or L4.5high cells were adjusted to

obtain 1000, 2000, 5000 (L4.5low), 10 000 and 25 000 (L4.5high)

CD154 molecules per B lymphocyte. In all cases, the number of B

cells varied from 2 to 10 per L4.5 cell (L4.5high or L4.5low). The

expression of CD19 and CD27 was determined on days 5 and 8 as

described in Fig. 1. On day 8, ellipsoid regions highlight three dis-

tinct populations, namely CD19++ CD27–, CD19low CD27– and

CD19+ CD27++. For day 5 data, numbers indicate the percentages of

cells in the indicated quadrants, whereas for day 8 data, they refer to

the percentages of cells in each region. These results are representa-

tive of three independent experiments.
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differentially activated following a strong and persistent

CD40 stimulation by CD154+ cells in the presence of

IL-4.35 The results presented here may reconcile these

observations, as it was found that B-lymphocyte popula-

tions could indeed differentially respond to fine variation

in CD154 interaction in the presence of IL-4 alone or in

combination with IL-2 and IL-10.

Overall, we observed that important changes in prolif-

eration, Ig secretion, and evolution of B-lymphocyte

populations, such as CD19+ CD27++ CD38++ and CD19+

CD38++ CD138+ cells, gradually occurred as the number

of CD154 molecules per B lymphocyte was modulated

over a 25-fold range (Figs 1 and 2 and Tables 1 and 2).

Notably, the maintenance of CD27+ B-lymphocyte popu-

lations was favoured when relatively low levels and/or low

densities of CD154 were available per B lymphocyte.

However, both CD27+ and CD27– B lymphocytes were

maintained in these limiting conditions, indicating that

this low level of stimulation could be minimally sufficient

to support cell viability for a few days in the presence of

cytokines.

The possibility that L929 cells could influence B

lymphocytes44 was tested by varying the number of L4.5

cells from very high ratios (1 B cell per L4.5 cell) to very

low ratios (100 B cells per L4.5 cell). We did not observe

any effects that could be attributed to non-specific factors

provided by L cells, indicating that variations in prolifer-

ation and differentiation solely related to the number of

CD154 molecules.

Although all B-lymphocyte populations were exposed

to identical sources and levels of CD40 binding for identi-

cal times, CD27+ and CD27– population responses were

sensitive to CD154 gradients. In the light of our previous

observations, we used CD27 expression to distinguish

B-lymphocyte subpopulations after short-term stimulation

(� 5 days), as a fraction of naı̈ve B lymphocytes (30%)

can express low levels of CD27 only after long-term sti-

mulation (� 9 days).35 Although the utilization of CD27

as a marker for memory B cells is still accepted,10 we

cannot exclude the possibility that naı̈ve and memory

B lymphocytes might be able to, respectively, acquire or

modulate CD27 expression.45 Therefore, if we consider

that CD27 expression is not absolutely specific to memory

B lymphocytes in this system, it is clear that the evolution

of the CD27+ and CD27– cell populations was different

between days 5 and 14, suggesting that we are dealing

with distinct evolution of B lymphocyte subsets. In addi-

tion, although the global amount of Ig secretion was sim-

ilar despite a 10-fold difference in the level of CD40

stimulation, the highest ratio of IgG to IgM secretion fol-

lowing low CD40 stimulation suggests that class switch

recombination was increased among B lymphocytes, as

previously observed,35 and thus further suggests increased

differentiation within these populations.

Several studies have reported that CD40 exhibits an

unexpected level of complexity, as exemplified by the

expression of distinct isoforms,24,46 modulation of the

expression kinetics47 and the formation of CD40/CD40

homodimers.48 However, in the periphery, all B-lympho-

cyte populations express similar levels of CD40 on their

surface, suggesting that naı̈ve and memory B lymphocytes

could possibly diverge with respect to CD40 expression

Table 2. Expansion and differentiation of B

lymphocytes are inversely related to the num-

ber of CD154 molecules per B lymphocyte.
Number of

CD154 molecules/

B cell1

Expansion of

CD19+ cells2

(· 106 cells)

Proportion of positive

cells (%)3
Ig secretion

(ng/106 cells/hr; mean ± SD)4

CD19+

CD38+
CD27++

CD38+
CD38++

CD138+ IgG IgM IgG:IgM

1000 65 75 54 20 342 ± 48 12 ± 0.1 28

2000 267 57 32 8 178 ± 22 9 ± 0.1 20

5000 526 20 15 3 99 ± 6 13 ± 1 8

10000 686 3 2 1 50 ± 6 14 ± 1 4

25000 328 < 1 < 1 1 82 ± 6 90 ± 6 1

These results are representative of three independent experiments. Ig, immunoglobulin; SD,

standard deviation.
1CD19-purified peripheral B lymphocytes containing 30% CD27+ cells (375 000 cells/ml) were

stimulated in the presence of interleukin (IL)-2, IL-4 and IL-10, along with CD154+ L4.5 cells

adjusted so as to obtain the indicated numbers of CD154 molecules per B cell. L4.5low cells

were used for 1000, 2000 and 5000 and L4.5high for 10 000 and 25 000 CD154 molecules per

B cell.
2B-cell expansion was evaluated on day 14.
3The percentages of CD19+ CD38+ and CD27++ CD38+ cells were determined on day 8, and

the percentage of CD38++ CD138+ cells was determined on day 13.
4IgG and IgM secretion from day 14–15 was measured by enzyme-linked immunosorbent

assay (ELISA).
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as activation proceeds. Whether naı̈ve and memory B

lymphocytes differ with regard to CD40 expression and

activity remains to be investigated.

The observed differential responses of naı̈ve and mem-

ory B lymphocytes to graded levels of CD154 could also

be relevant to homotypic interaction among these B-cell

populations or to competition for stimulatory mole-

cules.49 We are currently investigating whether cytokines

or B cell–B cell interactions, such as between CD27 and

CD70,50 could be involved in homeostatic fluctuations

following high and low CD40 stimulation. Competition

involves the intrinsic characteristics of the cells, as repor-

ted for cytokines, IgG and rapid cycling.7,8,51 Cells capable

of preferentially responding to either high or low levels of

CD154, expressed on T lymphocytes or, as in our model,

by L4.5 cells, could be favoured if there is competition.

Therefore, some intrinsic characteristics linked to CD40

threshold activation could come into play during the cel-

lular response to immune stimulation. Indeed, it has been

reported that the density of CD154 on activated T cells

influences Ig secretion and CD38 expression on human B

lymphocytes.52 The main conclusion of the latter study is

that complex bidirectional interactions between B and T

lymphocytes is related to signal intensities from CD40

and CD154, which are dependent on both B and T lym-

phocyte activation status.52 In the present work, we have

focused on a single axis of this interaction. Nevertheless,

we were able to observe striking effects on B-lymphocyte

proliferation, differentiation and Ig secretion.

Reports that variations in the intensity of CD40 stimu-

lation influence Ig secretion and proliferation of human

hybridomas25 and murine cell lines27 have been pub-

lished. These studies relied upon antibodies specific to

CD40 or soluble membrane fractions expressing CD154.

High numbers of CD154 molecules were shown to inhibit

the generation of plasma cells and IgG secretion of tonsil

IgD– CD38– memory B lymphocytes without affecting

IgD+ CD38– cells37 which are now known to include

CD27+ cells. The design of this study differs markedly

from ours, as these observations were made using two-

step cultures where the cells were first exposed to high

levels of CD154 stimulation, followed by a range of � 104
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cribed in Materials and methods. The blot was stripped and re-probed

with an anti-actin antibody. These results are representative of two

independent experiments. STD, molecular weight protein standard.
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Figure 4. The density of CD154 expression on L4.5 cells influenced

B lymphocytes. CD19-purified peripheral blood human B lympho-

cytes, containing 35% CD27+, were stimulated in the presence of

cytokines and either irradiated L4.5high (High) or irradiated L4.5low

(Low) cells. In both cases, the number of L4.5 cells (L4.5high or

L4.5low) was adjusted to obtain � 5000 CD154 molecules per B lym-

phocyte, yielding ratios of 10 and 2 B cells per L4.5high and L4.5low

cell, respectively. Expansion, expression of CD19 and CD27, and

immunoglobulin G (IgG) and IgM secretion were determined as

described in Figs 1 and 3 and Table 1. (a) Levels of CD19, CD27

and CD40 expression were determined on purified B lymphocytes.

(b) The expansion of B lymphocytes in the presence of L4.5low

(dashed lines) or L4.5high (solid lines) cells is shown. Error bars for

triplicate experiments may be smaller than the symbols. (c) CD19

and CD27 expression on day 5, as determined by flow cytometry.

(d) IgG and IgM secretion, as determined on day 14. These results

are representative of three independent experiments.
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to 2 · 105 CD154 molecules per B cell. Our results extend

these findings by demonstrating that fine variations in

the intensity of the CD40–CD154 interaction (103 to

2.5 · 104 molecules per B cell), at relatively low levels,

can strongly and directly influence peripheral B-lympho-

cyte proliferation, Ig secretion, and differentiation

towards plasma cells.

CD40 binding strength has been recently linked to the

activation of distinct signalling pathways in murine macro-

phages and dendritic cells.29,30 These two studies repor-

ted that strong CD40 stimulation induced p38MAPK

phosphorylation, whereas weak stimulation resulted in

ERK1/2 phosphorylation. Interestingly, increased concen-

trations of CD40-specific antibodies, FcCD40L fusion

protein or soluble CD40L were able to induce p38MAPK

phosphorylation, whereas lower concentrations induced

phosphorylation of ERK1/2.29 These results suggest that

the CD40–CD154 interaction could act as a rheostat

operating as a two-way switch on the respective signalling

pathways. These reports29,30 and the results described

herein suggest that the signalling pathways activated in

response to strong or weak CD40 stimulation could target

distinct B-lymphocyte populations, resulting in distinct

overall responses.
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31 Néron S, Pelletier A, Chevrier MC, Monier G, Lemieux R, Darv-

eau A. Induction of LFA-1 independent human B cell prolifer-

ation and differentiation by binding of CD40 with its ligand.

Immunol Invest 1996; 25:79–89.

32 Roy A, Krzykwa E, Lemieux R, Néron S. Increased efficiency of
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