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SUMMARY

Experiments reported herein demonstrate that activation of bovine B cells via surface

immunoglobulin M (sIgM) cross-linking, analogous to T-cell independent (TI-2) antigenic

stimulation, results in the expression of CD5. Interestingly, in the presence of CD40 ligand, sIgM-

mediated induction of CD5 on B cells was inhibited. These ®ndings indicate that activation of

bovine B cells via B-cell receptor (BCR) cross-linking results in a CD5+ B-cell phenotype and that

CD40 signalling is inhibitory to this process. Analysis of cytokine mRNA indicates that bovine B

cells constitutively express tumour necrosis factor-a (TNF-a) and interleukin (IL)-1b transcripts in

vitro, while IL-10 mRNA expression is induced following sIgM cross-linking. IL-12 p40 transcripts

were produced by B cells activated by CD40, but not by BCR, ligation. Analysis of cytokine

receptor mRNA indicates that activation through CD40, in the presence or absence of IgM cross-

linking, results in increased IL-4 receptor-a (IL-4Ra), IL-13Ra1 and interferon-a receptor 1 (IFN-

aR1) mRNA levels. Overall, these ®ndings suggest that activation of bovine B cells through BCR

cross-linking yields an activation phenotype that differs substantially from that of B cells activated

through CD40.

INTRODUCTION

B-cell responses to both T-cell-independent (TI) and T-cell

dependent (TD) antigens play an integral role in the generation

of protective humoral immune responses to various pathogens.

In contrast to TD antigens, TI antigens are capable of

activating B cells in the absence of major histocompatibility

complex (MHC) class II-restricted T-cell help. TI-2 antigens,

unlike TI-1 antigens, are inherently non-mitogenic and activate

B cells by cross-linking surface immunoglobulin (sIgM) via

repeating epitopes.1 Examples of pathogen-derived TI-2

antigens include trypanosome variable surface glycoprotein

(VSG), vesicular stomatitis virus (VSV) glycoprotein and

bacterial capsular polysaccharides.1 In contrast to TI-2

responses, the generation of humoral responses to TD antigens

is thought not to require antigen cross-linking of surface

immunoglobulin.2 Instead, these responses are dependent upon

direct interactions between cell-surface receptors expressed by

T and B cells, the most critical of which is the CD40±CD40

ligand (CD40±CD40L) interaction.3

Studies conducted on mouse splenic B cells have demon-

strated that TI-2 activation (via sIgM cross-linking),4 unlike

TD antigen activation, results in the expression of CD5 on B

cells.5,6 CD5 is a membrane glycoprotein expressed on T cells

and a subset of B cells, termed B-1 cells.7±9 CD5+ B cells have

been reported to exist in a number of species, although the

proportion of B cells expressing CD5, as well as their

anatomical localization, varies among species. In some species,

such as rabbit10 and chicken,11 nearly all B cells express CD5.

Bovine CD5+ B cells have been reported to constitute up to

30% of the adult peripheral blood lymphocyte population, yet

are absent from Peyer's patches and lymph nodes.12 Interest-

ingly, a recent study conducted in sheep, a species closely

related to the bovine, has suggested that although the

CD5+ CD11b+ B cells found in sheep display a B-1-like B-

cell phenotype, based on their behaviour, sheep B-1 and B-2

subsets cannot be considered to be truly homologous to the B-

cell subpopulations described in mice.13

CD5+ B cells are known to play a role in bovine immune

responses to pathogens such as Trypanosoma congolense12,14

and bovine leukaemia virus (BLV).15 However, studies aimed

at elucidating the origination and function of this B-cell
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population during these infections, as well as other infections in

cattle, are lacking. Additionally, few studies have examined the

potential in¯uence that particular pathways of activation can

have on the phenotype of an activated bovine B cell. Given the

relative importance that both TI-2 and TD B-cell responses

play in eliciting protective immunity to the broad range of

pathogens encountered by cattle, we sought to investigate the

effect of TI-2 stimulation (via B-cell receptor [BCR] cross-

linking) and CD40 ligation (the critical signal required to drive

the TD B-cell responses) on B-cell phenotype. We present

evidence that bovine CD5± B cells express CD5 and CD11b in

response to activation by BCR cross-linking but not in

response to CD40 ligation. In addition, we report for the ®rst

time that, depending on the activation stimulus, bovine B cells

can be activated to express mRNA for a variety of cytokines

and cytokine receptors. Ultimately, these data demonstrate

that activation of bovine B cells through BCR cross-linking

yields a different phenotype than that observed for B cells

activated through CD40.

MATERIALS AND METHODS

Animals

Blood donors were healthy Bos taurus animals between 4 and

12 months of age. Four separate animals, one heifer and three

steers, were used for the following experiments. All animals

were housed separately in an indoor facility.

CD5± B-cell isolation

Blood was collected in anticoagulant and incubated for 25 min

at 37u with carbonyl iron (Sigma, St. Louis, MO), at a ®nal

concentration of 0.1 mg/ml, to remove phagocytic cells.

Following 20 min of centrifugation at 900 g, buffy coats were

harvested and residual red blood cells were lysed in red-blood

cell lysis buffer. B cells were then selected by passive panning,

as previously described.16 Brie¯y, peripheral blood mono-

nuclear cells (PBMCs) were resuspended at a concentration of

1r107 cells/ml in panning solution: 3% bovine serum albumin

(BSA), 10 mM Tris, 50 mg/ml of gentamicin, 0.0025 mM CaCl2
and 0.002 mM MgCl2 in Hanks' balanced salt solution (HBSS),

and allowed to adhere to plastic tissue culture plates for 1 hr.

Non-adherent cells were removed by washing twice with HBSS,

and adherent cells (enriched B cells) were harvested by vigorous

pipetting. Residual CD3+ T cells were removed from enriched

B cells by treatment with an antibody to bovine CD3, MM1A

(Washington State University Monoclonal Antibody Center

[WSU MAb Center], Pullman, WA), followed by magnetic

depletion using sheep anti-mouse immunoglobulin G (IgG)-

coated magnetic beads (Dynal Inc., Lake Success, NY).

CD5-expressing T and B cells were further depleted by

treatment with a mouse monoclonal antibody (mAb) speci®c

for bovine CD5, CACT105A (WSU MAb Center), followed by

magnetic bead depletion. Cells were routinely 90±95% IgM+

and less than 5% CD5+, as determined by ¯ow cytometric

analysis.

B-cell culture conditions

B cells were cultured, at a concentration of 2r106 cells/ml, in

cRPMI containing 10% fetal calf serum (FCS). F(abk)2

fragments of goat anti-bovine IgM (Kirkegaard and Perry

Laboratories, Gaithersburg, MD) were generated using pepsin

cleavage (Immobilized Pepsin; Pierce, Rockford, IL). To

ensure that the antibody preparation was endotoxin free,

cleaved F(abk)2 fragments were incubated with immobilized

polymyxin B (Sigma) and subjected to the Limulus amoebocyte

assay (endotoxin levels were j0.7 ng per 1 mg of antibody)

(Associates of Cape Cod, Falmouth, MA). Surface IgM cross-

linking was carried out using F(abk)2 fragments of goat anti-

bovine IgM. In some cases, IgM was cross-linked using

polyclonal goat anti-bovine IgM or monoclonal mouse

anti-bovine IgM (BM-23; Sigma) coupled to agarose avidin

D beads (Vector Laboratories, Burlingame, CA) at a

concentration of 50±60 ml of 1 mg/ml antibody-coated beads

per ml of culture. Culture of B cells with a murine ®broblast cell

line, DAP3, stably transfected with bovine CD40L (boCD40L±

DAP3) was carried out at a ratio of one CD40L±DAP3 cell to

every four B cells. Transfected cells and non-transfected DAP3

cells were treated with 50 mg/ml of mitomycin C for 30 min at

37u, washed three times in HBSS and allowed to adhere to the

plastic wells for at least 1±2 hr. Before B cells and cross-linking

antibody reagents were added to the wells, residual unbound

®broblasts were removed. Cells to be used for RNA analysis

were harvested, washed in HBSS and pelleted. Supernatants

were removed and cell pellets were snap-frozen in liquid

nitrogen and stored at x70u.
Cell proliferation assays were conducted on B cells cultured

(in triplicate) at a concentration of 1r105 B cells per well in a

96-well plate. B cells were pulsed with 1 mCi of [3H]thymidine

(NEN-DuPont, Boston, MA) following 72 hr of culture and

harvested 18 hr later onto Skatron ®lter mats (Skatron

Instruments, Lier, Norway) using a cell harvester (Skatron

Instruments). Thymidine incorporation was determined by

scintillation counting (Beckman Instruments, Fullerton, CA).

Flow cytometry

The following antibodies speci®c for bovine antigens were used

for staining: CC17 recognizing CD5 (Serotec, Raleigh, NC);

MM10A recognizing CD11b and MM1A recognizing CD3

(WSU MAb Center); F(abk)2 goat anti-bovine IgM-conjugated

¯uorescein isothiocyanate (FITC) (Kirkegaard and Perry Labs;

F(abk)2 fragments generated as described above); and mono-

clonal mouse anti-bovine IgM (BM-23; Sigma). Secondary

detection antibody reagents used included rat anti-mouse

IgG1-conjugated phycoerythrin (PE) (Becton-Dickinson, San

Jose, CA) and rat anti-mouse IgG2a/b±FITC (Pharmingen,

San Diego, CA). Antibodies used as negative staining controls

for establishing proper gates included the secondary detection

antibodies (listed above), alone and in conjunction with

isotype-matched mouse IgG1 and mouse IgG2a (Sigma). Cells

were ®xed in 2% buffered paraformaldehyde and analysed

using a ¯uorescence-activated cell sorter (FACS) Vantage ¯ow

cytometer and CELLQUEST acquisition and analysis programs

(Becton-Dickinson).

Ribonuclease protection assay

The ribonuclease protection assay (RPA) was performed on 3±

5 mg of RNA extracted using an RNeasy RNA extraction kit

(Qiagen, Chatsworth, CA). Probes were synthesized using the

Riboprobe T7 System (Promega, Madison, WI) and [a32P]-

UTP (3000 Ci/mmol) supplied by NEN-DuPont. Radiolabelled

antisense RNA probes were generated using cDNA fragments

of bovine cytokines, receptors and glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) cloned into the EcoRI/HindIII site

of pGEM-4 (Promega) as templates. Probes were hybridized to

RNA samples (as well as a tRNA control) overnight at 56u.
Samples were RNase-treated, phenol±chloroform extracted

and ethanol precipitated. Protected fragments were analysed

on a 5% denaturing (8 M urea) polyacrylamide gel. Gels were

dried and exposed to X-ray ®lm overnight in the presence of

intensifying screens. Where indicated, protected fragments

were quanti®ed by radioanalytical detection (AMBIS 4000;

Ambis Inc., San Diego, CA).

RESULTS

Surface IgM cross-linking induces CD5 protein and mRNA

expression in bovine CD5± B cells

CD5+ B cells have been found to expand in number during

certain viral and parasitic infections in cattle.12,14,15 Whether

this expansion re¯ects the outgrowth of a pre-existing CD5+ B-

cell population, or simply the acquisition of the CD5 marker as

a result of B-cell activation, is unknown. To explore the

potential likelihood of the latter, we sought to determine

whether bovine CD5± B cells could be induced to express CD5

upon activation. In order to determine this, highly puri®ed

bovine CD5± B cells (>90% IgM+,j5% CD5+) were obtained

and cultured for 42 hr in medium alone or in the presence of

50 mg/ml of F(abk)2 goat anti-bovine IgM (Fig. 1a, 1b). Flow

cytometric analysis of these cells indicated that at this

concentration of anti-IgM, greater than 50% of the B cells in

culture were induced to express CD5 (53%, Fig. 1b). CD5

expression was also observed to be induced on B cells following

activation with whole polyclonal goat anti-bovine IgM coupled

to agarose avidin D beads, as well as with whole monoclonal

mouse anti-bovine IgM (data not shown). In addition, as

depicted in Fig. 1(c), RNase protection analysis indicated that

IgM cross-linking results in the accumulation of CD5 mRNA

over a 24-hr period.

B-cell stimulation with a boCD40L-expressing transfected cell

line inhibits anti-IgM-induced CD5 expression

Upon establishing that bovine CD5± B cells express CD5 in

response to anti-IgM-mediated activation, a model TI-2-type

stimulus, we investigated whether stimulation of B cells by

CD40 ligation, the critical signal required for TD activation,

would affect the expression of CD5. Unlike surface IgM cross-

linking (Fig. 2c), activation of bovine CD5± B cells by a bovine

CD40L-expressing DAP3 cell line16 did not result in an

increase in the expression of CD5 protein over that observed

for cells cultured with non-transfected DAP3 cells (Fig. 2a, 2b).

Interestingly, when B cells were cocultured with CD40L

transfectants and anti-IgM, the induction of CD5 surface

expression was partially inhibited (Fig. 2d). At a lower

concentration of goat anti-bovine IgM F(abk)2 (10 mg/ml), B

cells cocultured with CD40L±DAP3 transfectants were com-

pletely inhibited from expressing CD5, while at a higher

concentration (50 mg/ml), the inhibition by CD40 ligation was

almost completely overcome (data not shown).

Although B cells were inhibited from expressing CD5 when

cultured under conditions in which IgM cross-linking is

accompanied by ligation of CD40, they appeared to be

Table 1. B cell proliferation at 4 days following stimulation with CD40L-transfectants and/or 25 mg/ml goat anti-bovine IgM F(ab')2

Treatment Mean c.p.m.tSE Stimulation index*

B cells+DAP3 cells 352t4 1.0

B cells+CD40L±DAP3 cells 1342t373 3.8

B cells+anti-IgM+DAP3 cells 357t18 1.0

B cells+anti-IgM+CD40L±DAP3 3502t802 9.9

DAP3 cells only 277t89 ±

CD40L±DAP3 cells only 322t92 ±

*Stimulation index=experimental counts per minute (c.pm.)/c.p.m. of B cells+DAP3 cells.
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Figure 1. Induction of CD5 expression on bovine CD5± B cells by

surface immunoglobulin M (sIgM) cross-linking. CD5± B cells (>90%

IgM+) were cultured in medium alone (a) or in the presence of goat

anti-bovine IgM F(abk)2 (50 mg/ml) (b) for 42 hr and then analysed for

CD5 expression by ¯ow cytometry. Results are representative of similar

experiments carried out in three different animals. (c) Surface IgM

cross-linking results in the accumulation of CD5 mRNA transcripts. B

cells were cultured in the presence of polyclonal goat anti-bovine IgM

conjugated to agarose avidin D beads for 12, 18, or 24 hr. Unstimulated

B cells (time 0) and stimulated B cells were analysed by ribonuclease

protection assay (RPA). A probe detecting glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) transcripts was used to control for equal

loading. Results are representative of two similar experiments. IL-2Ra,

interleukin-2 receptor-a.
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synergistically activated by CD40 and sIgM stimulation, as

demonstrated by proliferative responses (Table 1). Whereas

small resting (percoll-fractionated) B cells cultured with

mitomycin C-treated DAP3 cells only displayed a low level

of proliferation in the presence or absence of goat anti-bovine

IgM F(abk)2, B cells cocultured with CD40L±DAP3 cells alone

proliferated to levels that were fourfold greater than back-

ground proliferation. While anti-IgM did not result in

signi®cant B-cell proliferation, when combined with CD40

ligation, B-cell proliferation occurred at levels that were 10-fold

greater than background proliferation. Thus, although the

simultaneous stimulation of B cells with TD and TI-2

activators resulted in a higher degree of activation than either

stimulation alone, signalling via CD40 interferes with anti-

IgM-induced CD5 expression.

To examine the possibility that CD40-mediated B-cell

activation inhibited the induction of CD5 expression at

the level of transcription, the effect of CD40 ligation

on CD5 mRNA transcription in B cells was examined.

CD5 mRNA expression was analysed by using the RPA for

B cells cultured for 12 and 24 hr in the presence of either anti-

IgM or CD40L±DAP3 cells alone, or in the presence of both

anti-IgM and CD40L-DAP3 cells. As shown in Fig. 2(e), B cells

cross-linked with goat anti-bovine IgM F(abk)2 showed greater

detectable levels of CD5 mRNA transcripts than B cells

stimulated with CD40L-expressing transfectants. Phosphor-

image analysis of protected CD5 and GAPDH fragments

indicated that at 24 hr poststimulation, the ratio of CD5 to

GAPDH signals for B cells treated with anti-IgM was nearly

twofold greater than the ratio determined for B cells cocultured

with CD40L-expressing DAP3 cells, regardless of whether anti-

IgM was present. Thus, CD40 signalling may function to

inhibit IgM-mediated CD5 protein expression at the level of

transcription.

In an attempt to further characterize phenotypic changes

that occur in bovine CD5± B cells following different modes of

activation, we chose to determine the effect that these stimuli

had on CD11b (Mac-1) expression. Mac-1 expression is a

phenotypic characteristic of murine peritoneal B-1 cells.7

Additionally, CD11b is expressed on a subpopulation of both

normal bovine and human peripheral blood B cells.12,17 In

cattle, CD11b is often found to be coexpressed with CD5 on

peripheral blood B cells.12 In vitro, bovine CD5± B cells

cultured in the presence of anti-IgM were marginally induced

to express CD11b (14%) compared to B cells cultured with

CD40L±DAP3 cells in the presence or absence of anti-IgM
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Figure 3. Analysis of B-cell cytokine receptor mRNA production by

the RNase protection assay using various modes of activation. mRNA

was extracted and analysed from CD5 B cells, cultured for 12 hr in the

presence of: DAP3 cells, CD40 ligand (CD40L)±DAP3 cells, goat anti-

bovine IgM F(abk)2 (25 mg/ml), or both CD40L transfectants and anti-

immunoglobulin M (IgM). Results are representative of three

experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

cc-chain, common c-chain; IFN-aR1, interferon-a receptor 1; IL-

4Ra, interleukin-4 receptor-a; IL-13Ra, interleukin-13 receptor-a.
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Figure 2. Activation of B cells by surface immunoglobulin M (sIgM)

cross-linking, but not by CD40 ligation, results in the induction of CD5

expression. B cells were cultured for 42 hr in the presence of DAP3 cells

alone (a), in the presence of CD40 ligand (CD40L)±DAP3 transfectants

(b), in the presence of goat anti-bovine IgM F(abk)2 (25 mg/ml) (c), or in

the presence of both goat anti-bovine IgM and CD40L±DAP3 cells (d),

and then analysed by ¯ow cytometry. Results are representative of four

independent experiments performed on three separate animals. (e)

Activation of B cells by sIgM cross-linking results in a higher level of

CD5 mRNA expression compared to levels observed for B cells

activated through CD40 or CD40 combined with sIgM cross-linking. B

cells were cultured, for 12 or 24 hr, in the presence of CD40L±DAP3

transfectants, in the presence of goat anti-bovine IgM F(abk)2 (10 mg/

ml), or in the presence of both goat anti-bovine IgM and CD40L±

DAP3 cells, and analysed for CD5 mRNA expression by using the

RNase protection assay. This experiment is representative of results

obtained from three separate ribonuclease protection assays (RPAs)

and one reverse transcription±polymerase chain reaction (RT±PCR)

experiment.
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cross-linking (5 and 4%, respectively) (data not shown). Thus,

unlike the large CD5 induction observed for B cells stimulated

by sIgM cross-linking, only a small induction of CD11b was

observed. CD11b induction on B cells may require additional

signals for optimal expression. Notably, not all anti-IgM-

mediated increases in surface marker expression were inhibited

by ligation of CD40. The increase in MHC class II expression

on bovine B cells observed following BCR cross-linking, for

example, is not inhibited but is instead enhanced by

costimulation through CD40 (data not shown).

Cytokine receptor expression by bovine CD5± B cells

In order to determine the potential for responsiveness to

various cytokines, we analysed the expression of several

cytokine receptors expressed by activated bovine B cells at

the mRNA level. A representative mRNA analysis performed

on B cells activated through IgM and/or CD40 for 12 hr is

shown in Fig. 3. The mRNA for interferon-a receptor 1 (IFN-

aR1), a component of the type I IFN receptor for cytokines

such as IFN-a, -b and -t, was up-regulated following 12 hr of

stimulation with CD40L±DAP3 cells, either in the presence or

in the absence of IgM cross-linking. IgM cross-linking alone,

however, did not enhance the level of IFN-aR1 mRNA over

that detected in B cells cultured with non-transfectants only.

Similarly, interleukin-4 receptor-a (IL-4Ra) and IL-

13Ra1 mRNA transcripts were found to be increased in B

cells stimulated through CD40, but not through IgM.

Compared to the level of IL-13Ra1 mRNA detected in

unstimulated bovine PBMCs, IL-13Ra1 mRNA expression

in bovine B cells stimulated through CD40 was low. Similar to

the ®ndings reported here, human tonsillar B cells activated

through CD40 have been shown to up-regulate both IL-4Ra
and IL-13Ra1.18±20 Unlike the differences seen in IFN-aR, IL-

4Ra and IL-13Ra1 levels, the level of mRNA detected for the

common c-chain (cc chain), a component of a variety of

cytokine receptors, including the IL-2, IL-4, IL-7, IL-9, IL-13

and IL-15 receptor complexes, remained relatively constant in

B cells under the experimental conditions of this study. Similar

cytokine receptor mRNA patterns were obtained when B cells,

activated for 24 hr, were analysed.

Bovine CD5± B-cell cytokine mRNA expression following

sIgM cross-linking and CD40 ligation

In addition to characterizing the receptor phenotype of CD5± B

cells activated by various stimuli, we were interested in

characterizing the potential for cytokine production by bovine

B cells following activation. Given the paucity of reagents

available for bovine cytokine protein analysis, we investigated

the production of cytokine mRNA by bovine B cells, 12 and

24 hr after activation, by using the RNase protection assay. As

shown in Fig. 4(a), B cells produce tumour necrosis factor-a
(TNF-a) mRNA constitutively in vitro, and little difference

between treatments was observed for TNF-a : b-actin ratios, as

determined by using densitometry (data not shown). IL-1b
mRNA was observed to be produced by B cells constitutively in

vitro and was slightly increased following anti-IgM activation,

where densitometric determination of IL-1b : actin signals

indicated a 1.5-fold increase in anti-IgM-treated cells compared

with cells cultured in medium alone (Fig. 4a and data not

shown). Surface IgM cross-linking, however, was observed to

result in the production of IL-10 mRNA by B cells to levels at

least twofold higher (IL-10 : actin) than the levels detected for

cells cultured in medium alone or in the presence of CD40±

DAP3 cells. The up-regulation of IL-10 transcription appeared

to be inhibited by CD40 stimulation, as the IL-10 : actin signal

ratio calculated for B cells activated by sIgM cross-linking

alone was 2±2.5-fold higher than that determined for B cells

activated by both anti-IgM and CD40 ligation at 12 and 24 hr

after stimulation, respectively. Other cytokines that were

examined for, but not detected, at these time-points included

IL-4, IL-5, IL-2, IL-1a and IFN-c (data not shown). In

addition to producing IL-10, we demonstrated that bovine B

cells are capable of producing interleukin-12 p40 mRNA. As

shown in Fig. 4(b), bovine B cells activated through CD40 for

12 hr produced detectable transcripts for IL-12 p40. Interest-

ingly, activation of B cells through both CD40 and IgM, for

either 12 or 24 hr, synergized to result in levels of IL-12

p40 mRNA that appeared to be slightly higher than those

detected in B cells stimulated through CD40 or IgM alone
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Figure 4. Analysis of B-cell cytokine mRNA production by the RNase

protection assay. (a) CD5± B cells were cultured for 12 or 24 hr in

medium alone, in the presence of CD40 ligand (CD40L)±DAP3 cells, in

the presence of mouse anti-bovine immunoglobulin M (IgM)

conjugated to agarose avidin D beads, or in the presence of both

CD40L transfectants and anti-IgM. RNA was extracted and analysed

for mRNA encoding interleukin (IL-10, IL-1b, tumour necrosis factor-

a (TNF-a) and actin. Transcripts for interferon-c (IFN-c), IL-1a, IL-2,

IL-4 and IL-5 were not detected (results not shown). (b) IL-12 p40

transcripts were measured in B cells cultured for 12 or 24 hr in the

presence of: control DAP3 cells, CD40L transfectants, anti-IgM and

DAP3 cells, or CD40L-transfectants along with anti-IgM. Peripheral

blood mononuclear cells (PBMCs) cultured for 24 hr did not produce

IL-12 p40 mRNA. Results are representative of two independent

experiments.
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(< 1.5-fold higher based on IL-12 p40 : GAPDH densitometric

readings; data not shown). Importantly, human B cells

activated through CD40, but not through IgM, have been

reported to produce bioactive IL-12.21

DISCUSSION

Herein, we present evidence that bovine B cells can be activated

in vitro to express a CD5+ phenotype. Extrapolating to B-cell

activation in vivo, our ®ndings suggest that bovine B cells

encountering microbial or parasitic TI-2 antigens in vivo may

be induced to express CD5 and, potentially, CD11b, under

certain conditions. Expansion of the CD5+ CD11b+ B-cell

population has been observed to occur in cattle following

infections with both BLV15 and T. congolense.12 During the

immune response to these infections, parasite or virally derived

TI-2 antigens may activate bovine B cells (via surface IgM

cross-linking) to express CD5, thereby resulting in the observed

increase in the number of CD5+ B cells. Importantly,

concomitant ligation of CD40 (via interaction of B cells with

activated T cells) would potentially prevent bovine B cells from

expressing B-1-like markers, yet would probably result in

enhanced B-cell activation and proliferation.

The consequences of CD5 induction on B cells are not

completely known, although it has been suggested that CD5

may negatively regulate signalling through the BCR.22 A study

conducted in the rabbit, however, has suggested that CD5 may

bind immunoglobulin framework regions and thus potentially

in¯uence B-cell selection.23 Although a variety of functions can

be hypothesized, further studies, including those aimed at

identifying the ligand(s) for bovine CD5, are required in order

to determine the signi®cance of CD5 expression on bovine B

cells.

Our ®ndings with cytokine receptor mRNA expression

indicate that CD40 signalling, unlike IgM signalling, activates

bovine B cells to up-regulate IFN-aR1, IL-4Ra and IL-13Ra1

at the mRNA level. Whether these increases also occur at the

protein level is presently unknown. However, if this were

indeed the case, B cells activated by CD40±CD40L interactions

would be expected to become more responsive to the cytokines

that bind these receptors compared to those activated

by surface receptor cross-linking alone. This a reasonable

hypothesis with respect to IL-4-driven B-cell responses, as

bovine B cells activated through CD40 exhibit higher levels of

proliferation and immunoglobulin secretion in response to IL-4

than B cells activated by BCR cross-linking and IL-4 alone.24

Further studies, however, are required to determine if these

observed increases in cytokine receptor mRNA transcripts,

caused by CD40 ligation, correspond to increased B-cell

responsiveness to cytokines, such as IL-4, IL-13 and type I

IFNs.

Studies conducted in the mouse have suggested that CD5+

B cells, peritoneal B cells in particular, are the primary

producers of B-cell-derived IL-10.25,26 Production of IL-10 by

B-1 cells has been proposed to serve as an autocrine growth

factor, as depletion of IL-10 results in the reduction of B-1

cells.27,28 We present evidence that, in addition to acquiring a

CD5+ B-cell phenotype, bovine B cells produce IL-10 mRNA

in response to IgM cross-linking. Conversely, CD40 ligation

appears to stimulate bovine B cells to produce IL-12

p40 mRNA. These ®ndings suggest that bovine B cells may

participate in skewing the immune response through cytokine

production. However, in order to develop a more complete

understanding of the signi®cance of bovine B-cell cytokine

production in response to CD40 ligation or IgM cross-linking,

cytokine production, like cytokine receptor expression, must be

further analysed at the protein level.
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