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duced through the surface antigen receptor and the
type I glycoprotein CD40 is dependent on the differenti-The B cell response to ligation of surface immunoglob-
ation stage of the population studied. Thus, cross-link-ulin (sIg) and CD40 is dependent on the stage of cellular
ing surface immunoglobulin (sIg)2 leads to the prolifer-differentiation of the population studied. Cross-linking
ation of human resting B lymphocytes isolated fromsIg promotes proliferation of follicular mantle (FM) B

cells, rescues germinal center (GC) B cells from sponta- the tonsillar follicular mantle (FM), rescues tonsillar
neous apoptosis but induces apoptosis in susceptible germinal center (GC) B cells from spontaneous
Burkitt lymphoma (BL) B cells; signals transduced apoptosis without eliciting a proliferative response but
through CD40 induce resting FM B cells to enter cell turns on apoptosis in susceptible Burkitt lymphoma
cycle while promoting GC and BL B cell survival. This (BL) B cell lines (1–6). Likewise signals transduced
study investigates whether the 3*, 5*-cyclic adenosine through CD40 of resting FM B lymphocytes induce
monophosphate (cAMP)-dependent second-messenger their entry into cell cycle and can enhance sIg-pro-
pathway plays a role in the regulation of these sIg- and moted mitogenesis, while ligation of CD40 on GC B
CD40-promoted B cell responses, using prostaglandin E2 cells and BL cells signals for survival (3, 5, 7, 8). Such
(PGE2) and forskolin to artificially increase intracellular functional divergence of response suggests that both
levels of cAMP. The Epstein–Barr virus (EBV)-genome- sIg and CD40 may be coupled to different signaling
negative BL B cell line Ramos is susceptible to growth pathways in FM B lymphocytes, GC B cells, and BL Barrest and apoptosis triggered by calcium ionophore, cells. Indeed, several recent studies from both murineanti-IgM and forskolin but not by PGE2; forskolin does

and human systems have shown that the antigen re-not affect the outcome of anti-IgM treatment. Anti-CD40
ceptor of B lymphocytes may be coupled to differentrescues Ramos-BL B cells from ionophore- and anti-IgM-
signaling pathways depending on their stage of differ-triggered but not forskolin-triggered growth arrest and
entiation (9–12); Durie et al. (13) have recently pro-apoptosis; moreover, forskolin and anti-CD40 act addi-
posed a similar model for CD40-triggered signal trans-tively and independently for enhanced growth inhibi-
duction cascades.tion. By contrast, both forskolin and PGE2 potentiate the

A number of studies have provided evidence for theproliferative response of FM B cells cultured with anti-
involvement of the 3 *, 5*-cyclic adenosine monophos-Ig and anti-CD40 together but not individually. For-
phate (cAMP)-dependent second-messenger pathwayskolin and PGE2 fail to affect the spontaneous apoptosis

and anti-Ig- and anti-CD40-promoted survival of GC B in the regulation of B cell functional response to a num-
cells. Thus, the cAMP-dependent second messenger ber of different stimuli, including anti-Ig and interleu-
pathway can differentially influence the BL, FM, and GC kins (IL) such as IL-4 and IL-10. Early studies demon-
B cell functional response to signals transduced through strated that mediators of increased intracellular levels
sIg and CD40. q 1995 Academic Press, Inc. of cAMP act as inhibitors of the B cell functional re-

sponse: agents such as cholera toxin, forskolin, and

INTRODUCTION
2 Abbreviations used: anti-IgD, polyclonal antibodies to IgD; anti-

IgM, polyclonal antibodies to IgM; anti-IgGAM, polyclonal antibodiesIt has become apparent from a number of studies
to IgG, IgA, and IgM; BL, Burkitt lymphoma; BU-1, monoclonal anti-that the B cell functional response to signals trans-
bodies to IgM; EBV, Epstein–Barr virus; FM, follicular mantle; GC,
germinal centre; PGE2, prostaglandin E2; sIg, surface immunoglobu-

1 To whom correspondence should be addressed. Fax: 01865 lin; SRBC, sheep red blood cells; DMSO, dimethyl sulfoxide; PMA,
4b-phorbol 12-myristate 13-acetate; FCS, fetal calf serum.275259.

93 0008-8749/95 $12.00
Copyright q 1995 by Academic Press, Inc.

All rights of reproduction in any form reserved.

/ m4186$7983 09-29-95 13:11:48 cia AP: Cell Immuno



94 KELLY AND KNOX

prostaglandin E2 (PGE2), which increase intracellular Thymidine (185 GBq/mmol) was from Amersham Life
Science (Buckinghamshire, England).cAMP levels (14, 15), were shown to inhibit the prolifer-

ation of both human and murine B lymphocytes co-
Antibodies. The murine monoclonal antibody to hu-stimulated with anti-Ig antibody (16–18). However,

man IgM, BU-1 (anti-m-chain specific), the polyvalentmore recent work apparently contradicts these initial
sheep antibody to human Ig (IgG, IgA, IgM), and thefindings: Finney et al. (19) have shown that IL-4 activa-
sheep polyclonal antibodies to human IgM (anti-m-tion of human resting FM B cells is dependent upon IL-
chain specific) and to human IgD (anti-d-chain specific)4-stimulated increase of intracellular cAMP; in keeping
were obtained from The Binding Site Ltd. (Bir-with this observation Vazquez et al. (20) together with
mingham, UK). The murine monoclonal antibody toGarrone and Banchereau (21) have recently shown that
human CD39 (AC2) was purified from ascites gener-agents which stimulate an increase in intracellular
ated in the Department of Cancer Studies, UniversitycAMP potentiate IL-4-dependent B cell growth follow-
of Birmingham (Birmingham, UK) and the murineing ligation of their surface antigen receptor. Impor-
monoclonal antibody to human CD40 (G28.5) was puri-tantly Garrone et al. (22) have further demonstrated
fied from the supernatant of hybridoma HB9110that PGE2, as well as cholera toxin and dibutyryl cAMP,
(American Type Culture Collection, Rockville, MD).can stimulate human CD40-activated cell growth, but

differentially modulate IL-4 and IL-10-induced differ- Burkitt Lymphoma Lines
entiation. Taken together, these observations suggest
that the cAMP-dependent second-messenger pathway The BL line used in this study, Ramos-BL, is Ep-
exerts a complex regulatory effect on the B cell func- stein–Barr virus (EBV)-genome-negative and was de-
tional response to anti-Ig and cytokines and that this rived from a 3-year-old male Caucasian with histologic
may, at least in part, be accounted for by differences diagnosis of American BL (26–28); the Ramos-BL lines
in B cell differentiation and activation. However, what- was obtained from European Collection of Animal Cell
ever the underlying mechanisms, it is clear from a large Cultures (Porton Down, Salisbury, UK). These cells
body of evidence that the cAMP-dependent second-mes- were maintained in logarithmic culture in RPMI 1640
senger pathway is involved in the regulation of B cell medium supplemented with 10% heat-inactivated fetal
mitogenesis. By contrast, there is little evidence as to calf serum from prescreened batches.
the role, if any, of the cAMP-dependent second-messen-

Isolation of Tonsillar Resting Follicular Mantle Bger pathway in the regulation of B cell apoptosis.
Lymphocytes and Germinal Center B CellsPhipps et al. (23) and Brown et al. (24) have shown

that PGE2 and cholera toxin cause growth arrest and Human resting FM B lymphocytes and GC B cellsapoptosis of murine B lymphoma lines which are sus- were isolated from tonsils taken at routine tonsillec-ceptible to sIg-promoted growth arrest and apoptosis. tomy on the basis of their density and phenotypic char-Recent work has also demonstrated that the cAMP- acteristics exactly as described previously (29, 30).dependent second-messenger pathway may be involved Briefly, following two rounds of T cell depletion usingin the regulation of GC B cell apoptosis (25). 2-aminoethylisothiouronium bromide-modified SRBC,The present study investigates the effects of the cAMP- high-density resting FM B lymphocytes were removedelevating agents PGE2 and forskolin on the proliferation, by centrifugation through a 60% Percoll gradient.survival, and apoptosis of normal and neoplastic human These high-density resting B cells, which lack the fea-B cells stimulated with anti-Ig and/or anti-CD40. tures of GC B cells, are typically greater than 98%
surface IgM-positive/surface IgD-positive and are con-

MATERIALS AND METHODS taminated with less than 0.2% T cells and monocytes
(29). The remaining mononuclear cells were treated

Reagents, Antibodies, and Their Sources with anti-CD39 (AC2) and anti-IgD mAb-coated SRBC.
The nonrosetting CD390IgD0 GC B cell fraction wasReagents. 2-Aminoethylisothiouronium bromide, then isolated from the rosetting fraction using Ficoll–dimethyl sulfoxide (DMSO), forskolin, 4b-phorbol 12- Isopaque density gradient separation. Thus isolated,myristate 13-acetate (PMA), and PGE2 were all pur- GC B cells are characteristically CD38/ (61–93%),chased from Sigma (Poole, UK). Ionomycin was sup- CD390 (õ2%), CD230 (2–4%), CD77/ (78–84%), IgM0

plied by Calbiochem (Nottingham, UK). Stock solutions (õ2%), and IgD0 (õ2%) (3, 4, 30).of ionomycin (1 mg/ml in ethanol). For (250 mM in
DMSO), PGE2 (10 mM in ethanol), and PMA (1 mg/ml Cell Culture
in ethanol) were kept at0207C and final dilutions made
immediately prior to use. Ficoll–Isopaque and Percoll The following cultures were all established in RPMI

1640 medium enriched with 10% heat-inactivated FCSwere purchased from Pharmacia (Uppsala, Sweden).
Sheep red blood cells (SRBC) were purchased from TCS in duplicate, in 96-well microculture plates (flat bot-

toms; 0.32 cm2) for the appropriate time at 377C, 5%Biologicals Ltd. (Aylesbury, Buckingham, UK). [3H]-
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95cAMP AND B CELL PROLIFERATION AND SURVIVAL

CO2: cultures of BL B cells (3 1 105 cells/ml) were
established for 48 hr in 100 ml medium for assessment
of [3H]thymidine incorporation and for measurement
of apoptosis; FM B lymphocytes (1 1 106 cells/ml) were
established in 200 ml medium for 72 hr for determina-
tion of [3H]thymidine incorporation and cultures of GC
B cells (1 1 106 cells/ml) were established in 100 ml
medium for 24 hr for measurement of apoptosis. In all
cases, agents which artificially increase intracellular
cAMP levels or the appropriate DMSO- or ethanol-car-
rier control were added to cultures 30 min prior to stim-
ulus as indicated in the text.

Assessment of DNA Synthesis

DNA synthesis was determined for the last 4 hr of
incubation for Ramos-BL B cell culture and the last 16
hr of resting FM B lymphocyte culture and GC B cell
culture by pulsing with 0.5 mCi (18.5 kBq) of [3H]-
thymidine contained in 50 ml of culture medium for
duplicate cultures. For Ramos-BL B cells, the percent-
age reduction in [3H]thymidine incorporation was cal-
culated from the formula:

FIG. 1. Calcium ionophore and anti-IgM induce growth apoptosis
in the Burkitt lymphoma line Ramos. Ramos-BL B cells were cul-
tured (3 1 105 cells/ml) alone (a), with 1 mg/ml anti-CD40 (b), withcontrolxcpm 0 treatedxcpm

controlxcpm
1 100%. 1 mg/ml ionomycin (c), or with 20 mg/ml anti-IgM (d) for 48 hr and

stained with acridine orange. Viable cells displayed a homogeneous
chromatin staining pattern, whereas apoptotic cells showed charac-

Detection of Apoptosis teristically condensed and fragmented chromatin. Magnification: for
a, c, and d, 184; and for b, 134.Ramos-BL B cell death was confirmed as apoptosis

by visualization of DNA with acridine orange (Fig. 1)
As shown in Fig. 2, ionomycin (0.25 to 1.0 mg/ml), BU-and both Ramos-BL B cell apoptosis and GC B cell
1 (1.25 to 5 mg/ml), and anti-IgM (5 to 20 mg/ml) induceapoptosis quantified routinely by flow cytometry (Bec-
inhibition of [3H]thymidine incorporation and triggerton Dickinson FACScan analyzer, Oxford, UK) as pre-
for apoptosis in a dose-dependent fashion. A mean max-viously described (31–33). The results presented are
imal reduction in [3H]thymidine incorporation of 89.5expressed as percentage apoptosis which is calculated
{ 10.3, 88.7 { 12.4, and 81.5 { 13.7% was achievedfrom the proportion of cellular events classified as
with ionomycin, BU-1, and anti-IgM, respectively (P õapoptotic for each culture.
0.01); likewise, from a mean basal level of 7.5 { 2.9%
apoptosis, ionomycin, BU-1, and anti-IgM triggeredRESULTS
mean maximal levels of apoptosis of 78.5 { 11.9, 65.9
{ 17.2, and 59.0 { 14.1%, respectively (P õ 0.01). ByCalcium Ionophore and Anti-IgM, but Not Anti-IgD,
contrast, polyclonal antibodies to IgD (anti-IgD; 5 to 20Induce Growth Arrest and Apoptosis in the
mg/ml) failed to trigger significant growth arrest andEpstein–Barr Virus-Genome-Negative Burkitt
apoptosis in this cell line; anti-IgD maximally inducedLymphoma Line Ramos
a mean percentage reduction in [3H]thymidine incorpo-

It has been previously shown that BL B cell lines that ration of 10.3 { 5.5% and a maximal mean increase in
are EBV-genome-negative or express the EBV latent apoptosis to 17.7 { 8.8%. This observation may reflect
protein EBNA-1 only can be triggered into apoptosis the low expression of the IgD isotype compared with the
by treating with calcium ionophore or by cross-linking relatively high expression of IgM by Ramos-BL B cells
their surface antigen receptors with antibodies (5, 6, (26–28) or that different signaling events are triggered
34). The present experiments likewise demonstrate following ligation of sIgM and sIgD (L. Padmore, G. K.
that the calcium ionophore ionomycin, soluble mono- Radda, and K. A. Knox, unpublished observations).
clonal antibodies to IgM (BU-1), and soluble polyclonal

Forskolin, but Not Prostaglandin E2, Induces Growthantibodies directed against IgM (anti-IgM) can induce
Inhibition and Apoptosis in the Ramos-BL B Cell Lineboth growth arrest and apoptosis, as assessed by [3H]-

thymidine incorporation and flow cytometry, respec- Previous studies of murine B cell lymphomas suscep-
tible to growth inhibition and apoptosis following liga-tively, in the EBV-genome-negative BL cell line Ramos.
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96 KELLY AND KNOX

FIG. 2. Calcium ionophore and anti-IgM, but not anti-IgD, induce growth arrest and apoptosis in the Burkitt lymphoma line Ramos.
Ramos-BL cells were cultured at 3 1 105 cells/ml for 48 hr alone, with monoclonal antibody to IgM (BU-1), polyclonal antibody to IgM (anti-
IgM), polyclonal antibody to IgD (anti-IgD), or ionomycin (Iono). Growth arrest was assessed by incorporation of [3H]thymidine and mean
percentage reduction, calculated as described under Materials and Methods, from a minimum of three experiments expressed with standard
deviation. Apoptosis was quantified by flow cytometry and the mean percentage apoptosis of a minimum of three experiments expressed
with standard deviation. Basal levels of apoptosis were found to be 7.5 { 2.9%.

tion of their surface antigen receptors with antibodies EBNA-1-positive BL B cells from calcium ionophore-
and anti-IgM-triggered apoptosis (5, 30). The resultsdirected against IgM have demonstrated that some, but

not all, of such cell lines are highly susceptible to both presented in Table 2 demonstrate that while treatment
of Ramos-BL cells with anti-CD40 (1 mg/ml) alonePGE2-triggered growth inhibition and apoptosis: a

number of studies have attributed this physiological slightly reduces [3H]thymidine incorporation following
48 hr culture (P õ 0.05), the proliferative capacity ofeffect to the increase in intracellular levels of cAMP

triggered by PGE2 (23, 24). Therefore, the effects of those cells cultured with calcium ionophore (1 mg/ml)
or with anti-IgM (20 mg/ml) is significantly (P õ 0.01)PGE2 (0.1 to 10 mM) on the human Ramos-BL B cell

line was examined by [3H]thymidine incorporation and enhanced by the addition of anti-CD40, although does
flow cytometry following 48 hr culture.

As shown in Table 1, PGE2 (0.1 to 10 mM) fails to
TABLE 1affect either the proliferative capacity or the viability

Forskolin, but Not Prostaglandin E2, Induces Growthof the Ramos-BL B cells at concentrations reported to
Inhibition and Apoptosis in Ramos-BL B Cellsinduce maximal growth arrest and apoptosis in suscep-

tible murine B cell lymphomas (23, 24). In order to ex- Mean % Mean %
clude the possibility that PGE2 receptors are in some reduction { SD apoptosis { SD
way dysfunctional or are not expressed or expressed at

Control — 13.0 { 3.0a very low level on this particular human B cell line,
Anti-IgM 97.1 { 2.2 65.7 { 4.8identical experiments were repeated with forskolin (25 Forskolin

to 100 mM), which increases intracellular cAMP levels 100 mM 43.6 { 1.3 24.2 { 3.0
50 mM 37.2 { 1.9 17.3 { 4.7by direct activation of adenyl cyclase (15, 16). As the
25 mM 21.4 { 3.4 16.6 { 5.5results presented in Table 1 demonstrate, forskolin re-

PGE2sults in a small but significant decrease in [3H]-
10.0 mM 30.0 { 8.1 14.7 { 5.5thymidine uptake and a small but significant increase 1.0 mM 20.6 { 2.1 14.7 { 5.9

in apoptosis as assessed by flow cytometry. 0.1 mM 02.9 { 16.0 14.9 { 7.8

Note. Ramos-BL B cells (31 105 cells/ml) were cultured alone, withAnti-CD40 Antibodies Rescue Ramos-BL B Cells from
anti-IgM (20 mg/ml), with forskolin, or with PGE2. [3H]ThymidineIonomycin- or Anti-IgM-Induced, but Not Forskolin-
incorporation assessed during the last 4 hr of the 48-hr culture andTriggered, Growth Arrest and Apoptosis apoptosis by flow cytometry following 48 hr incubation. The results
are presented as mean percentage reduction in [3H]thymidine incor-Monoclonal antibodies directed against CD40 (anti-
poration with standard deviation and mean percentage apoptosisCD40) have been previously shown to rescue normal for three to five experiments. Cultures established with maximal

human GC B cells from spontaneous apoptosis (3) and concentrations of DMSO or ethanol as carrier–control were not sig-
nificantly different from the control cultures (data not shown).to rescue both EBV-genome-negative BL B cells and
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97cAMP AND B CELL PROLIFERATION AND SURVIVAL

TABLE 2 TABLE 4a
Forskolin Treatment Fails to Affect Anti-IgM-TriggeredSoluble Monoclonal Antibodies Directed against CD40 Res-

cue both Ionomycin- and Anti-IgM-Triggered Growth Inhibi- Growth Arrest
tion in Ramos-BL Cells

Mean cpm { SD
Mean cpm { SD

Control Anti-IgM
Control Anti-CD40

Control 104,779 { 13,643 3,102 { 948
ForskolinControl 158,647 { 6583 129,711 { 20,675

Anti-IgM 25,229 { 1011 91,193 { 6,518 100 mM 40,651 { 9,430 3,880 { 1,279
50 mM 86,246 { 6,243 2,483 { 1,720Ionomycin 3,382 { 49 64,226 { 7,040
25 mM 70,939 { 17,857 3,258 { 1,102

Note. Ramos-BL B cells were cultured at 3 1 105 cells/ml with
anti-IgM (20 mg/ml) or ionomycin (1 mg/ml) for 30 min prior to the Note. Ramos-BL B cells (3 1 105 cells/ml) were cultured alone or

with forskolin for 30 min prior to the addition of anti-IgM (20 mg/addition of soluble monoclonal antibodies to CD40 (1 mg/ml). The
cultures were established for 48 hr and [3H]thymidine incorporation ml) and [3H]thymidine incorporation was assessed during the last 4

hr of the 48-hr culture. The results are presented as mean countswas assessed during the last 4 hr of incubation. The results are
presented as mean counts per minute with standard deviation for per minute with standard deviation for [3H]thymidine incorporation

for four experiments. Cultures established with maximal concentra-three experiments.
tions of DMSO as carrier–control were not significantly different
from the control cultures (data not shown).

not attain control levels. The protective effect of anti-
CD40 antibodies in this system was also readily mani- is apparent from these experiments that anti-CD40fested by the concomitant increase in viable cells as fails to rescue forskolin-triggered growth arrest: in fact,determined by microscopy (Fig. 1). forskolin and anti-CD40 treatment of Ramos-BL B cellsIdentical studies were performed in order to deter- results in growth inhibiton greater than that observedmine whether anti-CD40 can also rescue Ramos-BL B with either of these reagents used on their own. How-cells from forskolin-triggered growth arrest: here, as ever, it is unclear from these experiments whether for-for the experiments described above, Ramos-BL B cells skolin and anti-CD40 act independently to cause anwere incubated with forskolin (25 to 100 mM), PGE2 additive effect on growth arrest or whether the for-(0.1 to 10 mM), or carrier control for 30 min prior to the skolin-triggered increase in intracellular cAMP in someaddition of anti-CD40 and [3H]thymidine incorporation way impinges upon CD40-triggered signaling events.assessed following 48 hr culture (Table 3). By contrast
to ionomycin- and anti-IgM-triggered growth arrest, it Forskolin and Anti-CD40 Contribute Independently of

Each Other for Growth Arrest in Ramos-BL B Cells

The question now presented queries whether artifi-TABLE 3
cially raising intracellular cAMP levels by treatingSoluble Monoclonal Antibodies Directed against CD40 Fail
with forskolin acts independently of anti-CD40 or into Rescue Forskolin-Triggered Growth Inhibition in Ramos-

BL B Cells some way impinges upon CD40-mediated signaling
events to trigger for enhanced growth arrest in Ramos-

Mean cpm { SD BL B cells. In an attempt to address this question, the
influence of forskolin on the ability of anti-CD40 toControl Anti-CD40
rescue anti-IgM-triggered growth arrest, assessed by

Control 130,632 { 10,769 104,501 { 19,834 [3H]thymidine incorporation, in Ramos-BL B cells was
Forskolin tested. It was possible to pursue this strategy since

100 mM 80,155 { 16,620 47,509 { 4,720 forskolin fails to affect anti-IgM-induced growth arrest
50 mM 86,762 { 11,914 60,176 { 4,720

(Table 4a) and only very slightly increases levels of25 mM 1,141,714 { 25,820 76,844 { 15,620
apoptosis (Table 4b). The results presented by Table 5PGE2

10.0 mM 182,506 { 11,167 149,758 { 8,616 demonstrate that while forskolin-treated Ramos-BL B
1.0 mM 153,865 { 4,906 98,551 { 8,482 cells fail to recover to control levels of [3H]thymidine
0.1 mM 157,351 { 15,340 103,904 { 11,174 incorporation following anti-IgM and anti-CD40 cocul-

ture, their levels of [3H]thymidine incorporation areNote. Ramos-BL B cells (3 1 105 cells/ml) were cultured alone,
greater than those for cells cultured with forskolin andwith forskolin, or with PGE2 for 30 min prior to the addition of anti-

CD40 (1 mg/ml) and [3H]thymidine incorporation was assessed during anti-CD40 alone. These results suggest that forskolin
the last 4 hr of the 48-hr culture. The results are presented as mean does not affect the ability of anti-CD40 to rescue anti-
counts per minute with standard deviation for four experiments. IgM-promoted growth arrest and that forskolin andCultures established with maximal concentrations of DMSO or etha-

anti-CD40 must therefore act independently to triggernol as carrier–control were not significantly different from the con-
trol cultures (data not shown). for growth arrest.
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TABLE 4b
Forskolin Treatment Fails to Affect

Anti-IgM-Triggered Apoptosis

Mean percentage apoptosis { SD

Control Anti-IgM

Control 7.4 { 3.1 63.0 { 11.2
Forskolin

100 mM 1.2 { 8.8 74.9 { 10.3
50 mM 12.8 { 0.7 72.6 { 14.1
25 mM 21.5 { 8.4 74.6 { 12.7

Note. Ramos-BL B cells (3 1 105 cells/ml) were cultured alone or
with forskolin for 30 min prior to the addition of anti-IgM (20 mg/
ml) and apoptosis was assessed by flow cytometry following the 48-
hr culture. The results are presented as mean percentage apoptosis
with standard deviation for three to four experiments. Cultures es-
tablished with maximal concentrations of DMSO as carrier–control
were not significantly different from the control cultures (data not
shown).

Both Prostaglandin E2 and Forskolin Significantly
Enhance the Proliferative Capacity of Normal
Resting Tonsillar Follicular Mantle B Lymphocytes
Cocultured with Anti-Ig and Anti-CD40

Concomitantly with experiments on the Ramos-BL
cell line, the influence of PGE2 and forskolin on the
ability of normal resting B cells isolated from the ton-
sillar FM to incorporate [3H]thymidine following cocul-
ture with anti-Ig and anti-CD40 was investigated.
Thus, 1 1 105 cells were cultured with PGE2 (0.1 to 10
mM) and forskolin (25 to 100 mM) for 30 min prior to

FIG. 3. Both forskolin and prostaglandin-E2 enhance the prolif-the addition of anti-Ig (plated at 100 mg/ml) and/or anti-
erative capacity of normal resting tonsillar FM B lymphocytes cocul-CD40 (1 mg/ml); treated cells were cultured for a fur- tured with anti-Ig and anti-CD40. Resting FM B lymphocytes were

ther 72 hr and the degree of proliferation assessed by cultured at 1 1 106 cells/ml with PGE2 (a and b, 0.1 to 10 mM),
forskolin (c and d, 25 to 100 mM) or the appropriate ethanol or DMSO
carrier–controls for 30 min prior to the addition of immobilized anti-
IgM or anti-IgD (both plated at 100 mg/ml) and/or anti-CD40 (1 mg/
ml). Cultures were established for 72 hr and proliferation assessedTABLE 5
by [3H]thymidine incorporation during the last 16 hr of culture.Forskolin and Anti-CD40 Result in Enhanced Growth

Arrest in Ramos-BL B Cells

Mean cpm { SD [3H]thymidine incorporation during the last 16 hr of
culture.

Control Anti-IgM Neither PGE2 nor forskolin had any significant effect
(P ú 0.50) on the [3H]thymidine uptake of resting FMControl 128,201 { 21,554 91,913 { 6,518
B cells cultured with anti-IgM, anti-IgD, or anti-CD40Forskolin

100 mM 53,166 { 11,952 68,333 { 5,294 alone (Fig. 3). By contrast, both PGE2 (0.1 mM; P õ
50 mM 67,485 { 15,533 78,986 { 12,492 0.01) and forskolin (25 mM; P õ 0.01) were found to
25 mM 93,896 { 36,406 80,166 { 9,807 significantly enhance the proliferative capacity of rest-

ing FM B lymphocytes cocultured with anti-IgM andNote. Ramos-BL B cells (3 1 105 cells/ml) were cultured alone or
anti-CD40 or anti-IgD and anti-CD40 with maximalwith forskolin for 30 min prior to the addition of anti-CD40 (1 mg/ml)

in the absence or presence of anti-IgM (20 mg/ml), and [3H]thymidine effect observed at 1.0 and 100 mM, respectively. Inter-
incorporation was assessed during the last 4 hr of the 48-hr culture. estingly, neither PGE2 nor forskolin had any significant
The results are presented as mean counts per minute with standard effect on the proliferation of resting FM B lymphocytesdeviation for four experiments. Cultures established with maximal

cocultured with phorbol ester and calcium ionophoreconcentrations of DMSO as carrier–control were not significantly
different from the control cultures (data not shown). (Table 6), suggesting that PGE2- and forskolin-trig-
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TABLE 6
Neither Forskolin nor PGE2 Have Any Significant Effect on the Proliferation of Resting FM B Lymphocytes Cocultured

with Calcium Ionophore and Phorbol Ester

Mean cpm { SEM

Control Iono PMA Iono/PMA

Control 138 { 32 309 { 72 32,478 { 4,417 110,474 { 9,700
Forskolin

100 mM 169 { 29 731 { 337 24,896 { 4,640 111,096 { 12,877
50 mM 194 { 51 1183 { 468 30,521 { 6,567 118,456 { 8,372
25 mM 295 { 87 1150 { 457 27,740 { 2,962 116,574 { 9,585

Control 210 { 93 348 { 148 27,815 { 10,623 131,478 { 4,077
PGE2

10 mM 224 { 41 213 { 81 26,593 { 13,183 136,986 { 20,075
1 mM 80 { 8 319 { 184 20,796 { 3,168 139,165 { 6,340
0.1 m M 189 { 129 226 { 91 22,475 { 1,799 128,809 { 2,811

Note. Resting FM B lymphocytes were cultured at 1 1 106 cells/ml with forskolin (25 to 100 mM) or with PGE2 (0.1 to 10 mM) for 30 min
prior to the addition of ionomycin (0.8 mg/ml) and/or PMA (25 ng/ml). Cultures were established for 72 hr and proliferation was assessed
by [3H]thymidine incorporation during the last 16 hr of culture. Results are presented as mean counts per minute with standard error of
the mean for eight experiments with forskolin and four experiments with PGE2. Cultures established with maximal concentrations of
DMSO or ethanol as carrier–control were not significantly different from the control cultures (data not shown).

gered increase in levels of cAMP is acting at a point by either forskolin or PGE2 at any concentration used.
By contrast to anti-IgGAM cocultures, GC B cells cul-distal from calcium and protein kinase C-mediated ef-

fects on resting FM B lymphocyte proliferation. tured with anti-CD40 antibody showed a small in-
crease in [3H]thymidine incorporation during the last

Both Forskolin and Prostaglandin E2 Fail to Affect 16 hr of the 24-hr cultures. However, as for the anti-
the Spontaneous Apoptosis and Anti-IgGAM- and IgGAM cultures, neither forskolin nor PGE2 had any
Anti-CD40-Promoted Rescue of GC B Cells from significant effect on the levels of [3H]thymidine ob-
Spontaneous Apoptosis served. Likewise, both forskolin and PGE2 had little

effect on anti-IgGAM-promoted and anti-CD40-pro-The influence of forskolin and PGE2 on the spontane-
moted rescue of GC B cells from spontaneous apoptosis.ous apoptosis of GC B cells was assessed following 24

hr culture by flow cytometry. The results presented in
DISCUSSIONTable 7 demonstrate that neither forskolin nor PGE2

influenced the high level of spontaneous apoptosis in
GC B cells after 24 hr culture, nor was there any sig- The present study explores whether the cAMP-de-

pendent second messenger pathway plays a role in thenificant effect on the low levels of [3H]thymidine incor-
poration observed during the last 16 hr of these cul- regulation of the B cell functional response to anti-Ig

and anti-CD40 and whether the influence of increasedtures. Thus, the spontaneous self-destruction of GC B
cells appears not to be influenced by intracellular levels levels of intracellular cAMP on these functional re-

sponses differs between FM B lymphocytes, GC B cells,of cAMP.
GC B cells treated with forskolin or PGE2 were also and Ramos-BL B cells. Indeed, the functional response

following ligation of sIg and CD40 differs between thesecocultured with anti-IgGAM-coated SRBC or with anti-
CD40 monoclonal antibody since ligation of these sur- cell types: cross-linking sIg promotes proliferation of

resting FM B cells, rescues GC B cells from spontane-face receptors has been shown to arrest GC B cell
apoptosis (3). GC B cells were cocultured with forskolin ous apoptosis, but induces apoptosis in susceptible

Ramos-BL B cells; signals transduced through CD40(10 to 100 mM), PGE2 (0.01 to 10 mM), or with the appro-
priate DMSO or ethanol carrier–control for 30 min induce entry into cell cycle and enhance sIg-promoted

mitogenesis of FM B cells while promoting GC and BLprior to the addition of anti-IgGAM-coated SRBC or
anti-CD40 antibody. Treated cells were then cultured B cell survival (1–8). Artificially elevating the intracel-

lular levels of cAMP in Ramos-BL B cells, FM B lym-for a further 24 hr to assess [3H]thymidine incorpora-
tion or the degree of apoptosis occurring (Table 7). phocytes, and GC B cells by treatment with PGE2 and

forskolin was found to differentially influence theirAs reported previously, anti-IgGAM-coated SRBC
promoted rescue of GC B cells from apoptosis but did functional response to signals transduced through sIg

and CD40 and can be summarized as follows: (i) thenot deliver a proliferative signal (4); the low levels of
[3H]thymidine incorporation observed was unaffected Ramos-BL B cell line is susceptible to growth arrest
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TABLE 7
Both Forskolin and PGE2 Fail to Affect the Spontaneous Apoptosis of GC B Cells and Their Anti-IgGAM-

and Anti-CD40-Promoted Rescue

Control Anti-IgGAM Anti-CD40

Mean cpm Mean cpm Mean cpm
{ SD % Apoptosis { SD % Apoptosis { SD % Apoptosis

Control 1082 { 78 75.7 1293 { 272 49.2 4829 { 431 33.3
Forskolin

100 mM 600 { 86 75.9 521 { 28 36.2 2967 { 894 36.1
50 mM 1251 { 47 76.2 1229 { 49 49.3 4084 { 252 41.7
25 mM 939 { 127 76.2 1160 { 93 48.4 4247 { 456 33.3
10 mM 1323 { 53 75.7 1118 { 162 35.1 4189 { 250 33.3

DMSO (max forskolin) 1205 { 42 75.9 1324 42.9 4188 { 19 35.0
PGE2

10 mM 1043 { 37 77.0 1037 { 120 48.3 4085 { 252 52.3
1 mM 1127 { 119 75.5 919 { 78 50.0 3509 { 188 40.7
0.1 mM 919 { 78 74.7 940 { 37 55.9 4141 { 232 48.9
0.01 mM 1047 { 136 76.9 1145 { 83 50.0 4256 { 12 36.1

EtOH (max PGE2) 989 { 91 76.4 1098 { 17 46.7 4213 { 107 37.2

Note. GC B cells (1 1 106 cells/ml) were preincubated with forskolin, PGE2, or the appropriate maximal DMSO or ethanol carrier–control
for 30 min prior to the addition of medium (control), anti-IgGAM-coated SRBC or anti-CD40 (1 mg/ml). [3H]-Thymidine incorporation was
assessed during the last 16 hr of the 24-hr culture and apoptosis was assessed following 24-hr culture by acridine orange staining. The
results presented are representative of two experiments and are expressed as mean counts per minute with standard deviation for duplicate
cultures and as percentage apoptosis for duplicate for cultures.

and apoptosis triggered by calcium ionophore, anti- growth arrest and apoptosis apparently contradict the
observations of Phipps et al. (23) and Brown et al. (24)IgM, and forskolin; moreover, while anti-CD40 rescues

Ramos-BL B cells from calcium ionophore- and anti- who have shown that murine B lymphomas susceptible
to anti-IgM-induced growth arrest and apoptosis canIgM-triggered growth arrest and apoptosis, anti-CD40

and forskolin contribute independently to enhanced also be triggered to an identical functional outcome
following treatment with PGE2, as a direct result ofgrowth arrest; (ii) by contrast to the observations made

with the Ramos-BL B cell model, both forskolin and increasing levels of intracellular cAMP. In order to ex-
clude the possibility that the PGE2 receptors of Ramos-PGE2 potentiate the proliferation of FM B lymphocytes

cocultured with anti-Ig and anti-CD40; (iii) both PGE2 BL B cells are in some way dysfunctional, are uncou-
pled from intracellular signaling pathways, or are ex-and forskolin fail to affect the spontaneous apoptosis

and anti-Ig- and anti-CD40-promoted survival of GC B pressed at a very low level, identical experiments were
also performed with the adenyl cyclase activator for-cells. Taken together these results suggest that the

influence of increased levels of cAMP on B cell func- skolin (15, 16). The resultant decrease in [3H]-
thymidine incorporation and increase in apoptosis wastional response is dependent on the cellular population

studied and that increasing intracellular levels of small, although statistically significant, and was not
as great as that reported for murine lymphomas wherecAMP elicits complex regulatory effects on the Ramos-

BL B cell, FM B lymphocyte, and GC B cell functional the PGE2 mediated a functional effect similar in magni-
tude to that observed with anti-IgM antibodies. Thisresponse to anti-Ig and anti-CD40.

In the experiments reported here, an EBV-genome- apparent discrepancy may be accounted for by differ-
ence in species or maturity of the B cell lines used;negative BL B cell line, Ramos, was used as a model

of B cell growth and survival since these Ramos-BL indeed the susceptibility of murine B lymphomas to
cAMP-induced growth arrest and apoptosis appears tocells readily undergo growth arrest and apoptosis in

response to signals transduced through their surface be dependent on whether the murine B cell line studied
is classified as immature or mature, immature linesantigen receptors and can be rescued from anti-IgM-

triggered effects by treatment with soluble monoclonal such as CH31 being susceptible and mature lines such
as CH12 being resistant (23, 24). Indeed, our recentantibodies directed against CD40. These observations

are in agreement with a number of other studies re- work has shown that the Ramos-BL B cell line de-
scribed in this report expresses sIgD, as well as IgM,ported for human systems of EBV-genome-negative

and EBNA-1-positive BL B cell lines (3, 5, 6). However, and that antibodies directed against IgD can trigger
an intracellular calcium response; taken together,results reported here which demonstrate that treat-

ment of Ramos-BL B cells with PGE2 fails to induce these data suggest that our Ramos-BL B cell line dis-
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plays phenotypic and functional characteristics more B cell proliferative response to calcium ionophore and
phorbol ester.typical of a mature rather than immature B cell line

While PGE2 and forskolin exerted a profound posi-(L. Padmore, G. K. Radda, and K. A. Knox, unpublished
tive effect on the resting FM B cell proliferative re-observations).
sponse, both of these cAMP-elevating agents failed toOne of the most interesting findings of this set of
affect the spontaneous apoptosis of GC B cells as wellexperiments on the Ramos-BL B cells was that anti-
as their anti-Ig- and anti-CD40-promoted survival. Re-CD40 fails to rescue forskolin-triggered growth inhibi-
cent work has shown, on secondary follicle sections, thetion and in fact that anti-CD40 and forskolin act inde-
presence of high levels of intracellular cAMP in GC Bpendently and additively for growth inhibition. This
cells, which may play a role in the regulation of B cellfinding was particularly surprising in view of the obser-
apoptosis and survival. It may be therefore that GCvation that antibodies directed against CD40 provide
B cells’ functional response, spontaneous or triggereda potent signal for survival even when the Ramos-BL
through the sIg or CD40 molecules, is refractory toB cells were costimulated with calcium ionophore or
any further increase in intracellular levels of cAMP. Itanti-IgM. The apparent dichotomy in the CD40-medi-
remains to be seen whether decreasing the activity ofated regulation of growth arrest and survival found
the cAMP-dependent protein kinase, protein kinase A,between calcium ionophore or anti-IgM and forskolin
using selective pharmacological inhibitors will influ-suggests that regulation differs at the second-messen-
ence GC B cell survival in response to signaling eventsger level or at downstream events. These observations
triggered through the sIg and CD40 molecules.indicate that activation of CD40-mediated signal trans-

duction cascade and subsequent phosphorylation of un-
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