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ABSTRACT

<.l>i < 1)77 is a glycolipid antigen, specifically expressed on two differ
ent B-cell populations, Burkitt's lymphoma and a subset of tonsillar

B-lymphocytes located in germinal centers, which could be the normal

counterpart of Burkitt cells. Both Gb3/CD77(+) populations have re
cently been shown to enter programmed cell death (apoptosis) readily.
Here we show that verotoxin, also called Shiga-like toxin, which is

known to bind to the carbohydrate moiety of Gb3/CD77, induces cell
death in Gb3/CD77(+) Burkitt's lymphoma cells, not only by inhibiting

protein synthesis as classically described but also through an additional
mechanism, namely apoptosis. Furthermore a recombinant B-subunit of

verotoxin, which carries only the binding property of the holotoxin, also
induces apoptosis in Gb3/CD77(+) cells. Gb3/CD77 could thus represent
the first example of a glycolipid antigen able to transduce a signal lead
ing to apoptosis.

INTRODUCTION

One common characteristic of BL4 cell lines retaining the original

tumor cell phenotype (1) and of their putative normal counterpart, the
low density B-lymphocytes of tonsillar germinal centers, is an ex
treme sensitivity to apoptosis (2, 3). These two B-cell populations

share phenotypic features: they both express CD 10 and CD38 antigens
but are negative for CD39 and for markers of activation such as CD23,
CD25, and CD71 (2, 4). Among hematopoietic cells, however, only
the CD77 differentiation antigen, that we first reported as a Burkitt's

lymphoma-associated antigen and which was then characterized as a

neutral glycolipid, the globotriaosylceramide (Gb3), is selectively ex
pressed by these two cell types (5-7), raising the possibility that this

molecule might play a role in the process of apoptosis.
Apoptosis, or programmed cell death, has been recognized as a

physiological normal form of cell death and seems to be an essential
element in the normal development of an organism (8). The cells
undergoing apoptosis present typical morphologic changes such as
chromatin condensation and blebbing of the cytoplasmic membrane,
concomitant with activation of an endonuclease, leading to inter-

nucleosomal DNA cleavages. In the immune system, apoptosis has
been involved in the clonal deletion of autoreactive T-cells (9), in the
antigen-driven selection of germinal center B-cells (3), and also fol

lowing removal of specific growth factors from hematopoietic pre
cursors (10). Apoptosis can also be induced by cytolytic T-lympho-
cytes (11) and by TNF-a (12). It is also commonly seen in growing

tumor masses (8).
To investigate the role of the Gb3/CD77 molecule in the process of

apoptosis we have used one of its recently described natural ligands,
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verotoxin.

the bacterial toxin named verotoxin (13). This toxin produced by
enterohemorrhagic Escherichia coli is highly homologous to the Shiga
toxin produced by Shigella dysenteriae (14, 15). These molecules
have been implicated in the pathogenesis of bacillary dysentery (16),
of hemolytic uremie syndrome (17), and of hemorrhagic colitis (14).
VT and Shiga toxin are composed of two types of subunits; one
(B-subunit) binds to receptors at the cell surface, whereas the other
(A-subunit) is responsible for the cytotoxic activity via inhibition of
protein synthesis. In the case of VT, Shiga toxin and ricin, an N-
glycosidase activity of the A-chain, acting on the 28S rRNAof the 60S

subunit, is responsible for this inhibition (18).
Here we report that, in addition to this known cell death mecha

nism, VT also induces in Gb3/CD77( + ) cells, morphological changes
and DNA fragmentation characteristic of apoptosis. Furthermore, we
demonstrate that the B-subunit of VT (VT-B), which carries only the

binding property of the holotoxin, also induces apoptosis in Gb3/
CD77(+) BL cells. The role of Gb3/CD77 as a component of a target
structure transducing an apoptosis signal is discussed.

MATERIALS AND METHODS

VT and VT-B Preparation. The recombinant E. coli strain pJLB28 was
used as a source of VT. High yields of the toxin (10-15 mg/3 liters of broth

culture) were purified by a modification of a method developed previously
involving polymyxin B extraction, ultrafiltration, hydroxylapatite chromatog-

raphy, chromatofocusing, and Cibacron blue chromatography (19). The

recombinant E. coli strains TEI (pJLB120) and JM101 (pJLB120) were used
as a source of VT-B. Purification of the VT-B was performed as previously

described (20).
Cell Lines. BLcell lines were kindly provided by Dr. G. Klein (Stockholm,

Sweden) (Ramos and Daudi) and by Dr. G. Lcnoir (Lyon, France) (Raji, BL2,
and BL41). VT500 is a Gb3/CD77(-) subclone, derived from a variant of
Daudi cells selected for resistance to growth inhibition by a2-interferon and

which were further selected for resistance to 500 ng/ml of VT(21). Mutu I and
Mutu III, two phenotypically distinct subclones of the Mutu-BL cell line (22),
were kindly given by Dr. C. Gregory (Birmingham, England). The pre-B-cell
line (Reh) was a gift from Dr. C. Boucheix (Villejuif, France). The lympho-

blastoid cell lines IARC 171 and 8866 were kindly given by Dr. G. Lenoir and
Dr. J. Yodoi (Kyoto, Japan), respectively. The U266 myeloma cell line was a
gift from Dr. B. Klein (Montpellier, France). The erythroleukemia cell line
K562 was a gift from Dr. G. Klein (Stockholm). These cell lines were culti
vated in RPMI 1640 medium (Gibco-BRL. Scotland) containing 2 HIM L-

glutamine, 1 mM pyruvate, 20 ITIMglucose, 20 /xg/ml gentamicin, and supple
mented with 5% heat-inactivated fetal calf serum.

Inhibition of Protein Synthesis. Cells (5 X IO5 cells/ml) were cultivated
at 37Â°Cin 96-well round-bottomed microtiter plates (Becton Dickinson) in
200-/J.I leucine-depleted RPMI (Eurobio. France) containing 1 fiCi of |'H)-

leucine, with or without 10 ng/ml VT. After 18 h, cells were harvested on glass
fiber filters, and radioactivity incorporated in proteins was measured in a
scintillation counter.

Electron Microscopy. Cells were fixed at room temperature by adding
1.6% glutaraldehydc to the culture medium and centrifuged. Pellets were then
incubated in 0.066 MSorensen buffer (pH 7.4) containing 1.5% glutaraldchyde
for l h at 4Â°C.After 2 h of washing with buffer, cells were postfixed in 2%

Os04 in the same buffer. After dehydration in graded ethanol and propylene
oxide, Epon embedding and uranyl-lead staining were performed with the
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use of classical methods. Observations were done with a Philips EM 400
(Eindhoven, Netherlands).

DNA Fragmentation Assays. Cells ( IO'Vml)were incubated in RPMI 1640

medium alone or in the presence of intact VT or VT-B. After an 18-h culture,

cells were counted and viability was assessed by using the trypan blue exclu
sion method. Percentage of cell viability represents the number of viable cells
as compared to the control in the absence of toxins. Cells were then centrifuged
and washed twice with saline buffer. The pellets were lysed by incubation for
l h at 50Â°Cin 10 mM EDTA, 200 HIMNaCl, 0.1 mg/ml proteinase K, 0.5%

(w/v) sodium dodecyl sulfate, and 50 mM Tris-HCl, pH 8. The DNA was

extracted with phenol. chloroform:isoamylalcohol (24:1), and then ethanol
precipitated. Unfragmentcd DNA was discarded, and 0.1 volume of 3 Msodium
acetate, pH 7.2, was added to the supernatant which was left at -8()Â°Cover

night. The precipitate containing fragmented DNA was centrifuged (1300 g, 30
min) and dried under vacuum. DNA derived from 5 X 10* cells was then

resuspcnded in 20 (j.1RNAse buffer containing 0.5 /J.g/ml DNAse-free RNAse
(Sigma), 15 mM NaCl, and IO min Tris-HCl, pH 7.5, and incubated at 50Â°Cfor

1 h. Electrophoresis was carried out at 70 V in 2% agarose gel containing 0.1
/Â¿g/mlcthidium bromide in a buffer containing 2 mM EDTA, 80 mM Tris-

phosphate, pH 8. After electrophoresis, gels were examined under UV. \ and
<f>phage DNA digested by Hitul\\\ and Haelll. respectively, provided molecu
lar weight standards.

RESULTS AND DISCUSSION

To study the possible role of Gb3/CD77 in the process of apopto-

sis, we analyzed the cell death mechanism elicited by VT on various
cells. We first compared the level of expression of Gb3/CD77 and
the sensitivity of various cell lines to VT, as monitored by inhibition
of protein synthesis. As shown in Fig. 1, after an 18-h culture in the

presence of 10 ng/ml VT, inhibition of pHjleucine uptake and cell
death (assessed by the trypan blue exclusion method) were observed
in six of six Gb3/CD77(+) BL cell lines (Ramos, BL41, BL2, Raji,

Daudi, and Mutu 1). In contrast, inhibition of protein synthesis was
observed neither in the Gb3/CD77(-) BL cell lines (VT500, Mutu
III, and Namalwa), nor in a pre-B (Rch), two lymphoblastoid (8866,

IARC171), a myeloma (U266), or an erythroleukemia (K562) cell
line. It should be noted, however, that among Gb3/CD77( + ) cells,
the level of VT-induced protein synthesis inhibition (as well as the

cellular viability), was not always proportional to that of Gb3/CD77
membrane expression: inhibition of ['Hjleucine uptake induced by
VT in BL2 cells, which are Gb3/CD77high, is only 52%, whereas it
is 97% in Raji cells, which are Gb3/CD77'"w. Similar results were

previously obtained by one of us with a different panel of cell lines,
using VT and anti-VT monoclonal antibody to measure Gb3 mem

brane expression (23).
VT-treated cells were then examined for the two main characteris

tics of apoptosis: ultrastructural changes, including chromatin con
densation and blebbing of the membrane; and cleavage of the nuclear
DNA, revealed on agarose gel electrophoresis as a ladder of approxi
mately 180-base pair multimer fragments (24).

The ultrastructure of the Gb3/CD77(+) BL cells (Ramos) was
observed after an 18-h culture with or without VT. Nontreated cells
presented with a classical BL-cell morphology, the nucleolus was

conspicuous in the nucleus and patches of dense chromatin were
clearly visible among uncondensed chromatin (Fig. 2a). In compari
son, Ramos cells cultured with 10 ng/ml VT for 18 h exhibited
condensation of the nucleus with formation of crescent-shaped aggre
gates of chromatin lining the nuclear membrane and marked vacuol-

ization of the cytoplasm (Fig. 2, b and c). In some cases, these cells
exhibited a cleaved nucleus, although the plasma membrane remained
intact (Fig. 2d). These morphological features are consistent with
apoptosis and differ distinctly from the characteristic features exhib
ited by cells undergoing necrosis.

100%-g
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Gb3/CD77expression :

% of cell viability 37 95 97 100 91 95 99 100 95

\
Fig. 1. VT cytotoxicity assay. Various cell lines were incubated for 18 h in medium containing 1 /iCi/ml of [3HJleucine, in the presence or absence of 10 ng/ml of VT. Results (mean

o! 3 independent experiments) are expressed as percentage of inhibition in treated cells as compared to control in the absence of VT. Cells were also counted and viability was assessed
by using the trypan blue exclusion method. Percentage of cell viability represents the number of viable cells as compared to the control in the absence of VT. The expression of
Gb3/CD77 on the cell membrane was determined by using an anti-Gb3/CD77 monoclonal antibody (38.13) revealed by a polyclonal goat anti-rat antibody coupled to fluorescein
isothiocyanate. Stained cells were analysed with an EPICS C cytofluorometer (Coultronics, France).
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Fig. 2. Ultrastructural morphology of Ramos cells
cultured in the presence of VT. After an 18-h culture in
RPMI 1640 medium alone (a) or in the presence of 10
ng/ml VT (b, c, and d). Ramos cells were placed in an
isotonic 1.6% glutaraldehyde solution. Electron micro
graphs of thin, plastic-embedded section were taken on
a Philips EM 400. Scale, a and ft (X 5500), c and d (X
9000). Uncondensed chromatin (L/C] and conspicuous
nucleolus (NL) can be seen in nontreated cells (a),
whereas condensed chromatin (CC), cytoplasmic vacu
oles ( V), and cleaved nucleus (CN) are clearly visible in
VT-lreated cells (b, c, d).

CN

."**

To confirm that VT-treated Gb3/CD77( + ) cell lines were dying, at

least in part, as a result of programmed cell death, Ramos cells were
cultured in the presence of VT and examined for DNA fragmenta
tion. As shown in Fig. 3, agarose gel electrophoresis of DNA ex
tracted from Gb3/CD77(+) BL cell (Ramos) cultured for 18 h with

10 ng/ml of VT, revealed a clear DNA fragmentation pattern, appear
ing as an oligonucleosomal ladder, characteristic of apoptosis. When
Gb3/CD77(-) BL cells (Namalwa) were treated with VT under the

same conditions, no fragmentation could be observed. Since it could
be argued that the Namalwa cells could be, for some unknown rea-

Gb3/CD77(+) BL cell line
(Ramos)

Gb3/CD77(-) BL cell line
(Namalwa)

Fig. 3. DNA fragmentation assay after treatment
with VT. Gb3/CD77( + ) BL cells (Ramos) or Gb3/
CD77(-) BL cells (Namalwa) (10"/ml) were incu

bated for 18 h in RPMI 1640 medium alone (M) or
in the presence of 10 ng/ml VT. After washing of
the cells, DNA was prepared as described in "Ma
terials and Methods" and electrophoresed in a 2%

agarose gel. A and cf>phage DNA digested by Hin-
d\\\ and Hae\l\, respectively, provided molecular
weight standards. Cells were counted and viability
was assessed by using the trypan blue exclusion
method. Percentage of cell viability represents the
number of viable cells as compared to the control in
the absence of toxins.

VT
10 ng/ml

M VT
10 ng/ml

2.0Kb
1.0Kb

0.3Kb

2.0Kb
1.0Kb

0.3Kb

Cell viability : 100% 20%
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son, more resistant to apoptosis than the Ramos cells, we decided to
treat with VT isogenic subclones of two BL-cell lines, different in

their Gb3/CD77 expression. As shown in Fig. 4, only the Gb3/
CD77( + ) Daudi and Mutu I cells displayed the morphology of apop-

totic cells after 18 h of incubation with VT.
In an attempt to better understand the mechanism of cell death

induced by VT, as well as to further investigate the role of Gb3/CD77
in this process, we tested the effect of recombinant VT-B subunits, the
Gb3-specific binding subunits of VT, on the Gb3/CD77( + ) and (-)

isogenic BL subclones. As shown in Fig. 4, after treatment (18 h) with
1 ju,g/ml of VT-B, the Gb3/CD77( + ) Daudi and Mutu I cells presented

typical apoptotic features. By contrast, no morphological changes
were observed following treatment with VT-B of the Gb3/CD77(-)

VT500 and Mutu III BL cells. Furthermore, as shown in Fig. 5,
incubation (18 h) of Daudi cells with various doses of recombinant
VT-B subunits induced DNA fragmentation and a decrease of cellular
viability (assessed by trypan blue exclusion) in a dose-dependant
manner: at 10 ng/ml of VT-B, the ladder of degraded DNA is barely

detectable and 87% of the cells are still viable, whereas at 100 ng/ml
and 1 jJ.g/ml of VT-B, fragmentation of DNA is clearly visible and

viability of the cells is, respectively, 65 and 43%. By contrast, no DNA

fragmentation was observed for the VT500 cells and viability of these
cells was not affected.

These results suggest that VT might induce cell death of Gb3/
CD77( + ) cells through two distinct pathways: the first one involves
the A subunit and results in the inhibition of protein synthesis, the
second one relies upon the B subunit, classically described as binding
to surface Gb3/CD77 and allowing the entry of the toxin into the cell,
but which also appears as an apoptosis inducer, either by signal
transduction through Gb3/CD77 or by direct action after internaliza-

tion. The latter hypothesis, however, appears unlikely since it has been
shown that in most cases of apoptosis induced by various agents
(including TNF-a), it is the binding of the molecule to its cell surface

receptor which triggers cell death (11).
If apoptosis is due to the binding of a ligand to Gb3/CD77 recep

tors, then the discrepancy between the concentrations of holotoxin and
B-chain needed (100-fold more) to cause DNA fragmentation, re

mains to be elucidated. One possible reason may be found in recent
observations showing that protein synthesis inhibition, in some in
stances, causes or is a cofactor for apoptosis (11, 25-28). It might thus

be hypothesized that, when holotoxin is used, the blockage of protein
synthesis induced by the A subunit potentiates the action of the B
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Fig. 4. Morphological appearance of BL cells
after treatment with VT holotoxin or VT-B. Hcma-
toxylin-stained cytocentrifuge preparations photo
graphed at X KXX).Gb3/CD77( + ) BL cells (Daudi
and Mulu I) or Gb3/CD77(-) BL cells (VT500 and
Mutu III) were cultured for 18 h with RPMI me
dium alone (NT), with VT (10 ng/ml) or VT-B (1

Hg/ml).
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Gb3/CD77(+)BL cell line
(Daudi) Gb3/CD77(-) BL cell line

(VT500)

Fig. 5. DNA fragmentation assay after treatment
with VT-B. Gb3/CD77( + ) BL cells (Daudi) or
Gb3/CD77(-) BL cells (VT500) (HP/ml) were in-

cuhated for IX h in RPMI 1640 medium alone (M)
or in the presence of various doses of VT-B. After
washing of the cells DNA was prepared and elec-
trophoresed on a 2% agarose gel. A and 4>phage
DNA digested by Hind\\\ and Hael\\, respectively,
provided molecular weight standards. Cells were
counted and viability was assessed by using the
trypan blue exclusion method. Percentage of cell
viability represents the number of viable cells as
compared to the control in the absence of toxins.

2.0Kb
1.0Kb

0.3Kb

B chain B chain B chain
1 â€ž¿�gml 100ng ml 10ng/ml

M B chain
1 ng/ml

2.0Kb

1.0Kb

0.3Kb

Cell viability : 100% 43% 65% 87% Cell viability : 100% 100%

subunit. Another explanation may reside in the structure of the toxin.
VT consists of one A-chain that is noncovalently complexed with five
B-chains (16). Although it has been shown that the isolated B-chain

exists as a pentamer in the native state and displays the same specific
and saturable binding capacity as the holotoxin (20), it is possible that
other functional effects mediated by the B-chain are affected when
using isolated B-chain. However, it must be noted that results of the
crystal structure determination of the VT-B oligomer suggest that the

holotoxin would bind to cells with the A subunit away from the
membrane (29). Future 3-dimensional structure studies of the holo

toxin complexed with its carbohydrate ligand will allow better under
standing of the respective roles of the A and B subunits during cell
binding.

Induction of apoptosis by various agents interacting with cell sur
face receptors, such as, for example, TcR/CD3, TNF receptor, APO-1,
or Fas (30-33), has been previously described but, to our knowledge,
this is the first report of programmed cell death induced via a glyco-
lipid molecule. This observation might seem paradoxical since gly-

colipids are not transmembrane molecules. However, it has been
shown that endocytosis of Shiga toxin occurs via the coated-pits/
coated-vesicles pathway (34), which theoretically also requires the

cytoplasmic domains of the receptors. These two observations suggest
that on cell surface Gb3 is associated with a transmembrane protein
which could transduce the apoptotic signal perceived by Gb3. The
importance of glycolipid as part of a functional membrane receptor
has been previously shown in the case of GM3 and the epidermal
growth factor receptor (35), or for a ganglioside of the GM1 family
and the thyrotropin receptor (36). The nature of this Gb3-associated

membrane molecule will be the subject of future investigations. How
ever, it must be already noted that similarities between amino acids
sequences, which include several amino acids suspected to participate
in glycolipid binding (37, 38) of VT-B and sequences of the extra

cellular domain of the type l a/ÃŸinterferon receptor were reported
(39). Moreover, it was found that a B-cell-specific antigen, CD 19, also
has a putative Gb3-binding domain as determined by sequence simi
larities with VT-B (40). It will be of great interest to see whether or not

these interactions, between the interferon receptor and Gb3 or be
tween CD 19 and Gb3, within the plane of the plasma membrane play
a role in the transduction of the apoptosis signal.

Another interesting question raised by our results concerns the
physiological ligand of Gb3 which could be involved in the triggering

of apoptosis in tonsillar germinal centers. In germinal centers, apop
tosis seems to be the mechanism by which cells, not able to produce
high affinity antibody during antigen-driven selection, are eliminated.

It can be hypothesized that this Gb3/CD77 ligand directly induces
apoptosis or, since, we and others have shown that the Gb3/CD77(+)
germinal center B-lymphocytes can be rescued from apoptosis either
by anti-CD40 and interleukin 4 (2, 3), by anti-immunoglobulin anti

bodies (3), or by soluble CD23 and interleukin la (41), one can also
imagine that the ligand of Gb3/CD77 acts by blocking the activity of
a factor required for survival. Alternatively, it might be suggested that
the signal induced via Gb3/CD77 interferes with the appearance of
bcl-2 protein which can apparently suppress apoptosis both in germi
nal center B-lymphocytes (42) and in BL cells (43).

Finally, the potential therapeutic use of VT-B in the treatment of BL

patients must be emphasized. Indeed, one can envisage the use of
VT-B as an apoptosis inducer in vivo to cause tumor regression. As a

first step toward this goal we are currently treating nude mice carrying
xenotransplants of Gb3/CD77(+) BL cells with VT-B.
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