
Immunology 1987 60 531-538

Monoclonal B-cell response to diphtheria toxoid:
evidence for cross-reactive epitopes

B. AUTRAN,* F. TRIEBEL,* M. VIGUIER,* M. JOLIVETt P. FALMAGNEt & P. DEBRE* * Laboratoire
d'Immunogenetique, Departement d'Hematologie, CHU Pitie-Salpetriere, t Laboratoire d'Immunotherapie experimentale, Institut

Pasteur, Paris, France, and t Laboratoire de Chimie Biologique, Universite de l'Etat de Mons, Mons, Belgium

Acceptedfor publication 21 November 1986

SUMMARY

Our previous studies on the human specific B- and T-cell responses against diptheria toxoid (DT) had
shown that the B- and T-cell antigenic determinants were mostly assembled topographic sites with
large intra-molecular cross-reactivities. In order to characterize further the B-cell responses against
DT, and to investigate these cross-reactivities, we have produced 54 murine monoclonal antibodies
(moAbs) against the native DT. Determination oftheir antigenic specificity showed that (i) 25 moAbs
recognized conformational determinants on the native DT, (ii) 20 moAbs reacted against the A
fragment (DTA) of the toxin, and (iii) nine moAbs reacted with at least three distinct highly purified
CNBr peptides of the B fragment (DTB); some of them simultaneously recognized two or three
purified CNBr peptides of DTB. As shown by cross-inhibition studies, the epitopes cross-reacting
with those moAbs were distinct. Previously described sequence data indicated that these epitopes
were not induced by repetitive amino-acid sequences. Finally, (iv) a cross-reactive idiotype was

shared by moAbs specific for the CB1 and the CB3 peptides of DTB. Altogether, these data indicate
that anti-DT moAbs are mostly directed against conformational determinants, and may cross-react
with several DTB CNBr peptides.

INTRODUCTION

Renewed interest in the prediction of antigenic determinants of
proteins recognized by B and T cells arises from the recent
developments of synthetic peptides as vaccines. Toxoid vaccines
such as diphtheria toxoid provide good tools to analyse the B-
and T-cell repertoire against native proteins. DT) a single 58,390
molecular weight (MW) polypeptide, the amino-acid sequence

of which has recently been described (Kaczorek et al., 1983;
Greenfield et al., 1983), can be divided into two functionally
distinct fragments (Fig. 1): (A) (DTA), the 21,250 MW NH2-
terminal enzymically active fragment, and (B) (DTB), the 32,240
MW COOH terminal fragment where the specific cell receptor
binding site is located (Collier & Kandel, 1971; Gill & Pappen-
heimer, 1972).

Several immunodiminant regions have been determined on

DT from the interactions of polyclonal antisera or monoclonal
antibodies with (i) immunologically cross-reactive mutant tox-
ins (CRMs) (Pappenheimer, Uchida & Harper, 1972; Pappen-
heimer, 1977), (ii) proteolytic fragments, DTA and DTB
(Bazaral, Groscienski & Hamburger, 1973; Cryz, Welkos &
Holmes, 1980), and (iii) synthetic peptides (Audibert et al.,
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1971). Most of the serologically defined antigenic determinants
seem to be located in the A fragment and in the 17,000 MW
COOH-terminal region of the B fragment.

The developments of hybridoma technology and of T-cell
cloning have led to a better delineation of B- and T-cell epitopes
on several native proteins such as myoglobin (Berzofsky et al.,
1982), lysosyme (Smith-Gill et al., 1984) and tetanus toxoid
(Sheppard, Cussel & Hughes, 1984). These studies have shown
that the surface of a protein is a continuum of multiple,
overlapping antigenic determinants. Most of the monoclonal
antibodies recognize conformational antigenic determinants
assembled from amino-acid residues distant in the primary
structure of the protein, whereas T-cell determinants seem to be
contained in a single segment ofamino-acid sequence (Benjamin
et al., 1984).

Recently, we reported the fine specificity ofhuman B- and T-
cell responses in DT-vaccinated volunteers (Triebel et al., 1986).
Our results suggested that B- and T-cell determinants were
differently distributed on the native toxoid: most of the
polyclonal B-cell response was directed against DTA; in
contrast, T-cell clones reacted predominantly against DTB.
Moreover, analysis of their fine specificity revealed that some
cyanogen bromide (CNBr) peptides of DTB had cross-reactive
T-cell determinants.

In order to describe monoclonal B responses against DT,
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and to investigate further the intra-molecular cross-reactivities,
we have produced 54 murine moAbs against the native DT.
Most of the anti-DTB moAbs recognize cross-reactive epitopes
on the purified CNBr peptides. Moreover, a cross-reactive
idiotype was shared by some of these anti-DT moAbs.

Altogether, these results of B-cell responses against DTB
suggest that the antigenic structure of the diphtheria toxoid
consists of predominantly conformational determinants, some
of them sharing cross-reactive epitopes.

MATERIALS AND METHODS

Antigens
Diphteria toxoid (DT 5000 LF/ml was kindly provided by Dr
Perquin, Institut Pasteur Production, Paris. Purified fragments
A and B were obtained after reduction of the nicked toxin. The
fragment B had all its cysteine residues (Cys 8, 268, 278) S-
carboxymethylated. The S-carboxymethylated fragment B was
cleaved with CNBr in 70% formic acid. After citraconylation,
the five cleavage products were separated by gel filtration on
Sephadex G-75. The five CNBr peptides were further purified by
thin layer or paper chromatography or on a column of DEAE
cellulose. Evidence for the homogeneity and the purity of the
fragments A and B and all the CNBr peptides that were used was
obtained from SDS-PAGE, high pressure liquid chromato-
graphy and N-terminal amino-acid sequencing by automated
EDMAN degradation (for details see Falmagne, Lambotte &
Dirkx, 1978).

The molecular weights of the five CNBr peptides were
estimated from SDS-PAGE (Fig. 1).

Hybridoma production
Three-month-old BALB/c mice were immunized twice subcuta-
neously at a 1-month interval with 10 pg of DT in complete
Freund's adjuvant. After 2 weeks, a boost of 10 pg of DT in
saline solution was given intravenously, and fusions were
performed 4 days later. 1 x 108 spleen cells were fused with
5 x 107 SP2/O myeloma cells using polyethylene glycol (MW
4000). After fusion, cells were seeded in microtitre tissue culture
plates at 1 x 105 spleen cells per well and maintained for 14 days
in hypoxanthine-aminopterin-thymidin (Gibco, Paisley, Ren-
frewshire, U.K.) medium. Cells were then gradually adapted for
growth in RPMI medium enriched with 10% fetal calf serum.
From Days 10 to 14, hybridomas culture supernatants were

Frogment A Fragment B
- IN" II
NH2 21,150 S - S 32,240 S-S COOH

MW 21,150 S

Figure 1. Diagram ofD'
five CNBr peptides of
molecular weights and 1

(0) domains.

tested at least twice for their anti-DT activity in a solid-phase
ELISA. Of 280 initial subcloned hybridomas, 54 DT-specific
IgG-producing hybridomas showed a stable growth after Day
21, and were subcloned, then stored in liquid nitrogen. High titre
moAb containing ascites were produced by intraperitoneal
injection of hybridoma cell lines and used for subsequent tests.
Monoclonal antibody isotype was determined by double immu-
nodiffusion assay against isotyping sera specific for immunoglo-
bulin GI (IgGl), G2a (IgG2a), G2b (IgG2b) and G3 (IgG3).

Purification of the monoclonal antibodies
MoAbs of the IgG2 subclass were purified from ascitic fluids by
affinity chromatography on protein A Sepharose (Pharmacia
Fine Chemicals, Paris, France). IgGl moAbs were isolated from
ascitic fluids by precipitation with caprylic acid according to the
technique described by Steinbuch & Audran (1969).

Cytotoxicity assays
(A) In vitro assay. Vero cells were obtained from St Louis

Hospital, Paris. Cells obtained as monolayers in Nunc tissue
culture flasks (Nunc, Inter-med, Roskilde, Denmark) were
detached by trypsinization, washed, counted and resuspended
at 105 cells/ml in MacCoy medium containing 5% fetal calf
serum (FCS), glutamine and antibiotics. Twenty-four well tissue
culture plates (Nunc) were seeded with 1 ml of cell suspension
perwell and the plates incubated at 370 for 24 hr in a humidified
5% C02, 95% air atmosphere. Diphtheria toxin was incubated
with antibodies (dilution 1:10) for 1 hr, then 0 I ml the mixture
was added to the wells. After 2 hr, the medium was removed
from each well and replaced by 1 ml of complete medium.
Twenty-four hours later the medium was replaced with 1 ml of
minimum essential medium without leucine and containing
glutamine, 2% FCS and 0-05 pCi of '4C-leucine (CEA, Saclay,
France, 280 mCi/mM). After incubation for 2 hr at 370, cell
monolayers were precipitated by 10% trichloroacetic acid,
rinsed twice with 1 ml of 5% trichloroacetic acid and then
dissolved in 0 I N sodium hydroxide (1 ml) mixed with 9 ml of
ACS II (Amersham International, Amersham, Bucks, U.K.)
and counted for radioactivity.

(B) In vivo assay. moAbs and diphteria toxin were diluted in
25% calf serum. Control and experimental moAbs were diluted
1:2, and diphteria toxin was used at five or ten times the
minimum reactive dose (MRD). General conditions were those
described in the European Pharmacopoea (intradermal injec-
tion of 0-2 ml of the mixtue of moAbs and toxin, administered
after 30 min of incubation). Mouse anti-diphtheria toxin and
guinea-pig anti-ovalbumin sera were used as positive and
negative controls, respectively. Redness and necrosis were
checked every day for 4 days.

CB4 CB2 CB5 CBI CB3 Enzyme-linked immunosorbent assay (ELISA)
| |s-s DTA and DTB or the five CNBr peptides in carbonate/- S 5.5

4195 8970 2550 13,070 8455 bicarbonate buffer at a concentration of 5 pg/ml were coated
onto the wells of micro-ELISA plates (Nunc) and incubated

T T ~ ~ overnight at 4°. After three washings in PBS/Tween, hybridoma
N terminil Hydrophobic C terminal supernatants or ascites were added in appropriate dilutions in
region region region PBS/Tween with 1% BSA and incubated for 2 hr at 37°. After

T and its A and B fragments. Also shown are the three washings, the conjugate (goat anti-mouse IgG coupled to
the fragment B molecule with their respective horseradish peroxydase, Institut Pasteur Production) was
their predicted hydrophilic (-) and hydrophobic added at a 1/1000 dilution and incubated for 1 hr at 370. After

further washings, o-phenylene diamine (Sigma) with 5% hydro-
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gen peroxide in citrate/phospahte buffer was added as the
substrate. The reaction was stopped after 30 min by the addition
of 12-5% H2SO4. The optical densities were read at 492 nm.

Anti-DT solid-phase RIA competition assay

Two purified moAbs (50 pg) (H9 and H16) were radio-iodinated
with 0-3 mCi '251 (Amersham) using the chloramine T method.
Four anti-DT moAbs in ascitic fluids were added in serial
dilutions in a PBS/Tween/1% BSA solution to DT-coated
plates, prepared as described above, and incubated for 90 min at
370. After washing with NaCl, 100,000 c.p.m. of iodinated anti-
DT moAbs were added to each well and incubated at 370 for 2
hr. After washing, the specific binding of '251I-labelled anti-DT
moAbs in each well was measured in a gamma counter
(Packard, Lombard, IL). Results were expressed as:

% inhibition=
1_experimental c.p.m. - background c.p.m. x 100

uninhibited c.p.m. - background c.p.m.

Competition ELISA assay

MoAbs in ascitic fluids were diluted at serial dilutions from
1 X 10-3 to I x 10-6 in a PBS/Tween solution containing
inhibitors with 1% BSA. After an overnight incubation at 40, the
mixtures were added to solid-phase DT., CB1- and CB3-coated
wells, prepared as described for the ELISA assay. After a 2 hr
incubation at 370, the ELISA was subsequently performed as

described above. Results were expressed as:

% inhibition=
experimental A 492 nm- background values x 100
uninhibited A 492 nm-background values

Preparation of anti-idiotypic sera

The anti-idiotypic sera were obtained from BALB/c mice
immunized with purified moAbs. Briefly, equal amounts of a 1

mg/ml solution of the protein A-Sepharose purified moAb and
a I mg/ml solution of solubilized keyhole limpet haemocyanin
(KLH) (Calbiochem, La Jolla, CA) were mixed with 0-1%

glutaraldehyde in PBS at room temperature. The reaction was

stopped with lysine (0-2 M) and the mixture was dialysed
overnight in PBS. BALB/c mice were immunized in footpads
with 100 ,g of the KLH-coupled moAb in complete Freund's
adjuvant at 2-week intervals. Sequential bleedings were tested
for their anti-idiotypic activity after the third injection in a

competition ELISA. Sera obtained from mice before the first
injection served as controls.

RESULTS

Immune reactivities of 54 anti-diphtheria toxoid monoclonal
antibodies

Fifty-four stable anti-DT antibody-producing hybridomas were
obtained after subcloning. Their antigenic specificity was deter-
mined with a solid-phase ELISA using as antigens: (i) the DT,
(ii) the isolated A and B fragments ofthe toxin (DTA and DTB),
(iii) the five CNBr peptides of the B fragment (Table 1), and (iv)
a synthetic peptide of 16 amino acids corresponding to the loop
between the COOH region ofDTA and the NH2 region ofDTB.
Results are presented in Table 1.

Twenty-five anti-DT moAbs did not react with the A or B
fragments, nor with the CNBr peptides or the 16.AA loop, while
they did recognize the entire diphtheria toxoid, indicating that
these moAbs bound to conformational determinants present on
the native DT. None of the twenty-nine other moAbs recog-

nized both the A and B framgents. Twenty moAbs were directed
against DTA, and nine against DTB. Neither the anti-DTA nor

the anti-DTB moAbs reacted with the 16.AA loop, while a

polyclonal mouse anti-DT serum, used as a control, bound
weakly to the 16.AA loop (data not shown). Among the nine
anti-DTB moAbs, we could distinguish three patterns of
reactivities:

(1) only two moAbs reacted with a single CNBr polypeptide
which was CB1 in both cases;

(2) the seven other moAbs recognized several CNBr polypep-
tides: three anti-DTB moAbs reacted with both the CB1 and

Table 1. Immune reactivities of 54 moAbs against DT, DTA, DTB and five
CNBr peptides of DTB

Antigenst

Number of
moAbs* DT DTA DTB CB1 CB2 CB3 CB4 CB5

25 +t - - - - - - -

20 + + -

9 + - +
2 + - + + - _ _ _
3 + - + + - + - _
4 + - + + - + + -

* Hybridoma supernatants (at 1: 50 to 1: 100 dilutions) were tested at least
twice in duplicate solid-phase ELISA.

t Indicated antigens were coated onto ELISA wells at concentration of 5
.g/ml.

t Absorbance values were considered positive when they were three times
above the background values.
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Figure 2. Direct anti-DT ELISA. The indicated antigens (5 ug/ml) were applied to the wells of an ELISA plate followed by serial
dilutions of four moAb containing ascites: H1i (a), H9 (b), H2 (c) and H16 (d), beginning with a 1:100 dilution.

Table 2. Antibody-mediated neutralization ofDT cytotoxicity

VERO cell Guinea-pig
Antibody Specificity assay skin test

A5 DTA + -
Hi, DTB - -

(CB1)
H9 DTB - -

(CBl/CB3)
H2 DTB - -

(CBI/CB3/CB4)
H16 DTB + -

(CB1/CB3/CB4)
Polyclonal antiserum DT + t +

* +denotes > 50% inhibition of cytotoxicity.
t +denotes > 90% inhibition of cytotoxicity.

CB3 peptides, and four anti-DTB moAbs recognized the CB1,
CB3 and CB4 polypeptides;

(3) the CB2 and CB5 polypeptides, although recognized in the
same ELISA assay by the mouse anti-DT control serum (data
not shown), did not react with any moAb.

In order to analyse cross-reactivities between the CNBr
peptides, four representative independently derived moAbs
were selected for further cross-inhibition experiments. Their
A492 values in the direct ELISA are shown in Fig. 2.

Neutralization of the diphteria toxin cytotoxicity

The capacity of some of these anti-DT moAbs to neutralize the
toxicity of the toxin was tested, both in vitro, using the
diphtheria toxin-sensitive VERO cells, and in vivo, using the
guinea-pig skin test. As shown in Table 2, only two moAbs
reacting with DTA (A5) or the CBl, CB3 and CB4 peptides of
DTB (H16) partially inhibited the DT cytotoxicity in vitro but
not in vivo. On the other hand, the mouse anti-DT control serum
neutralized both in vitro and in vivo the DT cytotoxicity at a

2000-fold greater dilution.

Monoclonal antibodies reacting with the CB1 and CB3 CNBr
peptides recognize distinct epitopes

The cross-reactivity of several anti-DTB moAbs with the CBI,
CB3 and CB4 peptides raised the question of whether the cross-

reactive epitopes were identical. Therefore, we performed a RIA
competition assay between four moAbs that recognized both
CB1 and CB3.

Their specific binding to DT was studied using a solid-phase
radioimmunoassay. HII (a IgG2a anti-CB moAb), H9 (a IgG1
anti-CBl/CB3 moAb), H2 and H16 (both IgGl anti-CBl, CB3
and CB4 moAbs) were used as competitors with '251-labelled H9
and H16 (Table 3 and Fig. 3). Three patterns of reactivity could
be distinguished:

(1) H2 and H16 moAbs recognize common or close epitopes on
CB1, CB3 and CB4 since they both inhibit the '251-Hl6 binding;

(2) H9 may react with epitopes on CB1 and CB3 distinct from
those recognized by H2 and H16 since H9 and H16 did not
compete with each other for their DT binding;
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Table 3. Anti-diphtheria toxoid RIA competion assay between four anti-
CBI and anti-CB3 moAbs

Target 1251 moAbst

Competing H9 H16
moAbs

(specificity) c.p.m.4 % ofinhibition c.p.m. % ofinhibition

None 5938 8583
H9 1530 75 6647 23

(CBI/CB3)
HI, 5095 15 6659 23

(CBl)
H2 4993 16 2071 76

(CBI/CB3/CB4)
H16 4287 28 2755 68

(CBI/CB3/CB4)

* Each unlabelled monoclonal antibody in ascitic fluid was applied onto
DT-coated plates (5 ug/ml) in eight serial loglo dilutions beginning with a
1: 150 dilution.

t Purified 1251I moAbs in a 1: 1000 dilution.
t C.p.m. values obtained with the maximum inhibiting dilution (1: 1000)

of the unlabelled moAbs.
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Figure 3. Competition assay between moAb H16 and the moAbs HI1, H9,
H2 and H16 for binding to DT. Serial dilutions of four anti-DTB moAb
containing ascites: HI I (-) , H9 (v), H2 (-), and H16 (U), beginning with
a 1 x 10-2 dilution, were applied to the wells of a DT-coated ELISA
plate (5 pg/ml). 100,000 c.p.m. ofthe radio-iodinated purified H16 moAb
(0) were then added, and the RIA competition assay was subsequently
performed as described in the Materials and Methods. Each point is the
mean of duplicates of a representative experiment.

(3) HI1, an anti-CBl moAb, failed to compete with either H9
or H16.

Altogether, these results indicate that these moAbs,
although reacting with common CNBr fragments of the toxoid,
recognize several distinct epitopes on the CB1, CB3 and CB4
peptides of DTB.

The CB1 and CB3 CNBr peptides share cross-reactive epitopes
with different immune reactivities

The above results indicate that both the CBG and CB3 peptides
are diversely recognized by the cross-reactive moAbs. In order
to investigate these immune cross-reactivities, we used the CB1
and CB3 peptides as inhibitors in a solid-phase ELISA competi-
tion assay. Results of the inhibition of binding of HI, and of
three cross-reactive moAbs H9, H2 and H16 showed two patterns
of reactivities.

The soluble CB3 peptide repeatedly competed with the solid-
phase CB3 for the binding of the cross-reactive H9 (67% of
inhibition), H2 (90%) and H16 (90%) moAbs (Fig. 4). In
addition, the soluble CB3 peptide inhibited the H9 binding
(39%), the H2 binding (93%) and the H16 binding (91 %) to CB1
(Fig. 4).

In contrast, the soluble CB1 gave only a 32-33% inhibition
of the H9 binding to CB1 and CB3, and failed to compete with
CB1 and CB3 for their H2 and H16 binding. It could not inhibit
the binding of H9, H2 and H16 to the entire diphtheria toxoid
(data not shown). However, the capacity of the soluble CBG to
bind the anti-CB1 moAbs was demonstrated by the 61%
inhibition of the HI, binding (data not shown).

Cross-reactive idiotopes on the anti-DT response

It seemed difficult to analyse further the cross-reacting epitopes
on CB1 and CB3 using the soluble CB1 peptide as an inhibitor in
a solid-phase competition assay. Therefore, we investigated the
existence of an inverse cross-reactive immunogenicity between
the combining sites of the moAbs reactive with CB1 and CB3.
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Figure 4. Cross-inhibition assay of four anti-DT moAbs binding with the CB3 peptide. Serial dilutions of three anti-DTB moAb
containing ascites: H9 (v), H2 (0) and H16 (0), beginning with a 5 x 1O-3 dilution, were applied directly or after a preincubation with the
CB3 peptide in PBS/BSA (5 pg/ml) [respectively, (v), (-), (U)] on a CBl- (a) or a CB3- (b) coated ELISA plate (5 pg/ml). The ELISA
was subsequently perfomed as described in the Materials and Methods. Each point is the mean of a representative experiment
performed in duplicate.
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Figure 5. Competition assay between the anti-idiotypic anti-HI, anti-
serum and the anti-DT moAbs and antiserum. Anti-DT moAbs,
respectively, H11 (0), H9 (v), H2 (0), H16 (0), A5 (v), and mouse anti-
DT antiserum (A), were preincubated overnight at a dilution of 1 x 10-4
with serial 1:2 dilutions of the anti-H antiserum and with the negative
mouse control serum for HI (U) and H9 (v). Mixtures were then tested
in duplicate experiments for their residual anti-DT activity in the solid-
phase ELISA as described in the Materials and Methods. Results are

expressed as a percentage of each control A 492 nm OD value (100%).
Respective 100% OD values were: H11 0-869; H9 0-633; H2 0 548; H16
0-874; A5 0-408; anti-DT mouse antiserum 0 595.

In order to raise a syngeneic anti-idiotypic response, we

selected H11, which is an IgG2a moAb reactive only with CB1.
The anti-serum obtained specifically inhibited 91% of the H1,
DT binding (Fig. 5) in a competition ELISA assay, while the
control serum gave no inhibition. The inhibition obtained was

not isotype related since the anti-H1, anti-serum could also
inhibit 75% of the fixation on DT of H9, and IgGl moAb
reactive with both CB1 and CB3. Moreover, the anti-H11 anti-
idiotypic serum also gave a 59% inhibition ofthe fixation on DT

of a syngeneic anti-DT polyclonal serum, but could not inhibit
the other tested anti-DTA, anti-CBI, CB3 and CB4 moAbs
(Fig. 5). Finally, the anti-Hi, anti-idiotypic serum failed to
compete with CB3 for the CB3 binding of H9 (data not shown).

DISCUSSION

Studying the human B- and T-cell responses against diphtheria
toxoid, we have detected, even at the clonal T-cell level,
numerous cross-reactivities that could not be explained by
repetitive sequences on the primary structure of DT (Triebel et
al., 1986).

In the present study, we have studied the fine antigenic
specificity of moAbs derived from mice immunized with the
native DT. Our results show that: (i) most of the isolated moAbs
are directed against native conformational determinants present
in the toxoid, (ii) 35% of the remaining moAbs react against
DTA, while, (iii) moAbs reacting with DTB represent only 20%
of the isolated moAbs, (iv) most of the anti-DTB moAbs reacted
with at least three distinct epitopes of the CB1 and the CB3
peptides in the 21,000 MW C-terminal region of DTB, and (v)
these anti-DTB moAbs predominantly recognized cross-react-
ing determinants spread on several CNBr peptides of DTB but
not on DTA.

Previous workers (Hayakawa et al., 1983; Zucker & Mur-
phy, 1984) reported murine moAbs reacting with either DTA or
DTB. They could distinguish three immunodominant regions
located within the C-terminal portion of DTA, the central
region and the C-terminal region of DTB. In contrast, they
reported the absence ofimmune reactivity ofthe NH2-portion of
DTB and suggested that this region could be masked in the
native protein. However, we isolated four moAbs reacting with
CB4, the C-terminal peptide of DTB, indicating that this region
could be immunogenic in the same strain of mice. On another
hand, like Zucker & Murphy (1984), we could not isolate any
moAb reacting with the 16-AA loop overlapping on DTA and
the CB4 peptide. Altogether, these data suggest that the whole
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native toxoid is immunogenic with several constant immunodo-
minant domains.

Only two moAbs specific for DTA or DTB could neutralize
in vitro but not in vivo the cytotoxicity of the diphtheria toxin.
Our results contrast with those obtained by Zucker & Murphy
(1984), who reported an effective in vitro neutralization of the
toxin with several anti-DT moAbs. Audibert et al. (1971) also
obtained a consistent neutralizing effect both in vitro and in vivo
with antisera obtained after immunization with the 16-AA loop.

Most of the anti-DTB moAbs recognized, even after
subcloning, several highly purified CNBr peptides of DTB. No
moAb reacted with both the DTA and the DTB fragments.
Results of the cross-inhibition assay between the CB1 and CB3
peptides revealed differences of inhibition induced by the
soluble CB1 peptide that could be related to the co-existence of
some accessible and masked epitopes in this portion of the
native molecule. Indeed, a striking feature of the plot of
hydrophilicity of the B fragment of the diphtheria toxin is the
alternation ofsegments of inverse polarity (Fig. 1) (Falmagne et
al., 1984). One could suggest that putative accessible and
masked epitopes on the CB1 peptide might be related to the
hydrophilic and hydrophobic segment of this portion of the
molecule as demonstrated in several proteic models (Pu Tao Shi
et al., 1984; Benjamin et al., 1968; Hopp & Woods, 1981;
Berzofsky, 1985).

An anti-idiotypic serum raised against Hi1, a moAb specific
for CBI alone, could also inhibit the DT binding of the moAb
H9, reactive with the CB1 and CB3 peptides, and of a polyclonal
mouse anti-DT serum suggesting the presence of common
idiotypes in the murine response to DT. The common idiotype
would be shared by two moAbs bearing distinct combining sites:
H,1, reactive with CB1 alone, and H9, cross-reactive with CB1
and CB3. Shared idiotypes have already been identified on
moAbs specific for different antigenic determinants on such
molecules as lipopolysaccharide (Hiernaux & Bona, 1982). I-E
molecules (Devaux et al., 1984), and sperm whale myoblobin
(Kohno et al., 1982), suggesting that these moAbs were specific
for closely related epitopes, or that a common Id-anti-Id
network regulates antibody responses to different antigenic
determinants of a protein.

The data presented here showed two levels of cross-
reactivity in the murine B-cell response to DT, in accordance
with our previous results: a cross-reactivity between the CNBr
peptides ofDTB, and a cross-idiotypy between anti-DT moAbs.
A contamination between the CNBr peptides, particularly
between CB1 and CB3, could be eliminated by the high degree of
purification ofthese peptides (Falmagne et al., 1978). Moreover,
in our first study, specific T-cell clones were able to proliferate,
even after subcloning, against several CNBr peptides in very low
concentrations (1 pg/ml). A contamination of less that= 1%
could not have explained strong proliferation at these concen-
trations.

Cross-reactivities between CNBr peptides have been
reported for several proteins such as albumin and glycophorin
(Benjamin et al., 1984; Barsoum, Bhavannandan & Davidson,
1985). These findings could be explained by repetitive amino-
acid sequences or common oligosaccharides of glycosylated
proteins. The intra-DTB cross-reactivities reported in the
present study cannot be explained by one of these mechanisms.
No repetitive amino-acid sequences could be found in the

primary structure of the non-glycosylated DT toxin, deduced
from the nucleotide sequence ofthe structural gene (Kaczorek et
al., 1983; Greenfield et al., 1983) and confirmed by the complete
amino-acid sequence of the DT (Falmagne et al., 1985).

However, the anti-DTB moAbs could recognize conforma-
tional determinants at least partly preserved in the CNBr
peptides or induced after conformational modifications of the
molecule. Indeed, the 3-dimensional structures ofthe diphtheria
toxin and toxoid are not known, and the A and B fragments
(respectively 21,250 and 32,240 MW) as the CNBr peptides
(from 4200 to 13,070 MW) are large enough to present
conformational determinants.

As demonstrated by Geysen (1985), the partial denaturation
of the proteins during the in vivo recognition processes induces
conformational changes which could be reproduced on proteins
linked to solid surfaces. Then, the adsorption ofCNBr peptides
onto plastic surfaces could induce conformational modifica-
tions and expose masked epitopes or determine similar confor-
mational structures despite their distinct amino-acid sequences.
Both the common idiotype shared by moAbs specific for cross-
reacting peptides and the cross-reactions found at the T-cell
level suggest that these in vitro modifications could reproduce
the alterations occurring in vivo during the antigen processing.

An alternative explanation could be that the conformational
determinants of anti-DTB moAbs are partly preserved on the
CNBr peptides of DTB, so that only one or two contact points
could react with the antigen-binding sites. Then, the CNBr
peptides epitopes would occupy only a part of the moAbs
combining sites, which might be insufficient to block their
binding to another CNBr peptide by steric hinderance. Alterna-
tively, a moAb specific for one of the CNBr peptides could react
with one or two identical contact points present on similar
structures of the other CNBr peptides, indicating a structural
similarity, as reviewed by Ghosh & Campbell (1986).

Finally, cross-reactivities of synthetic peptides with the
native proteins have been reported in several systems. This
characteristic could be widely used to prepare synthetic vaccine
(Jacob, Sela & Arnon, 1983). The 16 amino-acid loop synthetic
peptide, prepared by Audibert et al. (1971) for this purpose, was
not immunoreactive in our hands when tested with moAbs
directed against the native toxoid or the A and B fragments or
the CNBr peptides. The intra-molecular cross-reactivities
shown in our study could therefore provide new information
with which to select new cross-reactive synthetic peptides as
vaccines.

REFERENCES
AUDIBERT F., JOLIVET M., CHEDID L., ALOUF J.E., BOQuET P., RIVAILLES

P. & SIFFERT 0. (1981) Successful immunization with a totally
synthetic peptide. Nature (Lond.), 289, 593.

BARSUM A.L., BHAVANNANDAN V.P. & DAVIDSON E.A. (1985) Mono-
clonal antibodies to cyanogen bromide fragments of glycophorin A.
Molec. Inmmunol. 22, 361.

BAZARAL M., GROSCEENSKI P.J. & HAMBURGER R.N. (1973) Character-
istics of human antibody to diphteria toxin. Infect. Immun. 7, 130.

BENJAMIN D.C., BERZOFSKY J.A., EAST I.J., F.R.N., HANNUM C., LEACH
S.J., MARGOLIASH E., MICHAEL J.G., MILLER A., PRAGER E.M.,
REICHLIN M., SERCARZ E.E., SMITH-GILL S.J., TODD P.E. & WILSON
A.C. (1984) The antigenic structure of proteins: a reappraisal. Ann.
Rev. Immunol. 2, 67.



538 B. Autran et al.

BENJAMIN E., SHIMIZU M., YOUNG J.D. & LEUNG C.Y. (1968) Immuno-
chemical study on the tobacco mosaic virus protein VII. Biochemistry,
7,1261.

BERZOFSKY J.A. (1985) Intrinsic and extrinsic factors in protein
antigenic structure. Science, 229, 932.

BERZOFSKY J.A., BUCKENMEYER G.K., HICKS G., GURD F.R.N., FELD-
MANN R.J. & MINNA J. (1982) Topographic antigenic determinants
recognized by monoclonal antibodies to sperm whale myoglobin J.
biol. Chem. 257, 3189.

COLLIER R.J. & KANDEL J. (1971) Structure and activity of diphteria
toxin. J. biol. Chem. 246, 1496.

CRYZ S.J., WELKOS S.L. & HOLMES R.K. (1980) Immunochemical
studies of diphterial toxin and related non toxic mutant proteins.
Infect. Immun. 30, 835.

DEVAUX C., LABIT C., MARcHETrO S. & PIERRES M. (1984) Shared
idiotopes on monoclonal anti-1a7 antibodies reactive with determi-
nants in a structural domain of the I-E molecules. J. Immunol. 132,
1353.

FALMAGNE P., CAPIAU C., CABIAUX V., DALEERS M. & RUYSSCHAERT
J.M. (1984) Fragment B of diphteria toxin: correlation between
amino-acid-sequence and lipid binding properties. In: Bacterial
Protein Toxins (eds J.E. Alouf, J.H. Freer, F.J. Fehrenbach and J.
Jeljaszewicz), p. 139. Academic Press, London.

FALMAGNE P., CAPIAU C., LAMBorrE P., ZANEN J., CABIAUX V. &
RUYSSCHAERT J.M. (1985) The complete amino-acid-sequence of
diphteria toxin fragment B. Correlation with its lipid binding
properties. Biochim. biophys. Acta, 827, 45.

FALMAGNE P., LAMBOITE P. & DIRKX J. (1978) Isolation and characteri-
zation of the cyanogen bromide peptides from the B fragment of
diphteria toxin. Biochem. biophys. Acta, 535, 54.

GEYSEN H.M. (1985) Antigen antibody interactions at the molecular
level: adventures in peptide synthesis. Immunol. Today, 6, 364.

GHOSH S. & CAMPBELL A.M. (1986) Multispecific monoclonal anti-
bodies. Immunol. Today, 7, 217.

GILL D.M. & PAPPENHEIMER A.M. (1972) Structure activity relation-
ships in diphteria toxoin. J. biol. Chem. 246, 1492.

GREENFIELD L., BJORN M.J., HORN G., FONG D., BUCK G.A., COLLIER
R.J. & KAPLAN D.A. (1983) Nucleotide sequence of the structural
gene for diphteria toxin carried by cornynebacteriophage B. Proc.
nati. Acad. Sci. U.S.A. 80, 6853.

HAYAKAWA S., UCHIDA T., MEKADA E., MOYNIHAN M.R. & OKADA Y.
(1983) Monoclonal antibody against diphteria toxin. J. biol. Chem.
238,4311.

HIERNAUX J. & BONA C.A. (1982) Shared idiotypes among monoclonal
antibodies specific for different immunodominant sugars of lipopoly-
saccharide of different gram-negative bacteria. Proc. natl. Acad. Sci.
U.S.A. 79, 1616.

HoPP T.P. & WOODs K.R. (1981) Prediction of antigenic determinants
from amino-acid-sequences. Proc. natl. Acad. Sci. U.S.A. 78, 3824.

JACOB C.O., SELA M. & ARNON R. (1983) Antibodies against synthetic
peptides of the B submit of cholera toxin: cross-reaction and
neutralization of the toxin. Proc. natl. Acad. Sci. U.S.A., 80, 7611.

KACZOREK M., DELPEYROUX F., CHEMINER N., STREECK R.E., MURPHY
J.R., BoQuET P. & TIOLLAIS P. (1983) Nucleotide sequence and
expression of the diphteria tox228 gene in Escherichia coli. Science,
221, 855.

KoHNo Y., BERKOWER I., MINNA J. & BERZOFSKY J.A. (1982) Idiotypes
of anti-myoglobin antibodies: shared idiotypes among monoclonal
antibodies to distinct determinants of sperm whale myoglobin. J.
Immunol. 128, 1742.

PAPPENHEIMER A.M. (1977) Diphtheria toxin. Ann. Rev. Biochem. 46,
69.

PAPPENHEIMER A.M., UCHIDA T. & HARPER A.A. (1972) An immunolo-
gical study of the diphteria toxin molecule. Immunochemistry 9, 891.

Pu TAO SHI, RIEHMJ.P., TODD P.E. & LEACH S.J. (1984) The antigenicity
of myoglobin related peptides synthetized on polyacrylamide and
polystyrene resin supports. Molec. Immunol. 21, 489.

SHEPPARD A.J., CUSSEL D. & HUGHES M. (1984) Production and
characterization of monoclonal antibodies to tetanus toxin. Infect.
Immun. 43, 710.

SMiTH-GILL S., MAINHART C.R., LAVOIE T.B., RUDIKOFF S. & POTTER
M. (1984) Mapping the antigenic epitope of or a monoclonal
antibody against lysosyme. J. Immunol. 132, 963.

STEINBACH M. & AUDRAN R. (1969) The isolation of IgG from
minimalian sera with the aid ofcaprylic acid Arch. Biochem. Biophys.
124, 279.

TRIEBEL F., AUTRAN B., DE RoQuEFEuIL S., FALMAGNE P. & DEBRt P.
(1986) Immune response to diphteria toxin and to different CNBr
fragments: evidence for different B and T cell reactivities. Eur. J.
Immunol. 16, 47.

ZUCKER D.R. & MURPHY J.R. (1984) Monoclonal antibody analysis of
diphteria toxin. I. Localization of epitopes and neutralization of
cytotoxicity. Molec. Immunol. 21, 785.


