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ABSTRACT An anti-idiotypic serum prepared against the
combining site (idiotype) of specific anti-diphtheria toxoid
antibodies was characterized with respect to its interaction with
highly diphtheria toxin-sensitive Vero cells. Although the
anti-idiotypic serum protected Vero cells against the cytotoxic
action of diphtheria toxin, it did not prevent the binding of
125I-labeled diphtheria toxin to the cells but did inhibit the
internalization and degradation of 125I-labeled toxin. This
anti-idiotypic serum immunoprecipitated a cell-surface protein
from radiolabeled Vero cells with an apparent Mr of 415,000.
These results are consistent with the hypothesis that the anti-
idiotypic serum contains antibodies that carry an internal
image of an internalization site on the toxin and that a cell-
surface protein involved in toxin internalization possesses a
complementary site recognized by both the toxin and the
anti-idiotypic antibodies.

Diphtheria toxin (DT) is a protein ofMr 58,342 synthesized as
a single polypeptide chain that can be proteolytically cleaved
to yield two distinct fragments, the amino-terminal A frag-
ment (Mr 21,167) and the carboxyl-terminal B fragment (Mr
37,195), which remain associated via a disulfide bond (1-4).
The toxin possesses three functional domains: (i) the enzy-
matic domain, located in the A fragment, responsible for the
NAD-dependent ADP-ribosylation of elongation factor 2 that
results in inhibition of protein synthesis; (ii) the receptor-
binding domain, located in the carboxyl-terminal region of
the B fragment; and (iii) the internalization and entry domain,
located in the middle of the B fragment (5, 6). DT enters cells
via receptor-mediated endocytosis (7, 8) by first binding to
specific cell-surface receptors followed by internalization of
(toxin-receptor) complexes into endosomes and entry of the
A fragment into the cytosol where that fragment inhibits
protein synthesis. Cell-surface DT-binding proteins from
highly toxin-sensitive Vero cells have been reported with
apparent Mr values of 15,000-20,000 and have been proposed
as the DT receptor (9, 10).

Anti-idiotypic antibodies raised against the binding sites
(idiotypes) of antibodies to biologically important ligands
have been used as cell-surface probes in such varied systems
as the insulin receptor and retinol-binding protein receptor
(11), the /8-adrenergic receptor (12), the membrane receptor
for factorH (13), the thyrotropin receptor (14), and a receptor
for protein import into chloroplasts (15). Observations from
these systems support the idea that some anti-idiotypic
antibodies constitute an "internal image" of the original
ligand and that a subset of these antibodies may recognize
ligand-binding site(s) on cell-surface receptors.

Workers in one of our laboratories (S.M.T. and A.B.M.,
unpublished work) have isolated an anti-idiotypic serum
prepared in inbred guinea pigs against anti-diphtheria toxoid
antibodies (idiotype). The binding of the anti-idiotypic serum
to the idiotype is specifically inhibited by diphtheria toxoid.
Further, these anti-idiotypic antibodies could elicit an anti-
anti-idiotypic serum that neutralized DT. These results
prompted us to test the protective effect of the anti-idiotypic
serum on the DT-mediated intoxication of Vero cells. In this
communication, we report that this anti-idiotypic serum
protects Vero cells against DT; however, the serum does so
not by preventing binding of the toxin but by preventing its
internalization. This anti-idiotypic serum recognizes a cell-
surface protein with an apparent Mr of =15,000. These
observations suggest that the cell-surface component recog-
nized by the anti-idiotypic serum may be a physiologically
relevant plasma membrane protein involved in internaliza-
tion of the toxin. This protein may be the toxin receptor itself
or another cell-surface protein.

MATERIALS AND METHODS
Materials. All chemicals used were of the highest purity

available. All tissue culture reagents were obtained from
GIBCO. Na125I (IMS 30; 13-17 ,uCi/,ug; 1 Ci = 37 GBq) and
L-[4, 5-3H]leucine (TRK 170; 64 Ci/mmol) were purchased
from Amersham. Lactoperoxidase was obtained from Sigma
and Pansorbin cells from Calbiochem. Partially purified DT
was purchased from Connaught Laboratories (lot D525) and
further purified by anion-exchange chromatography accord-
ing to published methods (16) with modifications (9).

Antiserum. The preparation of the two anti-idiotypic sera
employed will be published in detail elsewhere (S.M.T. and
A.B.M., unpublished work). These two antisera were chosen
from a large panel of anti-idiotypic sera generated by a variety
of immunizing regimens as part of an ongoing study of guinea
pig anti-idiotypic response. Briefly the procedures were as
follows: Protective anti-idiotypic serum. Inbred (Hartley
strain 13) guinea pig IgG1 specific for diphtheria toxoid
(idiotype) coupled to keyhole limpet hemocyanin was used to
generate an anti-idiotypic serum in inbred (strain 13) guinea
pigs. This anti-idiotypic serum reacted with 125I-labeled
F(ab')2 fragments of anti-diphtheria toxoid but not with
nonimmune guinea pig F(ab')2 fragments; this interaction
could be inhibited by diphtheria toxoid but not by tetanus
toxoid. Immunization of outbred guinea pigs with the F(ab')2
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fraction of this anti-idiotypic serum resulted in a serum
(anti-anti-idiotypic) that neutralized DT in a rabbit subcuta-
neous toxicity assay. The anti-idiotypic serum, capable of
eliciting neutralizing antibodies, will be referred to as aId.
Nonprotective anti-idiotypic serum. This serum was gener-
ated in inbred (strain 13) guinea pigs immunized with diph-
theria toxoid-specific guinea pig F(ab')2 (idiotype) coupled to
keyhole limpet hemocyanin. This anti-idiotypic serum re-
acted with 1251I-labeled F(ab')2 fragments of anti-diphtheria
toxoid, and this interaction was also specifically inhibited by
diphtheria toxoid; however, the F(ab')2 fraction of this
anti-idiotypic serum did not elicit a neutralizing response
when used to immunize guinea pigs. This anti-idiotypic serum
will be referred to as NpS. In all experiments presented here,
the characterized sera (aId or NpS) used were unfraction-
ated.

Cell Culture. Vero cells (ATCC CCL 81) were maintained
and passaged as described (9).

Cytotoxicity Assay. Tissue culture dishes (48-well) were
seeded with 2.5 x 104 Vero cells and grown to confluency.
Cells were placed on ice and washed several times with
phosphate-buffered saline (PBS) containing CaCl2 and MgCl2
(PBS/CaCI2/MgCI2; 8.8 mM Na2HPO4/1.2 mM KH2PO4/
140 mM NaCI/10 mM KCl, pH 7.4/1.0 mM CaCl2/0.5 mM
MgCl2). A 1:10 dilution of aId or NpS diluted in ice-cold
binding medium (medium 199, 50 ,g ofbovine serum albumin
per ml, 100 jig of gelatin per ml, with 20 mM Hepes, pH 7.4)
was added to the cell monolayers that were then incubated for
2 hr at 4°C. DT diluted in binding medium was added, and the
cells were incubated for 1 hr at 37°C. The monolayers were
washed to remove unbound DT and further incubated in
leucine-deficient medium. The cells were then incubated with
[3H]leucine for a final hour and subsequently washed, lysed,
and counted for [3H]leucine incorporation into trichloroace-
tic acid-precipitable material as described (17, 18). All assays
were done in triplicate, and variation from the mean was 5-
10%.

Titration of Guinea Pig Serum with Radioiodinated DT. DT
was radioiodinated by the Iodogen method as described (9);
the specific activity of the radioiodinated DT was typically 1-
2 x 107 cpm/,g. Increased amounts of serum were added to
radiolabeled DT in Tris-buffered saline (TBS; 10 mM Tris-
HCl/150 mM NaCl, pH 7.5) with 0.1 mg of bovine serum
albumin per ml and incubated 1 hr on ice. The mixture was
then transferred to Pansorbin cells and incubated 15 min on
ice. Pellets were washed with TBS containing bovine serum
albumin, and the amount of immunoprecipitated radioactivity
was determined.
DT-Binding Assay. Vero cells were plated and preincu-

bated with guinea pig serum as described for the cytotoxicity
assay. Cells were then washed and incubated with radiola-
beled DT (25-250 ng/ml) in binding medium for 4 hr at 40C.
The cells were washed to remove unbound DT and solubi-
lized in 0.1 M NaOH, and then cell-associated radioactivity
was measured (19). Nonspecific binding was defined by the
radioactive DT that remained associated with the cells when
the radiolabeled DT incubation was done with 100-fold
excess of unlabeled DT. All assays were done in duplicate,
and variation from the mean was 5-10%.

Internalization Assay. Cell monolayers were incubated
with a 1:10 dilution of aId or NpS for 2 hr at 4°C as described
for cytotoxicity assay. Subsequently, 1251-labeled DT (100
ng/ml) without or with a 200-fold excess of unlabeled DT (to
determine nonspecific binding as defined above) was added,
and the incubation was continued for 4 hr at 4°C. The
monolayers were then washed to remove unbound DT, and
the medium was replaced with Hanks' balanced salt solution
(HBSS) containing 20 mM Hepes. Cell monolayers were
further incubated at 37TC, and trichloroacetic acid-soluble
and -insoluble material in the medium was determined at the

time points indicated in the figure legend. Cell-associated
radioactivity was determined by release of receptor-
associated DT by Pronase and inositol hexaphosphate (InsP6)
treatment as described by Dorland et al. (20). Briefly, after
the cells were washed, ice-cold HBSS containing 0.25 mg of
Pronase per ml and 10 mg of InsP6 per ml was added, and the
cells were incubated 1 hr at 40C. Heat-inactivated fetal bovine
serum was then added to the cell monolayers to a final
concentration of 50%. Cells were removed from the wells and
separated by centrifugation, and the resulting supernatants
and pellets were assayed for radioactivity. Pronase/InsP6-
releasable radioactivity represents surface-bound DT,
whereas cell-associated radioactivity represents DT that is
intracellular plus that amount of surface-bound DT not
releasable by Pronase/InsP6. Under these conditions, no

greater than 85% of surface-bound material is removable (20,
21).

Immunoprecipitation of Surface-Labeled Vero Cell Lysates.
Vero cells were surface labeled by the lactoperoxidase
method and a Nonidet P-40 cell lysate prepared as described
(9). The lysate was divided into two halves (1.5 ml and -1 X
107 cell equivalents each), and one-half was precleared by
incubating with 100 Al of pooled normal guinea pig serum for
3 hr at 40C followed by incubation with Pansorbin cells for 30
min at 40C. Each half was further divided into two portions,
and each portion was incubated with 50 Al of aId or pooled
normal guinea pig serum overnight at 4°C with mixing.
Samples were then added to Pansorbin cells and incubated
for 30 min at 4°C. The resulting immune precipitates were
washed and treated with electrophoresis treatment buffer and
subjected to NaDodSO4/PAGE and autoradiography as de-
scribed (9).

RESULTS AND DISCUSSION
Effect of Anti-Idiotypic Sera on DT-Mediated Cytotoxicity.

The aId generated was shown to be capable of inducing
DT-neutralizing anti-anti-idiotypic antibodies (S.M.T. and
A.B.M., unpublished work). This observation suggested that
the aId contained an internal image of an epitope on DT that
interacts with a cell-surface component essential for the
DT-mediated intoxication process. Therefore, we tested the
effect of aId in an in vitro cytotoxicity assay. Vero cells were
chosen because they have been shown to be among the most
DT-sensitive cells and to possess a high number of DT
receptors (19). Fig. 1 shows that preincubation of Vero cells
with aId followed by DT treatment resulted in a 33-fold
protective effect [i.e., the concentration of toxin that inhibits
protein synthesis by 50% (IC50) was 1 x 10-5 mg/ml
compared with an IC50 of 3 x 10-' mg/ml when toxin alone
was used]. This protective effect was not seen with NpS (Fig.
1), the hyperimmune anti-idiotypic serum incapable of in-
ducing a DT-neutralizing anti-anti-idiotype.

Titration of aId with Radioiodinated DT. To ensure that the
protective effect of aId was not from interaction of antibody
with DT itself (22), the serum was tested for its ability to
immunoprecipitate radioiodinated DT; aId was unable to
precipitate DT to any detectable extent, even when the ratio
aId:DT was 40-fold greater than the lowest ratio found to be
protective in the cytotoxicity experiments (Fig. 1). Under the
chosen conditions, guinea pig anti-diphtheria toxoid serum
quantitatively precipitated the radioiodinated DT. This result
suggests that aId protects cells from DT-mediated cytotox-
icity not by binding to DT but by interacting with a Vero cell
component involved in the intoxication process.

Effect of aId on DT Binding to Vero Cells. The initial step
in DT-mediated intoxication of sensitive cells involves toxin
binding to cell-surface receptors (1-4). Because aId was
shown to protect cells from the effects of DT, apparently by
interacting with a Vero cell component, the possibility
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FIG. 1. Effect of aId treatment of Vero cells on the cytotoxic
activity of DT. Vero cells were incubated for 2 hr at 40C without
hyperimmune guinea pig serum (x) or with aId (0) or NpS (o) after
which time varying amounts of DT were added and the incubation
was continued for 1 hr at 370C. The cells were then washed to remove
unbound DT, incubated for 1 hr with leucine-deficient medium,
incubated for a final hr with [3H]leucine, and assayed for trichloro-
acetic acid-precipitable radioactivity as described. The average
amount of [3H]leucine incorporation in the absence ofDT was 35,610
cpm (100% of control activity).

existed that aId recognizes the DT receptor. Therefore, aId
was next tested for its ability to prevent binding of radiola-
beled DT to its receptor on Vero cells. aId or NpS was
preincubated with the cells as in the cytotoxicity protection
experiments, the cells were washed with PBS/CaCl2/MgCl2,
and increasing concentrations of radiolabeled DT were al-
lowed to bind to the cells. After unbound DT was washed
away, cell-associated radioactivity was assessed. At all DT
concentrations tested, the specific as well as the nonspecific
binding of DT to Vero cells was similar when the cells were
preincubated with aId, NpS, or guinea pig anti-tetanus
toxoid, an irrelevant control serum (data not shown). Under
these conditions, therefore, aId is unable to prevent the
binding of DT to its receptor, suggesting that the internal
image represented by aId does not correspond to the recep-
tor-binding site on DT.

Effect of aId on the Internalization of DT. The fact that
DT-mediated cytotoxicity was decreased in the presence of
aId, although this same serum could not inhibit the binding
of radiolabeled DT to intact cells suggested that aId may
affect a step subsequent to toxin binding. Therefore, the
kinetics of toxin internalization in the presence of aId were
examined. Preliminary experiments indicated that coincuba-
tion of aId with radiolabeled DT, under conditions known to
allow toxin internalization and degradation (20, 21) caused
most DT to remain cell associated. To determine whether the
cell-associated DT, in the presence of aId, remains surface-
bound or resides in internal compartments, the fate of
radiolabeled DT was followed and was compared with the
fate of the toxin in the presence of NpS as described. Fig. 2
shows that after 3 hr at 37°C in the presence of NpS, most
radiolabeled DT bound at to was rapidly internalized, de-
graded, and returned to the medium as trichloroacetic acid-
soluble fragments (Fig. 2A). In contrast, when radiolabeled
DT was bound in the presence of aId, the majority of DT
remained cell-surface bound, and the percentage of DT
degraded after internalization was greatly reduced (Fig. 2B).
This result suggests that aId protects Vero cells by interact-
ing with a cell-surface component, affecting a step in the
intoxication process subsequent to DT binding.

Immunoprecipitation of Surface-Labeled Vero Cell Lysates
with aId. In an attempt to identify the Vero cell-surface
component recognized by aId, surface-labeled Vero cells
were lysed in nonionic detergent, half of the lysate was

0 1 2 3 0 1 2 3
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FIG. 2. Effect ofaId on the internalization ofDT. Vero cells were
incubated for 2 hr at 40C with NpS (NPS) (A) or aId (B). Subse-
quently, '251-labeled DT (100 ng/ml) in the presence or absence of a
200-fold excess of unlabeled DT was added, and the incubation was
continued for 4 hr at 4°C. Cell monolayers were washed and further
incubated at 37°C. At the indicated times, radioactivity was sepa-
rated into four fractions as described, corrected for nonspecific
binding, and graphed as the percent of the total at each time. Total
radioactivity represents the following fractions: surface-associated
DT released by Pronase/InsP6 treatment (o, *); cell-associated
DT-that is, intracellular DT plus that amount of surface-bound DT
not released by Pronase/InsP6 (n, *); acid-soluble, degraded DT in
the medium (A, A); and acid-precipitable DT in.the medium (v, v).

precleared by incubation with pooled normal (preimmune)
guinea pig serum followed by protein A-bearing Staphylo-
coccus aureus, and the precleared and nonprecleared lysates
were incubated with aId or pooled normal guinea pig serum,
as described. Immune complexes were precipitated with
protein A-bearing S. aureus and were analyzed by NaDod-
SO4/PAGE and autoradiography. When the nonprecleared
immune precipitates are examined, the aId precipitate re-
veals an enrichment in low-molecular weight proteins com-
pared with the normal guinea pig serum control (Fig. 3A,
lanes 2 and 3). Immune precipitates from lysates precleared
before immunoprecipitation show a reduced number of
nonspecifically precipitated proteins and more distinct im-
mune precipitate profiles. The aId precipitate still reveals an
enhanced immunoprecipitation of low-molecular weight ma-
terial, particularly a protein of Mr 15,000, when compared
to the control (Fig. 3B, lanes 2 and 3). The mass ofthe protein
ofMr %'15,000 immunoprecipitated by aId is unchanged when
the samples are analyzed under nonreducing conditions (data
not shown). Because aId prevents the internalization of DT
interacting with a Vero cell component, this radiolabeled
Vero cell-surface protein immunoprecipitated by aId could
represent a cell component essential to the internalization
process. Furthermore, aId must constitute an internal image
of a DT site important in the internalization process of the
toxin.
Our results are consistent with a model in which the aId

protects Vero cells by binding to a cell-surface protein
involved in the intoxication process at a step subsequent to
the initial binding of the toxin. Whether the cell-surface
protein of Mr -15,000 detected by immunoprecipitation with
aId is the toxin receptor itself or another cell-surface protein
remains to be established. Nevertheless, the second cell-
surface protein (or second site on the receptor) recognized by
aId must possess a site complementary to an epitope on the
toxin; this toxin epitope is not the receptor-binding site but
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FIG. 3. Immunoprecipitation of surface-labeled Vero cell lysates

with aId. Vero cells were surface-labeled with Na1251, lysed in
Nonidet P-40, and imunoprecipitated with guinea pig sera as de-
scribed. (A) Immune precipitates were formed by incubating test
serum with cell lysates immediately after detergent extraction of the
cells. (B) Cell lysates were first precleared with pooled normal guinea
pig serum before incubation with the test serum. Samples were
reduced with 5% 2-mercaptoethanol before NaDodSO4/PAGE on a
4-15% gradient gel. The sample order in A and B is identical. Lanes:
1, crude detergent extract of cells; 2, immune precipitate from cell
lysate incubated with pooled normal guinea pig serum; 3, immune
precipitate from cell lysate incubated with aId. Within each panel, an
equivalent amount of radioactivity from each sample (lanes 1, 2, and
3) was analyzed.

rather a site involved in internalization, possibly located in
the middle of the B fragment (6).
The existence of a second cell-surface site involved in DT

intoxication has previously been suggested. (i) Our labora-
tory (23), based on biochemical experiments with solubilized
DT-binding cell-surface proteins, suggested the existence of
such a site on the receptor (X' site) that interacts with a site
on the toxin (X site) distinct from the receptor-binding site
and postulated that the X' site is involved in a step subse-
quent to the initial toxin binding. (ii) Didsbury et al. (24)
suggested the existence of a second function for the receptor,
or a second site, based on a distinct class of DT-resistant
Chinese hamster ovary cells (Dipr) that bind toxin normally
but are 10,000-fold more resistant to DT than are the
wild-type cells. These investigators proposed that this class
of mutants has a block at a step in the intoxication process
that is between toxin binding and its pH-dependent entry into
the cytosol from an intracellular vesicle (24).
The observation that the aId retained the toxin on the cell

surface-i.e., accessible to cleavage by Pronase-strongly
suggests that the cell-surface component affected by aId is
involved in an early step (subsequent to toxin binding) in the
intoxication process, possibly the movement of the receptor
into coated pits or its subsequent internalization from coated
pits. Use of anti-idiotypic antibodies should allow the further
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