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ABSTRACT

Previously we have shown (Godal, A. et al., 3. Nati. Cancer Inst., 77:
1247-1253, 1986) that the sensitivities of different melanoma cell lines
to a conjugate of abrin with the anti-melanoma antibody 9.2.27 was
correlated with their sensitivities to native abrin. To elucidate the under
lying mechanism we have compared the binding and toxicity of the
conjugate and of native abrin to two melanoma cell lines, FEMX and
LOX, which differ in sensitivity to abrin. Abrin was linked by a disulfide
bond to the monoclonal antibody 9.2.27, and the conjugate was purified
by affinity chromatography to remove molecules with exposed galactose-
binding sites on the toxin B-chain. Lactose had no effect on the binding
of the immunotoxin (IT) to the cells but nevertheless reduced strongly
the toxicity to the LOX cells. The differences in sensitivity to native
abrin were much larger than the concurrent differences in binding.
Lactose reduced the toxicity of abrin to a far greater extent than the
associated reduction in binding to the cell surface. The toxicity of the
immunotoxin to the FEMX cells could be prevented by pretreatment with
excess 9.2.27 antibody, whereas the more abrin-sensitive LOX cells were
protected only to a limited extent. Concurrent treatment of the LOX cells
with antibody and lactose acted synergistically and afforded complete
protection. It is suggested that the protective effect of lactose against the
IT was exerted after internalization into vesicles of IT bound unspecifi-
i ally to the cell surface and that the toxic moiety of the IT, the abrin A-
chain, may be translocated from endocytotic vesicles to the cytosol by
two alternative mechanisms, one mediated by the antibody and a second
one facilitated by the B-chain and its lectin binding site. The relative
significance of these mechanisms seems to differ in different target cell
lines depending on their inherent sensitivities to native abrin which in
turn largely reflects the ability of the cells to internalize and process
surface-bound abrin.

INTRODUCTION

Immunotoxins are conjugates of highly active toxins or their
enzymatically active chains with monoclonal antibodies (for
reviews, see Refs. 1-5). They represent a new class of com
pounds, designed to have cell type-specific activity. To achieve
the desired specificity, most earlier investigators chose to use
only the active A-chains of the 2-chain toxins for preparation
of ITs,3 since the B-chains bind to a large number of receptors
on all mammalian cells. The discovery that the B-chains facili
tate the internalization of the A-chains and enhance the rate
and extent of cell intoxication by ITs (6-8), has increased the
interest in ITs prepared from holotoxins.

The factors influencing the cellular internalization and activ
ity of ITs and the steps whereby the ITs or their A-chains
penetrate the limiting membrane and eventually reach the cy-
tosolic target, the ribosomes, are inadequately understood. The
present study of an abrin-9.2.27 IT is concerned with the role
of the toxin B-chain in the mechanism of action of holotoxin
ITs. In this work, the abrin IT was used, rather than the
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corresponding ricin conjugate, since the latter showed much
less activity and specificity (9). The study was prompted by our
recent findings (9) that the in vitro sensitivity of 8 melanoma
cell lines to abrin-9.2.27 IT differed over a surprisingly wide
range and that the sensitivities of the cell lines were poorly
correlated with the expression of the specific antigen but were
associated with concurrent large differences in their sensitivities
to the native toxin.

To elucidate the mechanism underlying the above observa
tions we studied the binding and toxicity of abrin and abrin-
9.2.27 conjugate in 2 melanoma cell lines, LOX and FEMX,
which differ both in antigen expression and in sensitivity to
native abrin. The results indicate that the different sensitivities
to abrin IT are causally related to inherent differences between
the target cell lines in ability to internalize and process the
native toxin.

MATERIALS AND METHODS

Monoclonal Antibodies. The monoclonal antibody 9.2.27 (10) was
isolated from ascites fluid obtained from Dr. A. C. Morgan (NeoRx
Corp., Seattle, WA). The antibody was purified on Protein A-Sepharose
(Pharmacia Fine Chemicals, Uppsala, Sweden). The anti-p210 mono
clonal antibody (11) was purchased from Hybritech Europe, S. A.,
Liege, Belgium. The anti-B cell monoclonal antibody HH1 (12) was
kindly supplied by Dr. S. Funderud.

Abrin and Immunotoxins. Whole abrin was extracted and purified
(13), and conjugated to the antibodies by the JV-succinimidyl 3-(2-
pyridyl-dithio)propionate procedure (14), as earlier described (9). To
remove conjugates with exposed binding sites, the IT was passed
through a Sepharose 4B column, essentially as described by Thorpe et
al. (IS). The purified conjugate did not adsorb to a desialylated fetuin
column.

Cell Lines. The melanoma lines FEMX and LOX (16, 17), and the
lung cancer line SELS were established from patient biopsy specimens.
The cells were grown as monolayer cultures in RPMI medium with
10% FCS. Cells were brought into suspension by treatment with 10
mM EDTA in phosphate-buffered saline (7 IHMphosphate buffer, pH
7.4, containing 0.14 M NaCl) supplemented with 0.05% KCI. They
were washed and, unless otherwise stated, diluted to 2 x id' cells/ml

in RPMI medium containing 20 mM 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid, pH 7.2, and 10% heat-inactivated FCS. One ml of
this suspension was added to each well of a 24-well tissue culture tray
(Falcon, Oxnard, CA). After incubation overnight at 37Â°Cto allow the

cells to adhere, they were rinsed once in phosphate-buffered saline
before use.

The B-cell line Raji was obtained from Dr. G. Klein, Stockholm,
Sweden. It was maintained as suspension culture in RPMI 1640 me
dium containing 10% heat-inactivated FCS.

Assay of Cytotoxicity. The cytotoxic effect of abrin and its conjugate
was assessed by measuring the inhibition of cellular protein synthesis
relative to that of the untreated controls (9, 18). In all cases the dose
required to inhibit protein synthesis by 50% was derived from dose-
effect curves.

Labeling of Proteins. Proteins were iodinated with 'â€¢"'!according to

the method of Fraker and Speck (19). Usually, specific activities from
10-30 mCi/mg protein were achieved.

Number of Experiments. The results represent the average of 2-5
independent experiments.
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BINDING AND TOXICITY OF ITs

Table 1 Binding and toxicity of native abrin and abrin-9.2.27 immunotoxin to different cell lines: effect of lactose
Binding (ng/105 cells)0 Toxicity at 3TC (IDÂ»in ng/ml)*

AbrinCell

lineFEMX

LOX
SELS
Raji9.2.27

antibody4.2

1.4
Vf
VNo

lac
tose0.5

1.5
2.2
0.6Lactose

(100HIM)0.2

0.40.5

0.3Abrin

ITNo

lac
tose3.0

1.0
0.2
0.2Lactose

(100DIM)3.01.0

0.2
0.2AbrinNo

lactose1

0.015
0.0004

13Lactose

(30HTM)10

2
3

300Abrin

ITNo

lactose103

50
8,000Lactose

(30 mM)25

12
> 100,000

28,000
Â°Ten ng '"I-labeled ligands were incubated with 10*cells in 1 ml phosphate-buffered saline/human serum albumin at 4'C for 2 h.
* IDÂ»,dose required to inhibit protein synthesis by 50%, determined on the basis of dose-effect curves.
' Less than 0.05 ng/105 cells.

RESULTS

Binding and Toxicity of Abrin IT and Native Abrin: Effect of
Lactose. To determine whether or not our affinity-purified
abrin-9.2.27 IT was bound unspecifically to cells via Gal-bind
ing sites on the abrin B-chain we measured the binding of
labeled abrin IT to the different cell lines in the presence and
absence of lactose.

It is apparent from the data in Table 1 that the extent of
binding of labeled abrin conjugate to the different target cell
lines at 4"C reflected their ability to bind labeled antibody as

such, and that lactose had no effect on the binding. This is
more clearly shown in Fig. \A. Here the binding of the conju
gate to FEMX and LOX cells in the presence of increasing
concentrations of unlabeled conjugate was measured in the
presence and absence of lactose. As expected, the binding of
the labeled conjugate decreased with increasing concentrations
of unlabeled conjugate. Significantly, in both cell lines the
binding curves in the presence and absence of lactose were
indistinguishable.

In both melanoma cell lines a fraction of labeled IT could
not be competitively removed by excess unlabeled IT in the
presence of lactose (Fig. \A). This fraction presumably repre
sents IT that was unspecifically bound, i.e.., by a mechanism

B

CONCENTRATION OF UNLABELEO LtGAND I ug/mll

Fig. I. Effect of increasing concentrations of unlabeled ligand on the binding
of '25I-labeled IT (A) and abrin (A) to FEMX (A, A) and LOX (O, â€¢)cells in the
presence or absence of lactose. Monolayer cells (4 x lO'/well) were incubated
overnight at 37"C and rinsed twice in ice-cold phosphate-buffered saline before
the addition of 150 Â«Iphosphate-buffered saline/human serum albumin contain
ing 3 ng of radiolabeled IT or abrin in the absence or presence of increasing
concentrations of unlabeled ligand as indicated, followed by the addition of 150
/.I phosphate-buffered saline/human serum albumin (O, A) or phosphate-buffered
saline/human serum albumin/0.2 M lactose (â€¢,A). After 2 h at 4*C, the cells
were rinsed twice in phosphate-buffered saline/human serum albumin, dissolved
in 0.1 M KOH, and the bound radioactivity was measured.

involving neither the antigen binding site of the antibody nor
the B-chain lectin site. It should be noted (Table 1) that also
the antigen-negative cell lines bound small but significant
amounts of IT, a binding that was not reduced by the presence
of lactose. It is of interest in this regard that the IT was
unspecifically bound also to asialofetuin. Labeled IT and labeled
abrin were added to microtiter wells previously coated with
asialofetuin and the percentage radioactivity bound was meas
ured. It was found (Table 2) that a definite fraction of the IT
was bound to the asialofetuin. However, whereas the binding
of labeled native abrin, as expected, was strongly reduced al
though not completely eliminated by unlabeled abrin, the ob
served binding of labeled IT to the asialofetuin was not reduced
by the presence of excess unlabeled IT. Importantly, the labeled
antibody as such was bound to the asialofetuin to almost the
same extent as the IT. Altogether, these results show that the
IT, as well as its components, are unspecifically bound to a
small extent to cells and that the observed binding of the IT
does not involve the B-chain binding site.

Since the toxicity experiments were carried out at 37Â°C,it

was necessary to test the binding also at this temperature. The
data in Table 3 show that the binding of IT to the cell line LOX
at 37Â°Cwas similar to that at 4Â°Cand that also at 37'C lactose

did not affect the binding.
The toxicity results, based on dose-effect curves (Table 1),

confirmed (9) that the LOX cells were 6-7 times more sensitive
to the IT than were the FEMX cells, albeit they bound only
one-third as much of the conjugate. An abrin conjugate with
the irrelevant anti-B cell monoclonal antibody, HH1, was 200

Table 2 Binding of "Â¡-labeled IT to asialofetuin

Microtiter wells were coated with 1 UKasialofetuin and washed before the
addition of radiolabeled ligands in the absence or presence of excess unlabeled
ligand. After 2 h at 25'C, the wells were washed and counted.

Ligand bound
"I labeled abrin ( 100 ng/ml) 1.6
"I-labeled abrin ( 100 ng/ml) + unlabeled Abrin ( 10 fig/ml) 0.1

"I-labeled IT (50 ng/ml) 0.15
"I-labeled IT (50 ng/ml) + unlabeled IT (5 /ig/ml) 0.17

"(-labeled 9.2.27 IgG (100 ng/ml) 0.10
25I-labeled 9.2.27 IgG (100 ng/ml) + unlabeled 9.2.27 IgG (10 0.12

fg/ml)

Table 3 Effect of lactose on binding of abrin IT to LOX cells at 37Â°C
Ten ng labeled IT were incubated with 10" cells in 1 ml phosphate-buffered

saline/human serum albumin for 2 h at 4*C and for 30 min at 37'C.

Binding of IT (ng/105 cells)

at

Conditions 4'C 37'C

No lactose
Lactose (30 mM)

1.12
1.11

1.08
1.09
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BINDING AND TOXICITY OF ITs

and 330 times less toxic than the abrin-9.2.27 conjugate to the
FEMX cells and LOX cells, respectively (not shown), demon
strating target specificity of the 9.2.27 conjugate. However, the
antigen-negative line SELS, in contrast to the other antigen
negative cell line, also showed some sensitivity to the IT (Table
1). It is seen that this sensitivity of the SELS line to IT is
associated with an exceptional sensitivity to native abrin, as
will be discussed below.

Since lactose did not reduce the binding of labeled IT to the
different cell lines, it would a priori be expected not to influence
their sensitivity to the conjugate. Indeed, lactose had no clear
effect on the sensitivity of the FEMX cells to the IT (Table 1).

However, it did protect the LOX cells by a factor of about 4
and the antigen-negative SELS line by a factor of about 2,000.
The Raji line which is far less sensitive to native abrin than the
SELS line, was protected by a factor of only about 3.5.

The finding that lactose strongly protected both the LOX
melanoma cells and the antigen-negative cell lines against the
IT, even though it did not measurably reduce the surface binding
of the conjugate, suggested that the effect of lactose was exerted
at a step after the disappearance of the IT from the the cell
surface. If this is the case, it would be expected that also part
of the protective effect of lactose against native abrin might be
exerted after endocytosis. To test this possibility we measured
the effect of lactose on binding and toxicity of native abrin to
the cells and correlated the differences between cell lines with
respect to sensitivity to abrin with the concurrent differences in
binding. It is apparent from Table 1 that the cell lines differed
only moderately in their ability to bind labeled native abrin, but
exhibited very large differences in sensitivity to the toxin, as
previously reported (9). Thus, the LOX cells were 70 times
more sensitive to native abrin than were the FEMX cells.
Moreover, the non-melanoma line SELS was approximately
2500 times more sensitive to abrin than was the FEMX line
(9), whereas the other antigen-negative cell line, Raji, was 13
times less sensitive than the FEMX cells. Thus the 2 nontarget
lines differed by a factor of about 32,500 in sensitivity to abrin.
The concurrent differences in binding were only 3- to 5-fold.

Importantly, the presence of lactose was found to reduce the
abrin sensitivity of the cells to a much greater extent than its
ability to reduce the binding (Table 1). Thus, lactose reduced
the sensitivity of the LOX and the SELS lines by factors of 130
and 7500, while it reduced the binding only by factors of 3.8
and 4.4, respectively. These results clearly suggest that lactose
may influence the sensitivity of cells to abrin, not only by
reducing the binding of abrin, but also by a mechanism oper
ating after the toxin has disappeared from the cell surface, and
that the observed differences between cell lines in sensitivity to
native abrin largely reflect inherent differences in their ability
to internalize bound abrin and to translocate its active A-chain
into the cytosol.

Effect of Antigen Blocking. If the abrin IT were bound to the
cell surface exclusively by antigen-antibody interaction, its tox
icity would be expected to be completely prevented by prein-
cubation with excess 9.2.27 antibody. The results in Fig. 2 show
that this was indeed the case with the FEMX cells. Preincuba-
tion of the cells with another monoclonal anti-melanoma anti
body, anti-p210 (11), afforded no protection against the 9.2.27
conjugate, showing that the protection by antibody was an
antigen-specific effect.

The LOX cells, however, were not protected against the IT
by preincubation with the specific antibody under the conditions
in Fig. 2, indicating that these cells were able also to internalize
IT that was not specifically bound to the cell surface antigen.
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Fig. 2. Ability of antibodies to protect against IT. The cells were incubated at
37'C with the indicated concentrations (cone.) of 9.2.27 IgG or anti-p210 IgG for
1 h. followed by the addition of abrin-9.2.27 IT (100 ng/ml). Protein synthesis
was measured after 20 h. A. FEMX, 9.2.27 antibody; A, FEMX, anti-p210 IgG;
â€¢LOX, 9.2.27 antibody.

Since it was shown above that binding of the IT to the LOX
cells was not affected by lactose, the results in Fig. 1 indicate
that the LOX cells were able to bind IT by an unspecific
mechanism not involving the Gal-binding site on the H chain.
As pointed out above, the experiments with the nontarget cell
lines demonstrated clearly that such nonspecific binding does
occur to some extent. Preincubation of the cells with a 100-fold
excess of human 7-globulin did not affect the results (not
shown), ruling out the possibility that the unspecific binding
and uptake of IT was mediated by Fc-receptors.

The combined effect of antigen blocking and the presence of
lactose was then studied. In this experiment (Fig. 3), in which
a lower concentration of IT was used than in Fig. 2, pretreat
ment with antibody alone did afford moderate protection to the
LOX cells. Lactose alone also gave only moderate protection.
Significantly, when the 2 treatments were combined, the effect
was synergistic, and complete protection was achieved.

Altogether, these results suggest that 2 alternative mecha
nisms are involved in the translocation of abrin A-chains from
endocytosed IT to the cytosol, one involving antigen-antibody
interaction and the other the B-chain moiety with its Gal-
binding site.

DISCUSSION

A possible explanation of the relationship previously ob
served (9) between sensitivity of melanoma cell lines to abrin
IT and to native abrin could be that the IT was partially bound
to the cell surface via Gal-binding sites on the abrin B-chain
and that the extent of this unspecific binding paralleled the
binding of native abrin. Evidence is presented here that this is
not the case: (a) the IT used had been passed through a Seph-
arose 4B column to remove molecular species with exposed B-
chain binding sites; (b) addition to the medium of lactose which
inhibits the binding of the B-chain lectin site to galactose-
containing receptors on the cell surface did not influence the
binding of the IT.

It now seems clear that the ITs, like the native toxins, are
internalized by receptor-mediated endocytosis (20, 21) and that
subsequently the toxin A chains enter the cytosol from endo-
cytic vesicles. The exact mechanism whereby this occurs is not
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Fig. 3. Ability of lactose (30 HIM),9.2.27 IgG (1 Â»ig/ml)or both, to prevent
intoxication of LOX cells by IT. The cells were incubated at 37'C with IT (20

ng/ml) for 20 h, in the absence or presence of blocking agents, followed by
measurement of protein synthesis. Ab, 9.2.27 antibody; /.. lactose.

known. However, the fact that ITs containing holotoxins are
more potent than A-chain toxins indicates that the toxin B
chains somehow facilitate the translocation of the A-chains
through the limiting membrane of the vesicular compartments.

The finding here that lactose protected the LOX cells against
the abrin IT, even though it had no measureable effect on the
binding, indicates that lactose exerted its effect after internali-
zation of the conjugate into vesicles and that the abrin B-chain
binding site is involved in the facilitation. It is of interest in
this regard that also the protective effect of lactose against
native abrin seemed to be exerted in part after abrin had
disappeared from the cell surface and had become internalized
into intracellular vesicles. Thus, lactose reduced the toxicity of
native abrin to a far greater extent than could be accounted for
by the observed reduction in surface binding. Since the widely
different sensitivities of the melanoma cell lines to abrin were
associated with only modest differences in the extent of binding
of abrin to the cell surface, it is likely that the different sensi
tivities to abrin reflect inherent diffences in ability to internalize
the toxin and facilitate the transfer of the A-chain to the cytosol.
The simplest explanation of the observed correlation between
sensitivity to native abrin and to abrin IT is the presence in
abrin-sensitive cells of an efficient mechanism for routing of
abrin or its A-chain from vesicles to the cytosol, and that the
toxic moiety of the IT at least in part follows the same pathway.

Evidence is presented here that the abrin IT is partially bound
to the cells by an unspecific mechanism that does not involve
the Gal-binding site on the B-chain. This follows from experi
ments showing that the binding of labeled IT could not be
eliminated by the presence of a large excess of unlabeled IT.
Moreover, 2 antigen-negative lines also bound appreciable
amounts of labeled IT, a binding that was unaffected by lactose.
Possibly, the unspecific binding is mediated by hydrophobic
interactions, causing the macromolecules to stick to the cell
surface. It should be noted that unspecific IT binding to cells
has been observed also by Vitetta (22) in experiments that were
carried out with a conjugate with inactivated Gal-binding sites.
Here we observed unspecific binding of the IT and of free
antibody to the glycoprotein asialofetuin.

Unspecific binding of the IT may explain several of the
unexpected results found in this paper, e.g., that the toxicity of
the IT to FEMX cells could be eliminated by excess specific

antibody, while this was not the case with the LOX cells. The
toxicity resulting from unspecifkally bound IT will depend on
the rate of entry of the active A-chain into the cytosol. In cells
that are highly sensitive to abrin and where an efficient mech
anism for B-chain-facilitated entry of the A-chain is operating,

unspecifically bound IT may cause significant toxicity which
will remain when the specific binding of the IT via the antibody
is eliminated. This seems to be the case with the LOX cells.
Complete blocking of the IT toxicity required the simultaneous
presence of both excess antibody and lactose. In the case of the
FEMX cells the amount of IT unspecifically bound was about
the same as in the LOX cells (Fig. I A), but since these cells are
only '//o times as sensitive to native abrin as the LOX cells, the

toxicity caused by the unspecific binding was presumably of
little consequence compared to antibody-mediated toxicity. The
sensitivity of the antigen-negative cell line SELS to the IT may
be explained by the same mechanism. As noted above these
cells are extremely sensitive to native abrin.

The possible existence of 2 different routes for the translo
cation of ITs containing holotoxins from vesicles to cytosol
may help to explain why such ITs, in general, are more potent
than A-chain toxins and ITs where the Gal-binding site on the
B-chain has been modified (23) or removed (24). The A-chain
toxins, presumably, can utilize only a single, antigen-mediated
route, whereas ITs having B-chains with intact Gal-binding
sites can, in addition, take advantage of the alternative pathway
that is inhibited by lactose and possibly involves liberation of
abrin. Youle et al. (25, 26) and Esworthy and Neville (27) have
presented data indicating that the ability of the ricin B-chain to
enhance the toxicity of ricin ITs is exerted in an intracellular
compartment and involves the Gal-binding site.

Evidence exists, however, that the toxin B-chains may have
an additional role, independent of its Gal-binding site. Vitetta
(22), has shown that a ricin B-chain immunoconjugate where
the Gal-binding sites on the ricin B-chain had been inactivated,
potentiated the toxicity of an A-chain IT. Moreover, Leonard
et al. (23) and Colombatti et al. (24) have presented evidence
that conjugates in which the B-chain binding sites have been
blocked or removed were more active than the corresponding
A-chain conjugates. These data, together with ours, indicate
that the B-chain may facilitate the translocation of the A-chain
by two mechanisms: one involving the lectin-binding site and
another that is independent of this site.

Irrespective of the underlying mechanism, the relationship
between the sensitivity of melanoma cell lines to abrin IT and
to native abrin is of considerable interest. If this is a general
phenomenon, it may have important implications for the use
of abrin ITs in cancer treatment. Sensitivity to native abrin then
becomes an important indicator of cellular sensitivity to abrin
ITs. In fact, this parameter may overshadow the role of the
extent of expression of the specific antigen (9). It should be
noted that, in general, cancer cells are more sensitive to abrin
than are normal cells (28, 29).

The previous and present results emphasize the importance
of testing ITs in more that one target and control cell line (9).
Evidently, if we had studied only LOX or FEMX cells as target
cells, we would have reached quite different conclusions. The
same is the case if we had used either the SELS or the Raji line
as antigen-negative control cells.
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