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ABSTRACT

An immunotoxin consisting of the enzymatically active A-chain of
mistletoe lectin I and a monoclonal antibody against a surface protein on
mouse leukemia LI210V cells was found to inhibit protein synthesis in
these cells as efficiently as the native mistletoe toxin. The immunotoxin
was somewhat more slowly endocytosed than the native toxin, but in both
cases the endocytic uptake continued under conditions in which uptake
from clathrin-coated pits was inhibited by mild acidification of the cytosol.
This indicates that the toxin and the immunotoxin were at least partially
internalized by a non-clathrin-dependent uptake mechanism and that
uptake by this pathway is responsible for most of the toxic effect on the
cells. The results indicate that efficient immunotoxins can be made with
antibodies against cell surface epitopes that are endocytosed by a mech
anism not involving clathrin-coated pits.

INTRODUCTION

In recent years a large number of monoclonal antibodies have
been used to direct bacterial and plant toxins to malignant cells
in an attempt to achieve selective cell killing (1, 2). A major
problem in this work is that most conjugates are much less
toxic than desired, and therefore great effort is being made to
increase the toxic effect of the conjugates. It appears that after
binding of the conjugates to their respective cell surface anti
gens, endocytic uptake is required for toxicity (3, 4). The
possibility therefore existed that the antibody part of the mol
ecule must be directed against epitopes that are rapidly endo
cytosed from clathrin-coated pits. This endocytic pathway has
been studied in a variety of cell lines, and it has been found to
be involved in the uptake of a number of physiologically im
portant ligands as well as toxins and viruses (5). A large number
of immunotoxins has been constructed with antibodies that are
likely to be internalized by endocytosis from coated pits. Little
is known about the further mechanism of translocation of the
toxic moiety to the cytosol, but transport to the trans Golgi
network appears to be required (6, 7).

There is now evidence that both fluid-phase markers and
certain membrane-bound markers are internalized, at least to
some extent, by invaginations of non-clathrin-coated areas of
the cell surface. Thus, endocytosis of these molecules continues
when the coated pit/coated vesicle pathway is blocked by hy-
pertonic medium (8), by low cytosolic pH (9), or by removal of
clathrin-coated pits by hypertonic shock and incubation in the
absence of potassium (10). There is evidence that material
endocytosed by this pathway may be delivered to endosomes,
but it is not clear whether ligands taken up by each of the two
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endocytic pathways follow the same intracellular route.
In the present paper we have studied uptake and toxicity in

LI210V cells of an immunotoxin of the A-chain of ML I3 and

a monoclonal antibody against a cell surface protein. The results
indicate that the immunotoxin, as well as the parent toxin ML
I, are endocytosed from non-clathrin-coated areas of the cell
surface and that uptake by this pathway is responsible for most
of the toxic effect. The results indicate that efficient immuno
toxins can be made by conjugation of a toxic moiety to an
antibody that is internalized by clathrin-independent endocy
tosis.

MATERIALS AND METHODS

Materials. [3H]Leucine and Na'25I were from the Radiochemical

Centre, Amersham, United Kingdom. Transferrin, horseradish perox-
idase, Hepes, Pronase, SPDP, NaN3, lactose, and 2-deoxy-o-glucose
were obtained from Sigma Chemical Co., St. Louis, MO. Transferrin
was saturated with iron as described (11), and I25l-labeled ligands were
prepared by the lodo-Gen method (12).

Monoclonal Antibody. Purified MoAb-16 monoclonal antibody was
prepared as described (13, 14). MoAb-16 is of mouse IgM isotype and
binds specifically to leukemias LI210V, LI210, RL Ã 1́ and to 13-day-
old mouse embryo cells. For the production of this antibody, immune
spleen cells from BALB/c mice immunized with LI210V cells were
used (13). The antibody recognizes a M, 30,000 cell surface protein.4

Transplantable Tumor Line. Mouse leukemia LI 2IOV was selected
from LI210 leukemic cells. All passages of the transplantable tumor
line were made in syngeneic recipients (DBA/2 mice). Appropriate
suspensions of L1210V cells were obtained from ascites fluid by dilution
in ice-cold PBS on the third day after inoculation. For in vitro experi
ments the cells were propagated in Hepes medium, pH 7, supplemented
with 10% fetal calf serum in an atmosphere containing 5% CO2.

Toxins and Immunotoxins. ML I toxin was prepared as described (15,
16). The A-chain was prepared by affinity chromatography on a D-
galactose-Sepharose 6B column. After binding of the whole lectin to
the column via the B-chain, the A-chain was obtained by reductive
elution with PBS containing 5% (v/v) 2-mercaptoethanol. The A-chain
was linked to MoAb-16 by the SPDP method in the following way. To
16 mg IgM dissolved in 2 ml PBS were added 80 ^1 20 mM SPDP in
ethanol. After 2 h the obtained PDP-IgM was separated from the low-
molecular-weight reaction products on a Sephadex G-25 column and
reacted with 3 mg of ML I A-chain for 4 h at room temperature.
Finally, the conjugate was purified on a Sephacryl S300 column.
Quantitation of the amount of ML I A-chain in the immunoconjugate
was performed by enzyme-linked immunosorbent assay as described
(16). Ricin was extracted and purified as earlier described (17).

Measurement of Protein Synthesis. After incubation with or without
toxin and immunotoxin as described in the legends to the figures, the
cells were transferred to medium without inhibitors and the ability of
the cells to incorporate [3H]leucine during 15 min was measured as

described earlier (18).

'The abbreviations used are: ML I, mistletoe lectin I (viscumin); SPDP, 3-|2-
pyridyldithiojpropionic acid /V-hydroxysuccinimide ester; PBS, phosphate-buff
ered saline ( 140 mM NaCl-10 mM sodium phosphate, pH 7.4); MoAb, monoclonal
antibody; Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid.

4 Unpublished data.
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Assay of Cytotoxicity and Kinetics of Intoxication. The cytotoxic
effects of ML I toxin and the immunotoxin were assessed by measuring
the inhibition of cellular protein synthesis relative to untreated controls,
as described in the figure legends.

Measurement of Endocytosis. To measure endocytosis of I25l-labeled

MoAb-16 L1210V cells were incubated with the conjugate for 15 min
at 37Â°C.The cells were then incubated for 60 min at 0Â°Cin Hepes

medium containing 0.1 M mercaptoethanol and 2 mg/ml Pronase.
Then the cells and the medium were transferred to Eppendorf tubes
and centrifuged for 2 min, and the radioactivity in the pellet and
supernatant was measured.

The amount of surface bound and internalized transferrin were
measured as described by Ciechanover et al. (11). Briefly, cells were
incubated with 125I-transferrin for the indicated periods of time at 37Â°C,
washed three times with ice-cold PBS, and then treated for l h at 0Â°C

with 0.25 ml serum-free medium containing 2 mg/ml Pronase. Subse
quently, the cells and the medium were transferred to Eppendorf tubes
and centrifuged for 2 min, and the radioactivity in the pellet and in the
supernatant was measured.

Endocytosis of 125I-labeledricin was measured as the amount of toxin

that could not be removed from the cells with lactose, as described
previously (19).

RESULTS

Toxic Effect of ML I and MoAb-lb-ML I-A-chain Immuno
toxin. To measure the toxic effect of ML I and the correspond
ing immunotoxin, LI210V cells were incubated with increasing
concentrations of the proteins for 3 h at 37Â°C,and then the

rate of protein synthesis was measured. As shown in Fig. 1, the
immunotoxin was essentially as efficient as the native ML I in
intoxicating the cells. In the case of the native toxin, the
presence of 0.1 M lactose strongly inhibited the toxic effect,
whereas it had no inhibitory effect on the immunotoxin (not
demonstrated). On the other hand, unconjugated antibody
strongly prevented the effect of the immunotoxin, but not that
of unconjugated ML I. This demonstrates that the functional
binding of the immunotoxin to the cells was by the monoclonal
antibody.

Rate of Entry of ML I and Immunotoxin.To measure the
kinetics of the functional entry of the toxin from the cell surface,
cells were incubated with toxin and immunotoxin at 0Â°Cto

allow binding to occur. Unbound ligand was then removed and
the cells were incubated at 37Â°C.After increasing periods of

time a neutralizing amount of antibodies against the ML I was
added to inactivate toxin remaining at the cell surface. The cells
were further incubated overnight to allow the endocytosed toxin
time to exert its effect. As shown in Fig. 2, the immunotoxin
became shielded from the antibody somewhat more slowlythan

IO'7

Toxin concentration (M)

Fig. 1. Ability of ML I toxin and MoAb-16-ML I A-ehain immunotoxin to
inhibit protein synthesis in L1210V cells. The cells were preincubated for 15 min
in leucine-free medium. Then increasing concentration of toxin and immunotoxin
were added, and the incubation was continued for 3 h at 37Â°C.Finally, protein
synthesis was measured during a IS min interval as described in "Materials and
Methods." O, ML I toxin; â€¢,MoAb-16-ML I A-chain immunotoxin.

10" 1010109 10s 10' io6 io 9 10e 10'
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Fig. 2. Kinetics of intoxication of LI210V cells by ML I toxin (A) and MoAb-
16-ML I A-chain immunotoxin (A). To cells growing in 96-well plates (2.5 x 10*

cells/well) were added increasing concentrations of toxin. Then the cells were
incubated for 60 min at 0Â°C.After incubation, the cells were washed once and

rabbit antitoxin was added after IS, 30, 60, and 120 min and the incubation was
continued overnight at 37Â°C.Finally, protein synthesis was measured during a
15-min interval as described in "Materials and Methods." Antitoxin was added

after: O, IS min; â€¢30 min; D, 60 min; A, 120 min. No antitoxin added, A.

the native toxin. Thus, with the native toxin antibodies added
after 2 h had little protective effect, whereas in the case of the
immunotoxin â€”90%could still be inactivated by the antibody
at this time point. It therefore appears that the immunotoxin
is endocytosed more slowly than the native toxin.

Effect on Endocytosisof Acidificationof the Cytosol. To study
by which mechanism the immunotoxin is internalized, we took
advantage of our previous observation that mild acidification
of the cytosol inhibits the coated pit pathway of endocytosis in
a number of different cell lines (9). To test if this was also the
case in LI210V cells, we measured the effect of acidification
on endocytosis of transferrin, a ligand known to be endocytosed
by the coated pit pathway (11).

To acidify the cytosol we either preincubated the cells with
ammonium chloride which was then removed (Fig. 3, A, B), or
we added sodium acetate to the cells (Fig. 3, C, D). In the first
case ammonia, which is membrane permeable, will leave the
cells, whereas the protons are left behind. As a result, an
immediate acidification of the cytosol occurs. The extent of
acidification increases with increasing concentration of ammo
nium chloride during the preincubation (9). The cells were kept
in Na+-free and bicarbonate-free buffer to prevent normaliza
tion of the intracellular pH by Na+/H+ exchange and Na+-
linked HCOj/Cl" exchange (9). As shown in Fig. 3A, there was

a strong inhibition of transferrin endocytosis at the highest
ammonium chloride concentrations used.

Cells with acidified cytosol were found to bind more trans
ferrin than nonacidified cells (Fig. 3B). This is in accordance
with earlier findings with Vero cells (9). Also when the acidifi
cation was carried out by addition of acetate to the medium,
transferrin endocytosis was strongly reduced, and the amount
of transferrin receptors at the cell surface was increased (Fig.
3, C, D).

Earlier results have shown that acidification of the cytosol
does not strongly inhibit endocytosis of ricin in Vero cells,
Hep2 cells, MCF 7 cells, and A431 cells, indicating that this
toxin is largely endocytosed by an alternative mechanism (9).
The data in Fig. 4 and in Table 1 show that this was also the
case in LI210V cells. On the other hand, when both kinds of
endocytosis were inhibited by pretreatment of the cells with
NaN3 and 2-deoxyglucoseto strongly reduce the ATP level, the
endocytosis of ricin was also strongly reduced (Table 1).

To test if the manipulations used were toxic to the cells, we
tested the ability of the cells to incorporate [3H]leucine. As

shown in Table 2, acidification of the cytosol reduced the
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Fig. 3. Effect of acidification by NH4CI prepulsing (A, B) and by acetic acid
(HAc) (C, D) on binding and endocytosis of transferrin. LI210V cells were
growing in 96-well plates (2.5 x 10*cells/well). \nA and B the cells were incubated
for 30 min at 37'C in Hepes medium, pH 7, with the indicated concentrations of

NH4CI. The medium was then removed, and 0.2 ml of 0.14 M KC1, containing 2
mw CaClj and 20 mM Hepes, pH 7.0, was added. After 5 min further incubation,
'"[-labeled transferrin (200 ng/ml. 21.400 cpm/ng) was added and cell-bound
and endocytosed transferrin was measured after 15 min as described in "Materials
and Methods." In C and D the cells were incubated for 5 min at 37'C in Hepes

medium (0.2 ml, pH 5.0) in the absence and presence of acetic acid in concentra
tions as indicated. '"I-transferrin (200 ng/ml, 21,400 cpm/ng) was then added
and, after a III min incubation, endocytosed, and surface bound transferrin was
measured as described in "Materials and Methods."

incorporation 30 min after the manipulations, whereas the cells
had largely recovered 12 h later.

We then measured the endocytic uptake of the Mo Ab-16
antibody. As shown in Fig. 5, the uptake was only moderately
reduced at the highest concentrations of ammonium chloride
and acetate (Table 3). The results are similar to those obtained
with ricin and different from those obtained with transferrin.
This indicates that, like ricin, MoAb 16 is internalized to a
large extent by a pathway not involving coated pits.

Effect of Acidification on the Toxic Effect of ML I and
Immunotoxin. To test whether immunotoxin internalized by the
alternative endocytic pathway was able to intoxicate cells, we
tested whether immunotoxin endocytosed by acidified cells was
also able to inhibit cellular protein synthesis. The cells were
preincubated in the absence and presence of 50 mM NH4C1,
then NH4C1 and Na+ were removed, and the cells were exposed

to increasing concentrations of ML I or immunotoxin for 15
min in a buffer containing 0.14 M KC1 instead of NaCl. Sub
sequently, antitoxin was added to inactivate toxin present at
the cell surface, and the cells were transferred to normal me-

Fig. 4. Effect of NH4CI prepulsing on binding and endocytosis of ricin. L1210V
cells in 96-well piales (2.5 x 10* cells/well) were incubated for 30 min at 37Â°Cin

Hepes medium. pH 7.0, with the indicated concentrations of NH4C1. The medium
was then removed, and 0.2 ml of 0.14 M KC1,containing 2 mM CaCl3 and 20 min
Hepes, pH 7.0, were added. After 5 min further incubation, '"I-labeled ricin (100
ng/ml, 14,200 cpm/ng) was added and cell-bound and endocytosed ricin was
measured after IS min as described in "Materials and Methods."

Table 1 Effect of acidification of the cytosol on the ability ofLlllOV cells to
endocytose ricin

Treatment"

Endocytic uptake
of '"I-ricin (% of

total binding Â±
SD)

Hepes medium, pH 7.0
Hepes medium, pH 5.0
5 mM acetic acid in Hepes medium,

pH 5.0
10 mM NaNj + 50 mM 2 deoxy-o-

glucose in Hepes medium, pH 7.0

7.9 Â±2.5
8.0 Â±3.2
5.0 Â±1.7

1.7 Â±0.6

' Cells growing in 96-well plates (2.5 x 10*cells/well) were incubated in Hepes
medium, pH 5.0, with or without acetic acid for 5 min at 37Â°Cand in Hepes
medium. pH 7, with or without metabolic inhibitors for 20 min at 37Â°C.Then
the cells were incubated with '25I-ricin (100 ng/ml. 14,200 cpm/ng) for 30 min at
0Â°C.After incubation, the cells in some wells were washed twice in cold Hepes

medium and the total binding of ricin was measured, whereas in other wells the
cells were incubated for 5 min at 37Â°Cin medium containing 0.15 M lactose and

then washed with lactose in Hepes medium. Finally endocytosed ricin was
measured as described in "Material and Methods."

Table 2 Â£/?fffof acidification of the cytosol on the ability of L1210V cells to
incorporate Â¡^HJIeucine

[3H]Leucine incorporated (% of con

trol Â±SD)

Treatment"Hepes

medium, pH 5.0
Hepes medium, pH 5.0-

5 mM acetic acid
20 mM Hepes, pH 7.0-

50 mM NH4CI-0.14
MKCI30

min after
treatment24

Â±4.1
12Â±2.52.6

Â±1.312

h after
treatment82

Â±7.2
71Â±6.963

Â±5.1

Â°The cells were incubated in Hepes medium adjusted to pH 7.0 (control) or

as indicated for 15 min and then transferred to normal medium. After 30 min or
12 h the cells were incubated with [3H]leucine for 15 min in Hepes medium, pH
7.0. without unlabeled leucine and the incorporation of [3H]leucine was measured
as described in "Materials and Methods."

dium. They were incubated for 18 h to allow internalized toxin
time to exert its toxic effect, and finally the [3H]leucine incor

poration rate was measured. As shown in Fig. 6, there was no
difference whether or not the exposure to toxin or immunotoxin
had occurred under conditions where the uptake from coated
pits was blocked. The data indicate that uptake by the alterna
tive endocytic pathway results in efficient intoxication of the
cells.
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Fig. 6. Toxic effect of ML I toxin (A) and MoAb-16-ML I A-chain immuno-
toxin (B) endocytosed at normal and acidic internal pH. L1210V cells were
incubated for 30 min at 37Â°Cin Hepes medium, pH 7.0, containing 50 itiM

NH4CI. The medium was then removed and 150 Â¡Aof 0.14 M KO in 20 mM
Hepes, pH 7.0. and 2 mM CaCI2 were added to each Eppendorf tube (2.5 x 10*
cells). The cells were incubated for 5 min at 37'C. After 5 min incubation

increasing concentrations of toxin and immunotoxin were added and, after 15
min further incubation, antitoxin in medium containing neutralizing amount of
antitoxin was added. The cells were then incubated overnight and finally the
ability of the cells to incorporate |3H]leucine was measured. O, A, no NH4CI; â€¢,

A, 50 mM NH4C1.

Smin.srC 10 min, ITC

Fig. 5. Effect of acidification of the cytosol by NHÂ«C1prepulsing (A, B) and
acetic acid (HAc) (C, D) on binding and endocytosis of MoAb-16 antibody . In A
and B, L1210V cells in 96-well plates (2.5 x 10' cell/well) were incubated for 30
min at 37Â°Cin Hepes medium, pH 7.0, with the indicated concentrations of

NH4C1. The medium was then removed, and 0.2 ml 0.14 M KCI, containing 2
mM CaCli and 20 mM Hepes, pH 7.0, was added. After 5 min further incubation
'"I-labeled MoAb-16 (80 ng/ml, 26,400 cpm/ng) was added and cell-bound and
endocytosed antibody was measured after 15 min as described in "Materials and
Methods." In C and D, the cells were incubated for 5 min at 37Â°Cin Hepes

medium (0.2 ml, pH 5.0) with and without acetic acid in the concentrations
indicated. 125I-labeledMoAb-16 (80 ng/ml, 26,400 cpm/ng) was then added and,
after 10-min incubation, endocytosed and surface bound antibody was measured
as described in "Materials and Methods."

Table 3 Effect of acidification of the cytosol on the ability of LI2ÃŒOVcells to
endocytose '"l-MoAb-I6 antibody

Treatment"
Endocytic uptake
of'25I-MoAb-16

Hepes medium, pH 7.0
Hepes medium, pH 5.0
5 mM acetic acid in Hepes medium.

pHS.O
10 mM NaN3 + 50 mM 2-deoxy-D-

glucose in Hepes medium, pH 7.0

I6Â±7
20 Â±5
10Â±3

4Â±2

" Cells growing in 96-well plates (5.0 x 10s cells/well) were incubated in Hepes
medium, pH 5.0, with or without acetic acid for 5 min at 37Â°Cand in Hepes
medium, pH 7.0, with or without metabolic inhibitors for 20 min at 37Â°C.The
cells were then incubated with 125I-MoAb-16 (80 ng/ml, 26,400 cpm/ng) for 15
min at 37"C. Finally, endocytosed antibody was determined as described in
"Materials and Methods."

DISCUSSION

The data here presented indicate that the MoAb-16 antibody
and its conjugate with ML I toxin are to a large extent inter
nalized by endocytosis from non-clathrin-coated areas of the
plasma membrane and that toxin taken up by this pathway is
able to enter the cytosol and intoxicate the cells. This finding
suggests that antibodies raised against molecules that are ex
cluded from coated pits can be equally useful in the construction
of immunotoxins as antibodies internalized by the coated pit/
coated vesicle mechanism.

It should be noted that in the present work NH4C1 was used
only during the preincubation and was removed from the cells
before toxin or immunotoxin were added. Endosomes and
lysosomes would therefore recover acidity before exposure to
toxins. The effects here observed therefore appear to be unre
lated to the enhancing effect of NH4C1 found with many im-

munotoxins (2).
As earlier described for ricin (5, 19), which is at least partly

endocytosed by a clathrin-independent pathway, the uptake of
ML I and the corresponding immunotoxin also occurs compar
atively slowly. This is in contrast to the rapid endocytic uptake
of ligands endocytosed by the coated vesicle pathway (5). How
ever, factors other than rapid internalization may be more
important for efficient intoxication. There is some evidence
that ligands internalized by the two different pathways eventu
ally become, at least partially, colocalized in endosomes (20).
However, it not known whether ligands internalized by the two
pathways have the same probability of being transported to the
Golgi apparatus.

Endocytic uptake from coated pits is involved in efficient
uptake of a large number of ligands and it has been studied in
considerable detail (5, 11). Most of the cell surface components
known to be internalized from clathrin-coated pits are glyco-

proteins, and it has been suggested that certain amino acids in
these proteins are responsible for the aggregation in coated pits
(21-24). Tetanus and cholera toxin bind to surface glycolipids
and appear to be internalized from non-clathrin-coated areas of

the plasma membrane (20, 25). On the other hand, it was
recently shown that also a lipid-binding ligand, Shiga toxin,

can aggregate in coated pits (26).
Although there is an increasing amount of evidence for the

existence of an alternative, non-clathrin-dependent endocytic
pathway, thus far no morphological correlate has been identi
fied. Material that is not clathrin has been observed at the
cytosolic side of the membrane in some cell types (27, 28), but
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it is not clear whether these structures are involved in endocy-
tosis or whether they have another function.

It was recently shown that it is possible to modulate the
nonclathrin-coated endocytosis, at least in some cell types (29).
Thus, cytochalasins selectively inhibited non-clathrin-coated
endocytosis in Vero cells. On the other hand, non-clathrin-
coated endocytosis in A431 cells was stimulated by epidermal
growth factor and by the tumor promoter 12-O-tetradecanoyl-
phorbol-13-acetate. A similar stimulation of endocytosis by
growth factors has been observed also in other cell lines (30-
33). The role of the different endocytic processes may vary from
one cell line to another, and it is still not clear whether there is
a systematic difference between normal and malignant cells in
this respect. In any event, the results here described strongly
suggest that immunotoxins taken up by non-clathrin-coated
endocytosis may be highly toxic.
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