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ABSTRACT

Intracellular ricin and immunotoxin trafficking has been difficult to
study as only one to two cytosolic ricin A chain (RTA) molecules are
sufficient to cause cell death. Previous studies (R. J. Youle and M.
Colombatti, J. Biol. Chem., 262: 4676-4882, 1987) using anti-ricin
hybridomas identified the secretory pre-Golgi as a critical site for RTA
intoxication. We used ricin and RTA immunotoxins constructed with
transferrin (TF) or anti-murine TF receptor antibody (RI7/217) to com
pare patterns of cytotoxicity and intracellular trafficking in anti-ricin
hybridomas. Anti-RTA and anti-ricin B chain (RTB) hybridomas bound
similar amounts of ricin and secreted comparable amounts of anti-ricin
immunoglobulin. Anti-RTA hybridomas were 50- to 500-fold more re
sistant to ricin than nonsecretory and anti-RTB hybridomas, defining a
ricin-resistant phenotype. All hybridomas expressed similar levels of
surface TF receptors. RTA immunotoxins were constructed using human
TF or RI7/217 and a disulfide linker. In protein synthesis inhibition
assays, ricin-resistant hybridomas were manyfold more resistant to RI7/
217-RTA than were ricin-sensitive hybridomas. In contrast, all hybrido
mas were equally sensitive to TF-RTA. Monensin increased ricin cyto
toxicity minimally against all hybridomas, but dramatically increased
RI7/217-RTA cytotoxicity in ricin-resistant and ricin-sensitive hybrido
mas in a way that abrogated the ricin-resistant phenotype. In contrast,
monensin increased TF-RTA cytotoxicity equally in all hybridomas.
Ammonium chloride had little effect on ricin or RI7/217-RTA cytotox
icity, but increased TF-RTA cytotoxicity against all hybridomas. Taken
together, these results suggest that RTA molecules mediating cytotoxicity
pass through an anti-RTA antibody-containing pre-Golgi compartment
when bound to RTB or RI7/217, but not when bound to TF. Monensin
abrogates the ricin-resistant phenotype when RTA is linked to RI7/217,
but not RTB. This suggests that monensin alters RI7/217-RTA process
ing proximal to the pre-Golgi and that passage through the pre-Golgi
may not be necessary for translocation of RTA to the cytoplasm. Am
monium chloride alters toxin cytotoxicity only when RTA is linked to
TF, suggesting that only TF trafficks RTA through an acid-sensitive
compartment prior to cytoplasmic translocation. With the addition of
potentiating agents, each toxin studied showed a unique cytotoxicity
profile against the anti-ricin hybridomas, demonstrating a dominant role
of the cell binding ligand in intracellular toxin trafficking.

INTRODUCTION

In Phase I clinical trials, passive serotherapy with murine
MAbs4 showed limited antitumor activity (1-3). To increase

their potential therapeutic efficacy, MAbs have been conjugated
to toxins, drugs, and radioisotopes (4-7). MAbs linked to the
catalytic subunits of potent plant or bacterial toxins (ITs), such
as RTA or diptheria toxin, show variable in vitro cytotoxicity
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with only a minority approaching the potency of holotoxins (8,
9). Factors such as cell surface antigen target, antigen density,
antibody affinity, IT construction, and rates of surface antigen-
IT internalization may effect IT efficacy (10-15). Perhaps the

least well understood factor is intracellular toxin trafficking
(12, 16). By including the cell binding RTB with RTA-ITs, the
efficacy of some ITs is increased. This may reflect changes in
intracellular trafficking and/or improved efficiency in cyto
plasmic translocation (17). Biochemical agents, such as the
carboxylic ionophore monensin, and lysosomotropic amines,
such as NH4C1, also profoundly increase the activity of some
RTA-ITs, presumably by altering intracellular toxin trafficking
or metabolism (18-21).

The potency of ricin poses special technical problems in
assessing intracellular processing of the cytotoxic RTA mole
cules. RTA catalytically inactivates ribosomes; thus, only one
to two molecules may be sufficient to induce cell death (22).
Subcellular fractionation, radiotracer, and immunoultrastruc-
tural methods have been used to localize whole toxins and
immunoconjugates within cells (23-26). However, these tech
niques provide information only about the majority of toxin
moieties, while the few ribosome-inactivating molecules may or
may not be detected. An alternative, functional approach for
studying intracellular RTA trafficking was utilized by Youle
and Colombatti (27), who showed that hybridomas producing
anti-ricin MAbs were resistant to whole ricin. Their findings
strongly suggest that toxin ricin moieties become complexed in
the pre-Golgi compartment to intracellular secretory anti-ricin
antibodies before reaching the cytosol.

In the present studies, we confirm that anti-ricin hybridomas
are resistant to ricin and show that hybridomas producing
antibodies to the RTA subunit display the ricin-resistant phe
notype. This functional model was used to study the cellular
intoxication by ITs constructed using RTA and ligands that
bind the murine TR. Our studies reveal different patterns of
resistance between ricin and the ITs tested and suggest a dom
inant role for the cell surface binding ligand in intracellular
trafficking.

MATERIALS AND METHODS

Cells. All experiments were performed using murine hybridomas.
E5, a nonsecreting hybridoma, and E8, an anti-ricin subclone of E5,
were kindly provided by Dr. Richard Youle (National Cancer Institute,
Bethesda, MD) (27). Production of specific anti-RTA hybridomas, 2F2
and 2F5, has been described previously (28). Anti-RTB hybridomas,
1A7, 1E3, 4G7, 1E4, 3G8, and 2E7, were produced and characterized
by similar methods. T3A1, an anti-CD7 hybridoma, served as a secret
ing, non-anti-ricin control and was originally obtained from the Amer
ican Type Culture Collection (RockfÃ¬lle,MD). Hybridomas were main
tained in RPMI 1640 medium supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT).

Chemicals. Whole ricin and RTA were purchased from Inland Chem
ical (Austin, TX). Human TF and monensin were purchased from
CalBiochem (La Jolla, CA). Ammonium chloride was obtained from
Mallinckrodt (St. Louis, MO) and SPDP from Pierce (Rockford, IL).
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Table 1 Hybridoma characterisation
Values are averages of three experiments. Standard deviations were <10%.

Anti-ricin antibody
production

Hybridomas (A4Mnm)"Anti-ricin

B chain
1A7

1E3Anti-ricin

A chain
2F2

2F5Anti-ricin

E8 secretor
ES nonsecretor0.17

0.220.26

0.210.25

0.01Ricin

binding
(ng/lO'cellsf405

550500

370NTNTRI7/217

binding
(ng/ IO6cells)"13

1949534177

" Anti-ricin antibody production expressed as absorbance at 490 nm, deter

mined by ELISA using ricin as capture (28).
* Cell surface ricin binding sites and TRs assessed by radioligand binding as

described (28, 29).
c NT, not tested.

Hybridoma Characterization. Specific anti-ricin and total antibody
production were determined from cell culture supernatants by ELISA,
as previously described using 10-ng/well whole ricin or anti-murine
antibody as a capture (28). Cell surface ricin binding sites and TRs were
assessed by radioligand binding (29). Ricin or the anti-murine TR
antibody RI7/217 was labeled with I25Iusing lactoperoxidase (29) or

chloramine T (30), respectively. Total binding was determined using
saturating concentrations of labeled ligand, and nonspecific binding
was determined in the presence of 50-fold excess of unlabeled ligand.
All assays were performed in triplicate.

Immunotoxin Production. Two RTA ITs were constructed as previ
ously described (31), using RI7/217 and human TF, ligands which both
bind the murine TR. Briefly, RI7/217, a rat immunoglobulin G2A, was
purified from ascites after inoculation of pristane-primed nude mice
(HarÃanSprague Dawley, Indianapolis, IN). Antibody purification was
accomplished by ammonium sulfate precipitation, followed by aniÃ³n
exchange chromatography (DE-51; Pharmacia, Piscataway, NJ). Both
ITs were constructed using a SPDP disulfide cross-linker. RI7/217 and
TF were reacted with a 7-fold molar excess of SPDP for 30 min at
23Â°C,yielding PDP/protein molar ratios of 2.3 and 2.8, respectively.

RTA was reduced with 20 mM dithiothreitol, dialyzed, and added to
RI7/217-PDP and TF-PDP at a molar excess of 4 and 2.3, respectively.
The mixtures contained 5 mg/ml of total protein and 15% glycerol (v/
v). The RI7/217 RTA mixture was allowed to react at room temperature
for 5 h, and the TF RTA mixture, for 48 h. The mixtures were then
filtered (0.45 ftm) and applied to a Sephacryl S-200 sizing column
(LKB, Pleasant Hills, CA). The peak corresponding to a molecular
weight greater than unconjugated antibody was further purified using
a TSR G3000 SW high-pressure liquid chromatography column (LKB,
Piscataway, NJ), filter sterilized, analyzed by Bio-Rad (Richmond, CA)
protein assay for protein concentration, and stored at 4Â°C.

Immunotoxin Characterization. The ITs were analyzed by reduced
and nonreduced sodium dodecyl sulfate-polyacrylamide gel electropho-

resis. Both ITs showed an average RTA/ligand conjugation ratio of
2:1. Quantitative immunofluoresence staining (32) with RI7/217 and
RI7/217-RTA using the 2F2 hybridoma showed full immunoreactivity.
Using protein synthesis inhibition assays as described below, a 100-
fold excess of free RI7/217 or TF blocked greater than 90% of protein
synthesis inhibition from the corresponding IT.

Protein Synthesis Inhibition Assays. To assess ricin cytotoxicity,
protein synthesis inhibition assays were performed (32). Briefly, hybrid-
omas were incubated in leucine-free medium in 96-well plates with
varying concentrations of ricin for 3 h. The cells were pulsed with [-'H]

leucine (1 ^Ci) for 1 h, washed, and harvested, and uptake was deter
mined by scintillation counting. To assess IT toxicity, varying concen
trations of RI7/217-RTA or TF-RTA ITs were incubated with the
hybridomas overnight in leucine-containing medium. The following
morning, the cells were washed, transferred to leucine-free medium,
pulsed with [3H]leucine for 4 h, washed, harvested, and counted. Using

untreated cells as a control, the percentage of protein synthesis was
determined at each toxin concentration and averaged from 3 to 6
separate experiments. The IC50was estimated visually from linear plots.
For some assays, hybridomas were preincubated with 50 nM monensin
or 10 mM NH4C1 for 30 min before ricin or IT was added.

RESULTS

Hybridoma Selection. Initially 6 anti-RTB hybridomas (1A7,
1E3, 4G7, 1E4, 3G8, and 2E7) were screened for their sensitiv
ity to protein synthesis inhibition by whole ricin. The IC50s
ranged from .32 to 1.0 pm (specific values not shown). Two of
these anti-RTB hybridomas (1A7 and 1E3) were selected for
further study.

Hybridoma Characterization. To ensure that differences in
ricin or IT sensitivities among hybridomas were not due to
differences in hybridoma antibody secretion or IT ligand bind
ing, specific anti-ricin antibody production, ricin and RI7/217
binding were compared (Table 1). Anti-ricin antibody produc
tion was determined by ELISA using ricin as the capture (28).
All hybridomas, except the nonsecreting E5, secreted similar
amounts of anti-ricin antibody. A similar assay, using an anti-
murine antibody capture to measure total antibody production,
gave identical results (data not shown). Hybridoma ricin bind
ing was determined as described (29). The hybridomas all
showed similar surface ricin binding. Surface TRs were assessed
using radiolabeled anti-TR antibody RI7/217. The anti-RTA,
anti-ricin E8, and nonsecretory E5 hybridomas had similar
surface numbers of TRs (Table 1). Although anti-RTB hybrid
omas expressed fewer RI7/217 binding sites, these cells were
subsequently shown to be the most sensitive to RI7/217-RTA
IT (see below).

Protein Synthesis Inhibition Assays. Hybridomas were first
examined for sensitivity to protein synthesis inhibition by ricin

B

Fig. 1. Inhibition of hybridoma protein synthe
sis by whole ricin (RTB-RTA). Hybridomas were
incubated with varying concentrations of ricin for
3 h followed by a 1-h [3H]leucine (1 nCt) pulse. A.
anti-RTA hybridomas (2F2, 2F5) and anti-RTB
hybridomas (1A7, 1E3) treated with whole ricin;
B, anti-ricin hybridoma (E8) and non-antibody-
secreting subclone (E5) treated with ricin. The
relative resistance of 2F2. 2F5, and E8 compared
with 1A7, 1E3, and E5 defines the ricin-rÃ©sistant
phenotype. Points, mean of 3 to 6 experiments;
bars, SE.

RICIN CONCENTRATION(ploro!Â«-) RICIN UMC) HI RAIION (plaroUr)
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Fig. 2. Inhibition of protein synthesis by
ITs which bind the murine TR (RI7/217-RTA.
TF-RTA). Hybridomas were incubated with
various concentrations of IT overnight, fol
lowed by a 4-h ['H]leucinc pulse (18 h total
assay time). A. ricin-resistant hybridomas
(2F2. 2F5. E8) and ricin-sensitive hybridomas
(1A7. 1E3. E5) were treated with anti-TR
MAb IT (R17/217-RTA). The ricin-resistant
phcnotype persists during RI7/217-RTA treat
ment, fi. ricin-resistant hybridomas (2F5. E8)
and ricin-sensitive hybridomas (1A7. E5) were
treated with TF-RTA IT. The ricin-resistant
phcnotype is not apparent with TF-RTA treat
ment, l'oints, mean; bars, SE.
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(Fig. 1). The anti-RTA hybridomas (2F2 and 2F5) are 50 to
500 times more resistant to ricin than are the anti-RTB hybrid
omas (1A7 and 1E3) (Fig. 1/1). Similarly, the anti-whole ricin
hybridoma (E8) is 30 times more resistant to ricin than the
nonsecreting subclone (E5) (Fig. \B). T3A1, a hybridoma pro
ducing anti-CD? antibody, had an 1C?Â»(1.1 ppm) similar to
ricin-sensitive hybridomas. These results confirm the ricin re
sistance of anti-ricin hybridomas such as E8 (27) and show that
hybridomas producing antibodies specific for RTA can be ricin
resistant.

Hybridomas were next examined for sensitivity to the two
ITs which bind the murine TR (Fig. 2). Using the anti-TR ricin
A chain IT (RI7/217-RTA), ricin-resistant hybridomas (2F2,
2F5, E8) were 20 to 60 times more resistant than were the
ricin-sensitive hybridomas (1A7, 1E3, E5) (Fig. 2/1). In con
trast, ricin-resistant and ricin-sensitive hybridomas were equally
sensitive to the TF ricin A chain IT (TF-RTA) (Fig. 2B). Thus,
the ricin-resistant phenotype was dependent on the ligand used
to deliver RTA.

To further elucidate intracellular trafficking of RTA with the
various constructs (RTA linked to RTB, RI7/217, or TF),
protein synthesis inhibition assays were repeated following
preincubation of hybridomas with agents that may increase
toxin cytotoxicity. The carboxylic ionophore, monensin, and
the lysosomotropic amine, NH4CI, were studied. Table 2 sum
marizes IC\0s for protein synthesis inhibition assays using tox
ins alone or with these agents.

Monensin had little effect on ricin cytotoxicity, causing a 3-
fold or less decrease in the ICso for ricin-resistant hybridomas
(2F5, 2F2, E8) and no effect on sensitivity of ricin-sensitive
hybridomas (1A7, 1E3, E5) (Table 2; Fig. 3/1). While the effect
of monensin on ricin cytotoxicity was minimal, this agent
increased RI7/217-RTA protein synthesis inhibition in all hy
bridomas studied. The increase in toxicity was 130- to 360-fold
in ricin-resistant hybridomas compared with 15- to 31-fold in
the ricin-sensitive hybridomas (Table 2; Fig. 3Ã„).After monen
sin treatment, the ICsoSof all hybridomas were within 2-fold of
each other, thus essentially abrogating the ricin-resistant phe
notype. In contrast, monensin increased TF-RTA cytotoxicity
15- to 40-fold against all hybridomas tested, but there was no
difference between the ricin-resistant and -sensitive hybridomas
(Table 2; Fig. 3C).

Ammonium chloride had little effect on ricin or RI7/217-
RTA cytotoxicity (Table 2; Fig. 4, A and B). However TF-RTA
cytotoxicity was increased up to 67-fold by NH4C1 (Table 2;
Fig. 4C). No clear differences in effects of NH4C1 on cytotox
icity to ricin-resistant and -sensitive hybridomas were noted.

DISCUSSION

Previous studies examined intracellular processing of RTA
bound to its natural cell-binding moiety, RTB (23, 25), or
monoclonal antibodies (24). Techniques, such as subcellular
fractionation and immunoultrastructural microscopy, cannot

Table 1 Sensitivity o)'hybridomas to ricin anil immunotoxins (compositi' IC^s)

Hybridomas were exposed to ricin or immunotoxins with or without potentiating agents, as described in "Materials and Methods." and their toxicity was evaluated
by inhibition of protein synthesis. IC5ovalues were estimated from 3 to 6 studies as described in "Materials and Methods."

ToxinRicin

Ricin + monensin (50 n\t)
Ricin -1-NH4CI (10itiM)RI7/21

7-RTA
R17/217-RTA + monensin1A70.32"

0.45 (<3)A

0.38(<3)34'

2.2(15)Ricin

sensitive1E30.48

0.47 (<3)
0.47<<3)45

1.8(25)HybridomasE5

2F22.7

22
3.0 (<3) I7(<3)
6.5 (<3)15(<3)47

600
1.5(31) 4.6(130)Ricin

resistant2F516048

(3)
48(3)1200

4.2 (286)E882

24 (3)
45(<3)1800

5 (360)
(50 nM)

RI7/217-RTA + NH4CI
(10 mM)

37 (<3) 26 <<3) 25 (<3) 380 <<3) >1000(<3)

" Results in pmol.
6 Numbers in parentheses, fold increase in cytotoxicity with added monensin or NH4C1.
' Results in ng/ml.
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Fig. 3. Monensin effects on protein synthesis inhibition. Results using representative ricin-sensitive (1A7) and ricin-resistanl (2F5) hybridomas are shown.
Hybridomas were preincubated with 50 n\t monensin. followed by protein synthesis inhibition assays as described in Figs. I and 2. Monensin effects on ricin
cytotoxicity (4-h assay) (A); RI7/217-RTA IT (18-h assay) (B); C, TF-RTA IT (18-h assay). Note the minimal effect of monensin on ricin cytotoxicity compared with
the marked increase in RI7/2I7-RTA cytotoxicity. B shows the abrogation of the ricin-resistant phenotype with monensin treatment. Points, mean: bars. SE.

separate the critical one to two RTA molecules inducing cell
death from the majority of RTA molecules within cells. In
addition, chemical modifications of RTA and ligands required
to perform the above studies may in themselves alter intracel-
lular trafficking (25), although indirect, anti-ricin and anti-ricin
subunit hybridomas offer a functional and complementary ap
proach to this problem.

The present studies confirm a prior report showing ricin
resistance by anti-ricin antibody-producing hybridomas (27). In
the present studies, surface ricin binding was similar among the
various hybridomas studied. In addition, a previous study
showed that inhibiting hybridoma antibody production with
cycloheximide abrogated ricin resistance and that stripping
hybridoma surface antibody had no effect on ricin resistance
(27). These findings suggest that ricin resistance is mediated by
an anti-ricin antibody-toxin intracellular interaction, presum
ably in the secretory pre-Golgi, rather than cell surface inter
actions. In the pre-Golgi, intracellular antibody is concentrated,
and both endocytotic and secretory pathways merge.

In the present studies, ricin resistance was specific to hybrid
omas producing antibodies to the catalytic RTA subunit as
hybridomas producing anti-RTB or irrelevant antibodies failed
to show the ricin-resistant phenotype. In contrast, studies by
others showed that ricin-resistant hybridomas produce antibod
ies which block the RTB galactose binding site (33) or, like E8,
block ricin binding to cells, presumably by interacting with RTB
(34). The exact mechanism by which antibodies against both

ricin subunits produce ricin resistance remains unknown.
In the present studies, RTA was bound to the hybridoma cell

surface by three different ligands: RTB (in the form of whole
ricin); anti-TR antibody; or TF (both in the form of ITs recog
nizing TR). The present studies show that the carrier molecule
chosen affects the pattern of RTA resistance. Anti-ricin hybrid
omas are resistant to IT prepared with anti-TR MAb, but not
IT prepared with TF. This suggests that toxic RTA molecules
may pass through the pre-Golgi when linked to RTB or anti-
TR MAb, but may not when linked to TF. These findings may
explain, in part, past studies showing that ITs prepared with
anti-TR MAbs were more potent than those prepared with TF
(35).

Studies examining effects of monensin on hybridoma toxin
sensitivity are consistent with the ability of this compound to
alter intracellular RTA trafficking. Ricin-resistant hybridomas
show no intrinsic resistance to TF-RTA, with monensin equally
increasing the sensitivity of hybridomas to this IT, suggesting
that monensin acts proximally to the pre-Golgi. Monensin has
no effect on the toxicity of whole ricin for the hybridomas.
However, monensin increases the sensitivity of both ricin-sen
sitive and ricin-resistant hybridomas to RTA linked to anti-TR
MAb. These findings suggest that, although RTA complexed
to RTB and anti-TR MAb may pass through the pre-Golgi, the
carrier protein for RTA has a role in determining monensin's

effects. Monensin could affect the integrity of the constructs
themselves, while they follow identical intracellular routes.
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Fig. 4. Ammonium chloride effects on protein synthesis inhibition. Results using representative ricin-sensitive (IA7) and ricin-resistant (2F5) hybridomas are
shown. Hybridomas were preincubated with 10 HIM NH4C1, followed by protein synthesis inhibition assays as described in Figs. 1 and 2. NH4CI effects on ricin
cytotoxicity (4-h assay) (,-Ã);RI7/2I7-RTA IT (18-h assay) (B)\ TF-RTA ITs (18-h assay) (C). No clear differences in effects of NH4CI on cytotoxicity among ricin-
rcsistant and -sensitive hybridomas were noted. Points, mean; bars, SE.
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More likely, RTA trafficking differs proximally to the pre-
Golgi when complexed to anti-TR MAb compared with RTB,
with the anti-TR MAb moiety directing RTA through a mo-
nensin-sensitive compartment. While monensin increases the
sensitivity of all hybridomas to RTA-RI7/217, this effect is
more prominent in ricin-resistant hybridomas, nearly abrogat
ing the ricin-resistant phenotype. This finding and the absence
of ricin resistance using TF-RTA suggest that transit through
the pre-Golgi may not always be necessary for RTA cytoplasmic
translocation.

Ammonium chloride is thought to increase the efficacy of
RTA ITs by raising the pH of acidified endosomal vesicles (20).
This compound has no effect on the sensitivity of anti-ricin
hybridomas to whole ricin or anti-TR-RTA IT. In contrast,
sensitivity of these cells to TF-RTA IT is equally enhanced in
ricin-resistant and -sensitive hybridomas. These findings sug
gest that RTA cytoplasmic translocation in these cells involves
trafficking through an acid-sensitive compartment when linked
to TF, but not when complexed to other ligands.

Studies using static methods (23-26) to localize toxins and
immunoconjugates intracellularly have often been interpreted
using the assumption that the endosomal system is discontin
uous and composed of discrete vesicles. However, recent work
(36) suggests the endosomal compartment may be a continuous
network of tubular cisternae. Such a system might best be
studied by dynamic, functional methods such as the current use
of anti-ricin hybridomas to study RTA trafficking. The varying
patterns of sensitivity in response to agents such as monensin
and NH4C1 suggest that, independently of cell surface binding,
the ligand attached to RTA alters intracellular processing prox
imally to the pre-Golgi (demonstrated by differential effects of
monensin and NH4C1) and at the level of this organelle (dem
onstrated by different patterns of anti-ricin hybridoma sensitiv
ity). In addition, our findings suggest that RTA trafficking
through the pre-Golgi may not be an absolute requirement for
RTA cytoplasmic translocation (27, 37). Subcellular fractiona-
tion and immunoultrastructure of hybridoma cells exposed to
ricin ITs may provide complementary data that can be corre
lated with functional measures of ricin sensitivity.
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