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SUMMARY

It has been reported previously that ammonium chioride, chlo-
roquine, monensin, and adenovirus-2 potentiate the cytotoxicity
of several protein toxins conjugated with various targeting mol-
ecules. We have tested whether these agents, and protein
components of adenovirus-2, would enhance the cytotoxicity of
conjugates of gelonin with J5, an antibody directed against
common acute lymphoblastic leukemia-associated antigen, with
SE9, an antibody directed against human transferrin receptor, or
with ricin B-chain. We found that none of these agents affected
the cytotoxicity of gelonin conjugates to any significant extent.
For example, monensin moderately (3-fold) enhanced the cyto-
toxicity of 5E9-gelonin for Namalwa cells but showed no effect

when 5E9-gelonin was tested on Hela cells. The potentiating
effects of these agents for the cytotoxicity of free gelonin varied
from marked to nonexistent, depending on the type of cells. In
particular, adenovirus-2 potentiated the cytotoxicity of gelonin
for HeLa cells but not for Namalwa cells. The three major
adenoviral capsid proteins, penton, hexon, and fiber, were iso-
lated. It was shown that penton potentiated the cytotoxicity of
gelonin for HelLa cells and that hexon and fiber had no measur-
able effect on the cytotoxicity of gelonin. However, like the whole
virus, penton was not able to affect the cytotoxicity of gelonin
conjugates.

An important advantage of immunotoxins made with single-
chain RIP or isolated A-chains of double-chain RIP over those
made-with whole double-chain toxins is that their binding to
cells is directed only by their antibody component, making
these immunotoxins selective in killing antigen-positive cells.
Unfortunately, these conjugates are generally less efficient at
killing target cells than are immunotoxins containing double-
chain toxins (1, 2).

Numerous efforts have been undertaken to improve the ef-
ficacy of toxin conjugates. Ammonium chloride, chloroquine
and other weak bases (3-17), monovalent ionophores monensin
and nigericin (5, 17-21), and adenovirus-2 (20, 22, 23) were
found to potentiate the specific cytotoxicity of some conjugates
for cultured cells.

These findings are potentially important because they might
lead to the development of efficient anticancer therapies based
on such immunotoxins. Clinical trials using potentiators to-
gether with ricin A-chain conjugates for ex vivo treatment of
bone marrow are planned or are in progress (24, 25).

The main reason for the low cytotoxicity of single-chain RIP
conjugates for target cells appears to be that these conjugates
have a poor capacity to enter the cell cytoplasm (1). We hoped
that agents such as ammonium chloride, chloroquine, monen-

sin, and adenovirus-2, which had been reported by others to
increase the cytotoxicity of various toxin conjugates, would
improve the delivery of conjugates of the single-chain RIP
gelonin into the cytoplasm and, thereby, increase the cytotox-
icity of such conjugates. We tested the capacity of these “po-
tentiators” to enhance the cytotoxicity of conjugates of gelonin
with the monoclonal antibody J5, which is directed against
CALLA, and with 5E9, which is directed against the human
transferrin receptor. The effect of the potentiators on the
cytotoxicity of a ricin B-chain-gelonin conjugate was also
tested. It appears from our experiments that these agents are
not capable of potentiating the cytotoxicity of gelonin conju-
gates for cultured cells.

In the course of this study, we tested major capsid proteins
of adenovirus-2 for their ability to enhance the cytotoxic action
of RIP, and we found that one of these proteins, penton, can
enhance killing of cells by RIP.

Materials and Methods

Chemicals and biochemicals. Monensin and chloroquine were
purchased from Sigma Chemical Co. (St. Louis, MO). Ammonium
chloride (certified ACS) was purchased from Fisher Scientific (Pitts-
burgh, PA). Ricin B-chain (Worthington Diagnostics, Freehold, NJ)

ABBREVIATIONS: RIP, ribosome-inactivating protein(s); CALLA, common acute lymphoblastic leukemia antigen.
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showed a single band of protein (M, ~ 30,000) when analyzed by
polyacrylamide/sodium dodecyl sulfate gel electrophoresis under non-
reducing conditions. The sources and purification of gelonin and the
murine monoclonal antibodies 5E9 (anti-human transferrin receptor)
and J5 (anti-CALLA) have been described elsewhere (26, 27).

Preparation and purification of protein conjugates. Disulfide-
linked conjugates between the antibody J5 and gelonin, between the
antibody 5E9 and gelonin, and between purified ricin B-chain and
gelonin were made as described previously (26-28). These conjugates
were free of nonconjugated antibody or ricin B-chain, nonconjugated
gelonin, and aggregates of high molecular weight (26, 27).

Adenovirus-2 and its major capsid proteins. Adenovirus type 2
was grown in the laboratory of Dr. Phillip A. Sharp (Massachusetts
Institute of Technology). It was propagated in a suspension culture of
HeLa cells and was then isolated and purified by the procedure of
Pettersson and Sambrook (29). The final virus suspension in Tris-
buffered saline (containing 10 mM Tris-HCl, pH 7.2, and 145 mM
NaCl), containing 0.05% (w/v) sucrose adjusted to pH 7.9, was kept at
—70°. The concentration of virions was estimated by measuring the
absorbance at 260 nm in 0.5% (w/v) sodium dodecyl sulfate, using an
Aqg value of 1.0 for 1.1 X 102 virions/ml. Stock solutions contained
3.5 X 10" virions/ml. The solutions of adenovirus-2 were ~-irradiated
(**'Cs source, 26 kRad) before cytotoxicity experiments in order to
abolish the infectivity of the virus. Adenoviral capsid proteins hexon,
penton, and fiber were purified from the virus by the method of
Boulanger and Puvion (30) and were kept in phosphate-buffered saline
(containing 10 mM potassium phosphate buffer, pH 7.2, and 145 mM
NaCl) at 4° under sterile conditions (filtered through 0.22-um filters;
Schleicher and Schuell, Keene, NH).

Cells and cell culture maintenance. The human B cell line
Namalwa and the human epitheloid cell line HeLa were purchased
from Flow Laboratories (McLean, VA). Namalwa cells were maintained
in exponential growth phase in growth medium composed of RPMI
1640 medium (GIBCO0), 10% heat-treated (30 min at 56°) fetal calf
serum (GIBCO), and 2 mM glutamine.

Cytotoxicity assays. Cytotoxicity was determined by measuring
inhibition of colony formation and by back-extrapolation of cell prolif-
eration curves, as described elsewhere (31, 32). Cells were incubated at
37° for 24 hr in growth medium containing a toxin, a potentiating
agent, or both. Then the cells were washed and cultured in fresh growth
medium. The surviving fractions established by these two methods
were in good agreement and were used interchangeably.

Results

Cytotoxicities of gelonin and its conjugates with the antibod-
ies J5 (anti-CALLA) or 5E9 (anti-human transferrin receptor)
or with ricin B-chain have been measured in the presence or
absence of ammonium chloride, chloroquine, monensin, or ad-
enovirus-2. The results of these experiments are shown in Fig.
1.

Ammonium chloride was not toxic for Namalwa or HeLa
cells at concentrations up to 20 mM. Even at these high con-
centrations, it had no effect on the cytotoxicity of gelonin
conjugates for Namalwa or HeLa cell lines. Also, ammonium
chloride had no effect on the cytotoxicity of free gelonin for
HeLa cells and only marginally (2-fold) reduced the ICy; of free
gelonin for Namalwa cells.

Ramakrishnan and Houston (11) reported that chloroquine
potentiated the cytotoxicity of immunotoxins at relatively high
concentrations of the agent (40 to 100 uM). We found chloro-
quine to be toxic for Namalwa cells at concentrations above 1
uM and for HeLa cells above 10 uM (24-hr exposure). For this
reason, the potentiating effects of chloroquine could not be
tested on these cells at the concentrations used by these re-
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Fig. 1. Effects of potentiators on the cytotoxicity of gelonin and its
conjugates. Hel.a cells (a to c) or Namalwa cells (d to f) were incubated
with gelonin or with a gelonin conjugate, either with or without one of
the potentiators, at 37° for 24 hr, and then the surviving fraction of celis
was determined by methods described in Materials and Methods. ®, No
potentiators; O, adenovirus (10" virions/mi); O and B, ammonium chio-
ride, 10 and 20 mm, respectively; A, O, and A, monensin, 10, 30, and
100 nm, respectively; V, chloroquine, 10 um; ¢, conjugates of gelonin in
the presence of a blocking reagent, as follows: SE9 antibody (1 um) in a
and d, a-lactose (30 mm) in b, and J5 antibody (1 uM) in e.

searchers. At 10 uM, chloroquine did not affect the cytotoxicity
of free or conjugated gelonin for HeLa cells (Fig. 1, a to c).

It has been reported previously that monensin in the range
of concentrations 10 to 100 nM vastly increased the cytotoxicity
of ricin A conjugates (5, 17-21). Our observation differed from
these reports. Monensin moderately (3-fold) reduced the ICy,
of 5E9-gelonin for HeLa cells (Fig. 1a) but did not affect the
cytotoxicity of this immunotoxin for Namalwa cells (Fig. 1d).
Monensin had no effect on either the cytotoxicity of ricin B-
gelonin for HeLa cells or that of J5-gelonin for Namalwa cells
(Fig. 1, b and e). This agent did not affect the cytotoxicity of
free gelonin for HeLa cells but caused a 7-fold increase in
cytotoxicity of free gelonin in similar experiments with Na-
malwa cells (Fig. 1, ¢ and f).

Adenovirus-2 did not change the cytotoxicity of ricin B-
gelonin or J5-gelonin (Fig. 1, b and e). The virus markedly
enhanced the cytotoxicity of free gelonin for HeLa cells but did
not affect its cytotoxicity for Namalwa cells (Fig. 1, ¢ and f).
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We set out then to test whether any of the three major
surface proteins of adenovirus-2, in purified form, was able to
increase the cytotoxicity of gelonin for HeLa cells. We hoped
that this component, in pure form, would also be able to
increase the cytotoxicity of gelonin conjugates. The three major
capsid proteins of adenovirus-2, penton, hexon, and fiber (33),
were isolated according to a published procedure and tested for
their ability to enhance the cytotoxicity of gelonin for HeLa
cells (Fig. 2). Only penton and not hexon or fiber was capable
of enhancing the cytotoxicity of gelonin in the same manner as
whole inactivated virus. This result supports previous obser-
vations linking early cytopathic changes in cells infected by
adenovirus to penton and is in agreement with the data of Seth
et al. (34), which showed that an anti-penton base antibody
was capable of blocking the enhancement of cytotoxicity of a
conjugate between the epidermal growth factor and Pseudo-
monas exotoxin.

Neither penton nor the two other capsid proteins affected
the cytotoxicity of gelonin, J5-gelonin, or ricin B-gelonin for
Namalwa cells (data not shown), consistent with the results
with the intact inactivated virus.

Discussion

Researchers had studied three types of potentiators or agents
that seem to increase the specific cytotoxicity of various toxin
conjugates (3-5, 7, 8, 10-15, 17-21, 23, 35, 36). These included
acidotropic bases such as ammonium chloride and chloroquine,
monovalent carboxylic ionophores such as monensin and ni-
gericine, and adenovirus-2.

Contradictory results concerning the potentiating effects of
acidotropic bases have been reported. In contrast to the reports
mentioned above, ammonium chloride or chloroquine only mar-
ginally enhanced, at best, the cytotoxicity of several conjugates
of ricin A-chain and a conjugate of gelonin (6, 9, 20, 35, 37-39).
More consistent results were reported for carboxylic ionophores
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Fig. 2. Effects of adenoviral capsid proteins on the cytotoxicity of gelonin
for HeLa cells. Hela cells were incubated at 37° for 24 hr, with gelonin
(0.1 um) (closed symbols) or without it (open symbols), with penton
(triangles), hexon (squares), or fiber (circles). The surviving fraction of
the cells was determined by measuring the inhibition of colony formation,
as described in Materials and Methods.

or adenovirus-2, which, in all reports to date, appeared to
enhance the cytotoxicities of toxin conjugates.

We, however, found that these three types of potentiators
either did not affect, or only marginally affected, the cytotox-
icities of gelonin conjugates.

Mechanisms of potentiation of toxin conjugates by acido-
tropic bases or monovalent carboxylic ionophores have not
been identified (see Ref. 40 for a review), and it is not clear
why the cytotoxicities of only some toxin conjugates are poten-
tiated.

Weak bases accumulate in acidified intracellular compart-
ments such as endosomes and lysosomes and induce increase
of the intracompartmental pH, swelling of the compartments,
and a variety of other changes in the cellular morphology,
cellular metabolism, and intracellular transport (41-43).These
changes may, in principle, cause or contribute to the potentiat-
ing effect of weak bases. For example, acidotropic base-induced
swelling of intracellular vesicles may facilitate the release of
the conjugates into the cytoplasm via induced leakage or in-
creased frequency of destruction of the vesicles. Elevation of
intralysosomal pH causes the inhibition of lysosomal proteo-
lytic enzymes (42). The cytotoxicity of several toxin conjugates
was enhanced by weak bases, perhaps due to the inhibition of
their lysosomal degradation (3, 5, 7, 35). However, acidotropic
bases failed to potentiate other conjugates of ricin A-chain and
gelonin (Fig. 1) (6, 9, 20, 35, 37-39), indicating that lysosomal
degradation of these latter conjugates is not a limiting factor
in their cytotoxicity. These observations are in accord with
previous observations that the extent of degradation of trans-
ferrin-ricin A conjugate (19) and a number of antibody-gelonin
conjugates (44) is low and does not correlate with their cyto-
toxicity.

Another possible explanation for the potentiation of certain
toxin conjugates by chloroquine (11, 15) is that there is a
nonspecific synergistic effect between the potentiator and the
conjugate. We found chloroquine to be toxic for Namalwa cells
at concentrations above 1 uM and for HeLa cells above 10 uM.
Griffin and co-authors (20) found chloroquine to be toxic for
the human LoVo cell line at concentrations higher than 8 uM.
Synergistic effects of cytotoxic agents with nonrelated mecha-
nisms of action have been reported previously. For example,
ricin, a specific inhibitor of ribosomes, showed synergism with
Adriamycin in killing murine leukemic cells (45).

The mechanism of potentiation of toxin conjugates by the
monovalent carboxylic ionophores monensin and nigericin is
also far from clear. Monensin and nigericin affect cells in many
ways, apparently as a consequence of primary changes in cy-
toplasmic Na*/K* balance (42, 46). These effects include
changes in the morphology of the Golgi cisternae and mito-
chondria, inhibition or enhancement of the endocytotic, exo-
cytic, and intracellular transport of certain proteins, swelling
of lysosomes, and elevation of the pH inside acidified intracel-
lular compartments (42, 46). As in the case of acidotropic bases,
one or several of these cellular changes may be responsible for
the potentiation of cytotoxicity of immunotoxins. Raso and
collaborators (18, 19) reported that monensin, at a concentra-
tion as low as 10 nM, had the capacity to potentiate ricin A
conjugates. At this concentration, monensin seems neither to
change the pH inside endosomes nor to alter intracellular
transport of endocytosed material. In addition, these experi-
ments of Raso and collaborators suggested that the potentiation
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of these conjugates was not due to inhibition of their lysosomal
degradation. One remaining possibility is that the ionophores
cause weakening of endosomes (21), perhaps as a result of their
swelling. Remarkably, conjugates of ricin A-chain with the anti-
CALLA antibody J5 or with an anti-transferrin receptor anti-
body were dramatically potentiated by monensin (18, 19),
whereas the cytotoxicities of conjugates of gelonin with anti-
bodies directed against the same antigens were barely affected
(Fig. 1). This may indicate that potentiation by monensin is
specific to conjugates of ricin A-chain and is not a general
phenomenon, although, if this were true, it is difficult to un-
derstand a common mechanism to explain the enhancement of
cytotoxicity of ricin A-chain conjugates and free gelonin, but
not gelonin conjugates, on Namalwa cells.

Our data cast doubts on whether monensin would in general
improve the therapeutic index of immunotoxins (specific versus
nonspecific toxicity). Fig. 1 provides two examples in which
monensin does the opposite by enhancing the nonspecific cy-
totoxicity of a nonconjugated toxin (gelonin) but not of its
conjugates with antibodies targeted against Namalwa cells.

The effects of potentiation of ricin A conjugates by weak
acidotropic bases and monovalent ionophores might, in part,
be explained by contamination of ricin A-chain with ricin B-
chain (37), because it is known that the cytotoxicity of whole
ricin is increased by weak bases (47-49) and low concentrations
of monovalent ionophores (49, 50).

Another agent that seemed promising for potentiation of
gelonin conjugates was adenovirus-2. It has been established
that infection of cells with certain viruses, adenovirus-2 among
them, increases the sensitivity of the cells towards protein
toxins such as gelonin, pokeweed antiviral protein and pokew-
eed antiviral protein from seeds, both purified from Phytolacca
americana, diphtheria toxin A-chain, abrin A-chain, a-sarcin,
mitogillin, restrictocin, and Pseudomonas exotoxin (36, 51-53).
The proposed mechanism of the potentiation of the cytotoxicity
of these protein toxins was that the viruses damage the endo-
somal membrane, allowing the release of some of the contents
of the endosome into the cytoplasm (22, 36, 51).

We found that adenovirus-2 did not potentiate the cytotox-
icity of gelonin conjugates. Following antigen-mediated endo-
cytosis, gelonin conjugates are anchored to the antigen on the
inner surface of the endosomal membrane via the antibody
component of the conjugate. One could speculate that this
anchorage may render the conjugates incapable of diffusing out
of the endosome via holes that may be produced by adenovirus.
This mechanism, however, would not explain the potentiation
of the cytotoxicity of a ricin A-chain conjugate with an antibody
directed against the carcinoembryonic antigen by adenovirus
(20), unless one proposes that the antibody-carcinoembryonic
antigen complex is dissociated in an acidified endosome.
FitzGerald et al. (23, 36) reported that adenovirus-2 increased
the cytotoxicity not only of Pseudomonas exotoxin but also of
its antibody conjugate. It is difficult to explain these latter
results, because very little is known about the mechanism of
intoxication of cells with Pseudomonas exotoxin.

The enhancement of the cytotoxicity of free gelonin by the
virus is not a phenomenon universal for all cells; adenovirus-2
enhanced the cytotoxicity of free gelonin for HeLa cells but
not for Namalwa cells. The dependence of the potentiating
effects on the type of the toxin moiety in the conjugate and on
the type of the target cell suggests to us that the mechanism of
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the potentiating effect of adenovirus is more complex than the
simple disruption of cellular membranes.

Conclusive Remarks

The use of acidotropic bases, carboxylic ionophores, or ad-
enovirus as potentiators of immunotoxins has been proposed
previously. This proposal was made mostly on the basis of
experiments with ricin A-chain immunotoxins and Pseudo-
monas exotoxin immunotoxins.

Our present experiments with immunotoxins made with an-
other protein toxin, gelonin, indicate that neither the acido-
tropic bases ammonium chloride and chloroquine, the mono-
valent carboxylic ionophore monensin, nor adenovirus-2 are
universal potentiators of cytotoxicity of conjugates of single-
chain RIP with molecules that target them to the cell surface.
One implication from this observation is that the mechanisms
of potentiation by these agents are more complex than those
discussed in the literature, such as inhibition of lysosomal
degradation, perturbation of intracellular trafficking of endo-
cytosed toxin conjugates, or damaging of endosomal or lysoso-
mal membranes. Also, these experiments cast some doubt on
whether these potentiators may be of general use in clinical
applications.

References

1. Lambert, J. M., W. A. Blattler, G. D. McIntyre, V. S. Goldmacher, and C. F.
Scott. Inmunotoxins containing single chain ribosome-inactivating proteins,
in I toxins (A. E. Frankel, ed). Kluwer, Boston 175-209 (1988).

2. Vitetta, E. S., R. J. Fulton, R. D. May, M. Till, and J. W. Uhr. Redesigning
Nature’s poisons to create anti-tumor reagents. Science (Wash. D. C.)
238:1098-1104 (1987).

3. Casellas, P., J. P. Brown, O. Gros, P. Gros, I. Hellstrom, F. K. Jansen, P.
Poncelet, R. Roncucci, H. Vidal, and K.E. Hellstrom. Human melanoma cells
can be killed in vitro by an immunotoxin specific for melanoma-associated
antigen p97. Int. J. Cancer 30:437-443 (1982).

4. Casellas, P., H. E. Blythman, P. Gross, G. Richer, and F. K. Jansen. High
efficiency of immunotoxin potentiated by lysosomotropic amines to specifi-
cally kill tumor cells. Protides 31:359-363 (1982).

5. Casellas, P., B. J. Bourrie, P. Gros, and F. K. Jansen. Kinetics of cytotoxicity
induced by imm ins: enhancement by lysosomotropic amines and car-
boxylic ionophores. J. Biol. Chem. 259:9359-9364 (1984).

6. Cawley, D.B., H. R. Herschmann, D. G. Gilliland, and R. J. Collier. Epidermal
growth factor-toxin A chain conjugates: EGF-ricin A is a potent toxin while
EGF-diphtheria frag t Ais ic. Cell 22:563-570 (1980).

7. Chang, T.-M., and D. W. Kullberg. Smdles of the mechanism of cell intoxi-
cation by dxphthem toxin frag ial id hybrid toxins:
evidence for utilization of an altematwe receptor-mediated transport path-
way. J. Biol. Chem. 257:12563-12572 (1982).

8. Martin, P. J., J. A. Hansen, and E. S. Vitetta. A ricin A chain-containing
immunotoxin that kills human T lymphocytes in vitro. Blood 66:908-912
(1985).

9. May, R. D,, E. S. Vitetta, G. Moldenhauer, and B. Dérken. Selective killing
of normal and neoplastic human B cells with anti-CD19- and anti-CD22-
ricin A chain immunotoxins. Cancer Drug Deliv. 3:261-272 (1986).

10. Myers, C. D., P. E. Thorpe, W. C. J. Ross, A. J. Cumber, F. E. Katz, W. Tax,
and M. F. Greaves. An immunotoxin with therapeutic potential in T-cell
leukemia: WT1-ricin A. Blood 63:1178-1184 (1984).

11. Ramakrishnan, S., and L. L. Houston. Inhibition of human acute lympho-
blastic leukemia cells by immunotoxins: potentiation by chloroquine. Science
(Wash. D. C.) 223:58-61 (1984).

12. Roth, J. A, R. S. Ames, V. Byers, H. M. Lee, and P. J. Scannon. Monoclonal
antibody 45-2D9 conjugated to the A-chain of ricin is specifically toxic to c-
Ha-ras-transfected NIH 3T3 cells expressing gp74. J. Immunol. 136:2306-
2310 (1986).

13. Forrester, J. A., D. P. McIntosh, A. J. Cumber, G. D. Parnell, and W. C. J.
Ross. Delivery of ricin and abrin A-chains to human carcinoma cells in
culture following covalent linkage to monoclonal antibody LICR-LOND-Fib
75. Cancer Drug Del. 1:283-292 (1984).

14. Leonard, J. E., Q.-C. Wang, N. O. Kaplan, and I. Royston. Kinetics of protein
synthesis inactivation in human T-lymphocytes by selective monoclonal
antibody-ricin conjugates. Cancer Res. 45:5263-5269 (1985).

15. Uckun, F. M., S. Ramakrishnan, and L. L. Houston. Inmunotoxin-mediated
elimination of clonogenic tumor cells in the presence of human bone marrow.
J. Immunol. 134:2010-2016 (1985).

16. Bregni, M., P. De Fabritiis, V. Raso, J. Greenberger, J. Lipton, L. Nadler, L.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

822 Goldmacher et al.

17.

Rothstein, J. Ritz, and R. C. Bast. Elimination of clonogenic tumor cells
from human bone marrow using a combination of monoclonal antibody: ricin
A-chain conjugates. Cancer Res. 46:1208-1213 (1986).

Krénke, M., E. Schlick, T. A. Waldmann, E. S. Vitetta, and W. C. Greene.
Selective killing of human T-lymphotropic virus-I-infected leukemic cells by
monoclonal anti-interleukin 2 receptor antibody-ricin A chain conjugates:
potentiation by ammonium chloride and monensin. Cancer Res. 46:3295-
3298 (1986).

18. Raso, V., and J. Lawrence. Carboxylic ionophores enhance the cytotoxic

19.

21.

22.

27.

31.

32.

potency of ligand- and antibody-delivered ricin A chain. J. Exp. Med.
160:1234-1240 (1984).

Raso, V., S. Watkins, H. Slayter, C. Fehrmann, and S. Nerbonne. Subcellular
compartmentalization and the potency of ricin A chain cytotoxins, in Mem-
brane-Mediated Cytotoxicity (B. Bonavida, and R. J. Collier, eds.). Alan R.
Liss, New York, 131-153 (1987).

. Griffin, T. W, L. R. Childs, D. J. P. FitzGerald, and L. V. Levin. Enhance-

ment of the cytotoxic effect of anti-carcinoembryonic antigen immunotoxins
by adenovirus and carboxylic ionophores. J Natl Cancer Inst. 79:679-685
(1987).
Griffin, T. W., P. G. Pagnini, and L. L. Houston. Enhancement of the specific
y icity of a breast cancer-associated antigen immunotoxin by the car-
boxylic ionophore monensin. J. Biol. Response Modif. 8:537-545 (1987).
FitzGerald, D. J. P., R. Padmanabhan, 1. Pastan, and M. C. Willingham.
Adenovirus-induced release of epidermal growth factor and Pseudomonas
toxin into the cytosol of KB cells during receptor-mediated endocytosis. Cell
32:607-617 (1983).

. FitzGerald, D. J. P., T. A. Waldmann, M. C. Willingham, and I. Pastan.

Pseudomonas exotoxin-anti-TAC: cell-specific immunotoxin active against
cells expressing the human T cell growth factor receptor. J. Clin. Invest.
74:966-971 (1984).

. Laurent, G., A. E. Frankel, A. A. Hertler, D. M. Schlossman, P. Casellas, and

F. K. Jamen Treatment of leukemia patients with T101 ricin A chain
im: toxins, in /i toxins (A. E. Frankel, ed.). Kluwer, Boston, 483—
491 (1988).

. Vallera, D. A. Immunotoxins for ex vivo bone marrow purging in human bone

marrow transplantation, in Immunotoxins (A. E. Frankel, ed.). Kluwer,
Boston, 516-535 (1988).

. Lambert, J. M., P. D. Senter, A. Yau-Young, W. A. Blittler, and V. S.

Goldmacher. Punﬁed immunotoxins that are reactive with human lymphond
cells: monoclonal antibodies conjugated to the ribosome-inactivating p

37.

39.

41.
42.

47.

. Casellas, P., and F. K. Jansen. Immunotoxin enh

. Seth, P., D. FitzGerald, H. Ginsberg, M. Willingham, and I. Pastan. Evi-

dence that the penton base of adenovirus is involved in potentiation of
toxicity of Pseudomonas exotoxin conjugated to epidermal growth factor.
Mol. Cell. Biol. 4:1528-1533 (1984).

. Vollmar, A. M., D. E. Banker, J. Mendelsohn, and H. R. Herschman. Toxicity

of ligand and antibody-directed ricin A-chain conjugates recognizing the
epidermal growth factor receptor. J. Cell. Physiol. 131:418-425 (1987).

. FitzGerald, D. J. P., I. S. Trowbridge, I. Pastan, and M. C. Willingham.

Enhancement of toxicity of anti-transferrin receptor antibody-Pseudomonas
exotoxin conjugates by adenovirus. Proc. Natl. Acad Sci. USA 80:4134-4138
(1983).

Fulton, R. J., D. C. Blakey, P. P. Knowles, J. W. Uhr, P. E. Thorpe, and E.
S. Vitetta. Purification of ricin A,, A;, and B chains and characterization of
their toxicity. J. Biol Chem. 261:56314-5319 (1986).

. Junqua, S., J. Wiels, T. Tursz, and J. B. LePecq. Anti-tumor activity against

L1210 mouse leukemia of immunotoxins containing a monoclonal antibody
to the glycolipid globotriaosylceramide. Immunol. Lett. 14:167-172 (1987).
Colombatti, M., and C. Bron. Sensitivity of target cells to immunotoxins:
possible role of cell-surface antigens. Immunology 55:331-338 (1985).

8, in I, ¢

(A. E. Frankel, ed.). Kluwer, Boston, 351-369 (1988).

de Duve, C. Lysosomes revisited. Eur. J. Biochem. 137:391-397 (1983).
Seglen, P. O. Inhibitors of lysosomal degradation. Methods Enzymol. 98:737-
764 (1983).

. Dean, R. T., W. Jessup, and C. R. Roberts. Effects of exogenous amines on

mammalian cells, with particular reference to membrane flow. Biochem. J.
217:27-40 (1984).

. Goldmacher, V. S., C. F. Scott, J. M. Lambert, G. D. McIntyre, W. A. Blattler,

A. R. Collinson, J. K. Stewart, L. D. Chong, S. Cook, H. S. Slayter, E
Beaumont, and S. Watkins. Cytotoxicity of gelonin and its conjugates with
antibodies is determined by the extent of their endocytosis. J. Cell. Physiol.,
141: 222-234 (1989).

. Fgdstad, O., and A. Pihl. Synergistic effect of Adriamycin and ricin on L1210

leukemic cells in mice. Cancer Res. 40:3735-3739 (1980).

. Tartakoff, A. M. Perturbation of the structure and function of the Golgi

complex by monovalent carboxylic ionophores. Methods Enzymol. 98:47-59
(1983).

Sandvig, K., S. Olsnes, and A. Pihl. Inhibitory effect of ammonium chloride
and chloroquine on the entry of the toxic lectin modeccin into HeLa cells.

gelonin and the pokeweed antiviral proteins. J. Biol. Chem. 260:12035-12041
(1985).

Scott, C. F., V. S. Goldmacher, J. M. Lambert, J. V. Jackson, and G. D.
Mcintyre. An immunotoxin composed of a lonal anti-transferrin re-
ceptor antibody linked by a disulfide bond to the ribosome inactivating
protein, gelonin: potent in vitro and in vivo effects against human tumors. J.
Natl. Cancer Inst. 79:1163-1172 (1987).

. Goldmacher, V. S., J. Anderson, M. L. Schulz, W. A. Blittler, and J. M.

Lambert. Somatic cell mutants resistant to ricin, diphtheria toxin and to
immunotoxins. J. Biol. Chem. 262:3205-3209 (1987).

. Pettersson, U., and J. Sambrook. Amount of viral DNA in the genome of

cells transformed by adenovirus type 2. J. Mol Biol. 73:125-130 (1973).

. Boulanger, P., and F. Puvion. Large-scale preparation of soluble adenovirus

hexon, penton, and fiber antigens in highly purified form. Eur. J. Bioch.

49.

51.

52.

Bioch Biophys. Res. Commun. 90:648-655 (1979).

. Mecada, E., T. Uchida, and Y. Okada. Methylamine stimulates the action of

ricin toxin, but inhibits that of diphtheria toxin. J. Biol Chem. 256:1225-
1228 (1981).
Ghosh, P. C,, and H. C. V.Vu. Enhancement of cytotoxicity of modeccin by

a

nigericin in cin cell lines. Exp. Cell Res. 174:397-
410 (1988).
. Sandvig, K., and S. Olsnes. Entry of the toxic proteins abrin, modeccin, ricin,

and diphtheria toxin into cells. II. Effect of pH, metabolic inhibitors, and
ionophores and evidence for toxin penetration from endocytotic vesicles. J.
Biol. Chem. 257:7504-7513 (1982).

Fernandez-Puentes, C., and L. Carrasco. Viral infection permeabilizes mam-
malian cells to protein toxins. Cell 20:769-775 (1980).

Foa-Tomasi, L., G. Campadelli-Fiume, L. Barbieri, and F. Stirpe. Effect of
ribc -inactivating proteins on virus-infected cells: inhibition of virus

39:37-42 (1973).

Goldmacher, V. S., J. Anderson, W. A. Blittler, J. M. Lambert, and P. D.
Senter. Antibody-complement-mediated cytotoxicity is enhanced by ribo-
some-inactivating proteins. J. Immunol. 135:3648-3651 (1985).
Goldmacher, V. S., N. L. Tinnel, and B. C. Nelson. Evidence that pinocytosis
in lymphoid cells has a low capacity. J. Cell. Biol 102:1312-1319 (1986).

. Pettersson, U. Structural and nonstructural adenovirus proteins, in The

Adenoviruses (H. S. Ginsberg, ed.). Plenum, New York, 205-270 (1984).

53.

multiplication and of protein synthesis. Arch. Virol 71:323-332 (1982).
Yamaizumi, M., T. Uchida, and Y. Okada. Macromolecules can penetrate the
host cell membrane during the early period of incubation with HVJ (sendai
virus). Virology 95:218-221 (1979).

Send reprint requests to: Dr. Victor S. Goldmacher, InmunoGen, Inc. 148
Sidney St., Cambridge, MA 02139

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



