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SUMMARY

In vivo and in vitro treatment- of Ehrlich cancer cells with
diphtheria toxin resulted in loss of oncogenicity and in
immunization against these tumor cells in mice.

The animals that survived a 1st i.p. transplantation of
virulent cancer cells treated with diphtheria toxin failed to
develop an ascites tumor after a 2nd transplantation up to 200
days later.

Ehrlich cancer cells lost oncogenicity also by prolonged
incubation in phosphate-buffered saline in the presence of
diphtheria toxin. This loss of oncogenicity was time dependent
and influenced by the pH. Cells incubated for 8 hr with
diphtheria toxin failed to induce an ascites tumor in both
normal and immunosuppressed mice. Incubations performed
at S pH's ranging from 6.5 to 7.5 demonstrated that the lower
values were more effective in inhibiting oncogenicity than
were the higher ones.

Eighty % of the normal mice that survived an i.p.
transplantation of 1 X 106 cancer cells incubated with
diphtheria toxin became resistant to a challenge with 1 X 106
virulent cancer cells. Only 50% of the immunized mice
survived a challenge with 2 X 106 cancer cells, while the
survival rate fell to nearly 0% after a challenge with 5 X 106
cells.

In Swiss albino mice immunized with Ehrlich cancer cells, a
cross-resistance against ascites Sarcoma 180 was observed,
while all Ehrlich tumor-immunized DBA/2 mice died within
10 days after a challenge with Ll 2 10 tumor.

INTRODUCTION

Several bacterial toxins may influence tumor growth by
oncolysis (14) or changes in the host resistance to the tumor
development (19). Some endotoxins may act as repressors or
enhancers of the immune response, depending on the amount
administered (17). Significant increase of specific immuno
genicity of cancer cells was achieved after treatment in vitro
with Vibrio cholerae neuraminidase (1). The infection with a
tumor-adapted strain of influenza virus caused a dramatic
oncolysis in mice, followed by immunity in surviving animals
(11).

The oncolytic property is also clearly present in DT,' being
linked to the_ability of DT to inhibit protein synthesis.

1 The abbreviations used are: DT, diphtheria toxin; Lf, limit of

flocculation; MLD, minimal lethal dose for guinea pig; PBS, phosphate
buffered saline.

ReceivedAugust 5, 1974; accepted September 9, 1974.

Moolten and Cooperband (13) achieved selective killing of
monkey kidney cells by DT bound to an antibody directed
against new surface antigens induced by infection with
mumps virus. They suggested the possibility of destroying
cancer cells by using antibody-DT conjugates. Later, Moolten
et a!. , (1 2) obtained an antitumor action against hamster
sarcoma cells coated with dinitrophenol with specific antidini
trophenol antibody conjugated with DT. Samagh and Gregory
(1 6) achieved a cytopathic effect in Ehrlich ascites cells in
culture using DT conjugated to an antibody directed against
the lactate dehydrogenase contained in the cells.

A direct antitumor effect of DT against ascites and solid
Ehrlich tumors in mice was demonstrated by Buzzi and
Maistrello (4).

Despite the above reports, the influence of DT on the
immune response to cancer still remains almost unexplored.
After a short clinical trial with DT treatment in 11 advanced
cancer patients, Buzzi (2) described the reversal of the
Mantoux test from negative to highly positive in a woman with
gastric carcinoma whose condition improved after a DT
treatment. The same author described the presence of giant
cells of the foreign body type in tumor sections obtained from
the same patient after relapse (3).

The present study was undertaken to determine whether DT
treatment of Ehrlich cancer cells in vivo and in vitro modifies
the immune response in mice.

MATERIALS AND METhODS

Mice. Experiments were carried out on random-bred male
Swiss albino mice (Charles River CD-l COBS) weighing 25 to
30 g. In Experiment S, inbred male DBA/2 mice (Charles River
DBA/2StCrl) weighing 20 to 22 g were used.

Tumors. Ehrlich carcinoma , Sarcoma 180 , and leukemia
L12l0 used in this study were obtained from the Istituto di
Ricerche Farmacologiche Mario Negri, Milan, Italy.

DT. Toxin was obtained from 2 sources. A crude toxin
containing 120 Lf/ml (8.3 MLD/LO, purchased from Sclavo
Laboratories, Siena, Italy, was used in Experiment 1. A
crystalline toxin was used in the other experiments. The latter
toxin was a gift from Professor G. Pettenella of the Istituto
Sieroterapico Milanese, Milan, Italy. The preparation was
obtained for this particular purpose after exhaustive filtration
through a chromatography column to achieve the greatest
amount of monomeric form of protein. The toxin was
exceptionally pure, containing 3700 Lf per mg nitrogen, 1 Lf
per 4.5 MLD, and 0.06 j.zgnitrogen per MLD. The crystalline
DT, always diluted in buffered solutions, was used in
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cells/mouse at 4, 7, and 11 months, respectively, after the 1st
transplantation and the DT treatment.

In the 1st group, challenged 4 months after DT treatment,
no animal developed ascites tumor, while 2 had a solid s.c.
tumor in the needle track of the challenge transplantation. In
the 2nd group, challenged 7 months after DT treatment, 2
mice developed an ascites tumor and 2 developed a solid
tumor. All mice challenged 11 months after DT treatment died
of ascites tumor; also, 4 of these mice developed a solid tumor.

In an additional part of this experiment, a similar tumor
challenge, with the same interval times, was performed in 3
groups of 10 mice each pretreated with DT alone at the dose
of 5 MLD/mouse/day for 2 consecutive days. All challenged
mice died within 23 days after tumor transplantation.

In Experiment 2, we attempted to overcome the disadvan
tage of obtaining too small a number of immunized mice from
in vivo experiments by in vitro treatment of Ehrlich cancer
cells with DT. Cancer cells were incubated in PBS, pH 7.0, for
0 to 8 hr in the presence of intact or heated DT (20 MLD/1 X
106 cells). The incubated cells were then transplanted in Swiss
mice to test oncogenicity. Two groups of 90 mice were
subdivided into subgroups of 10 animals each. Every hr 2
subgroups were given i.p. injections of 1 X l0@ cells/mouse,
changing the cell suspension for each subgroup. The viability
of incubated cells was tested before transplantation with the
dye exclusion method. The results (Table 2) showed a loss of
oncogenicity, approximately in a time-dependent manner, in
the presence of intact DT only. The loss of oncogenicity
started after 4 hr of incubation and was not paralleled by any
significant loss of viability. With the longest incubations only,
spontaneous death of cancer cells was high in both intact and
heated DT-treated flasks and caused a slower development of
ascites tumor in control mice.

The surviving mice were challenged 30 days later with 1 X
106 virulent cancer cells injected i.p. The mice immunized
with cells incubated from 4 to 6 hr showed the highest rate of
resistance, while the lowest rate was found in mice immunized
with cells incubated for 8 hr.

In Experiment 3, we investigated the causes of the complete
absence of ascites tumors in mice transplanted with cancer
cells treated with DT for 8 hr (Experiment 2). Our purpose
was to determine whether the loss of oncogenicity was only
DT dependent or was the result of the intoxication of a

incubation of Ehrlich ascites tumor. The addition of nonspe
cific protein was avoided because the ascitic fluid already
contained proteins.

Heated DT. DT preparations that were unable to intoxicate
sensitive whole cells were obtained by immersing the container
of DT in a boiling-water bath for 10 min according to the
method ofCukor et aL (5).

Immunosuppression. Mice were immunosuppressed in 2
ways: (a) sublethal irradiation, i.e. , 375 R delivered from a
180-ky, 6-ma orthovoltage unit, with 1 mm Al and 0.5 Cu
fIltration, at a target distance of 50 cm, giving approximately
29.4 R/mmn; and (b) s.c. injections of hydrocortisone sodium
succinate (Richter Laboratories, Milan, Italy) with a slight
modification of the method described by Wheatly and Easty
(20). Mice were each given 3 mg/day for 3 days before the
start of the experiment and 1 mg/day for 3 days after the
start.

Incubation. In Experiments 2 , 3, 4, and 5 mice to be
immunized were given transplants of cells incubated in PBS at
370 in the presence of intact or heated DT. Since the number

of cells was very high (1 X 106 /0.1 ml), this simple medium
was chosen instead of more complete preparations to limit pH
changes during prolonged incubations caused by metabolic
activity of the cells. Furthermore, we attempted in this way to
avoid the possible influence of other compounds on the
immune response of mice.

Viability. Cell viability was estimated by means of trypan
blue dye exclusion (trypan blue at 0.2 mg/mI was added to the
cell suspension to a concentration of 10%).

StatisticalAnalyses.Statisticalcomparisonswereperformed
by the Student t test.

RESULTS

Cancer immunity in mice after DT treatment was investi
gated in 5 different experiments.

In Experiment 1 (Table 1), 18 mice were used. These mice
were the survivors of a former experiment in which 200 mice
had received 1 X 106 Ehrlich cancer cells i.p. on Day 0 and S
MLD of crude DT on Days 1 and 2 . These mice, free of any
tumor, were divided into 3 groups of 6 animals each and were
challenged with i.p. injection of 1 X 106 Ehrlich cancer

Table 1
Cancerimmunity induced in vivo and challengedat variousinterval times

a Number of ascites tumor-free mice per number of tumor-challenged mice.
b Number of solid tumor-free mice per number of tumor-challenged mice.
C Mean survival time up to Day 60 Â±S.E. (days).d@ <@ relativetocontrolmice.
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portion of the cancer cells and of the subsequent activity of
the host immune system on the surviving cells.

In the 1st part of this experiment (Table 3), 4 groups of 10
imce each were treated as follows. A 1st group of normal mice,
a 2nd group of mmce immunosuppressed by sublethal
irradiation, and a 3rd group of mice immunosuppressed by
hydrocortisone treatment all received 1 X 106 Ehrlich cancer
cells incubated for 8 hr in PBS, pH 7.0, in the presence of

intact DT at a ratio of 20 MLD/1 X 106 cells. A 4th group of
normal mice, acting as a control, received 1 X 106 cancer cells
incubated for 8 hr in PBS, pH 7.0, in the presence of heated
DT. One mouse died, without tumor, in each of the 2
immunosuppressed groups. After the treatment, the group
inimunosuppressed with hydrocortisone showed a temporary
significant inhibition in body growth. All mice in the groups
transplanted with cells treated with intact DT remained free of

Table 2
Decreased oncogenicity ofEhrlich cancer cells followed by immunization after incubation with D T
Cancer cells, harvested 7 days after transplantation, were incubated at 37Â°in PBS, pH 7.0, in the

presence of intact or heated DT. The final mixtures contained 1 X 106 cells and 20 MLD/0.1 ml. Every hr
2 different groups of 10 mice each were given i.p. injections of 0.1 ml of the 2 different cell suspensions.
Cell viability was estimated before transplantation with the dye exclusion test. The survivinganimalswere
challenged 30 days after immunization by i.p. injection of 1 X 106 virulent cancer cells.

a Number of surviving mice at Day 30 per number of tumor-transplanted mice.
b Mean survival time up to Day 30 Â±S.E. (days).
C Number of surviving mice at Day 60 per number of tumor-challenged mice.

d@ <@ relative to control mice.

Table 3
Oncogenicity ofDT.treated cancer cells in normal and immunosuppressed mice

Ehrlich cancer cells incubated for 8 hr in PBS, pH 7.0, with intact DT (20 MLD/1 X 106
cells) were transplanted i.p. to normal mice and to mice immunosuppressed by X-rays or
hydrocortisone treatment. A 4th group of normal mice, acting as a control, received cancer cells
incubated with heated DT. Ten mice were used in each group. Each mouse was given 1 X 106
cells. Mice treated with hydrocortisone had a significant inhibition in body growth. One mouse
died, without tumor, in each of the immunosuppressed groups.

a Day 0, day of tumor transplantation.
b Mean Â±S.E. Numbers in parentheses, number of mice per group.Cp<0.01relativetotheothergroups.
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PBS and intact DTPBS and heatedDTpHS/VsMSTbs/TMST6.5
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Table 4
Effect ofpH on the activity ofDT on Ehrlich cancercells

Ehrlich cancer cells were incubated in PBS with 5 different pH values
in the presence of intact or heated DT. The incubation lasted 6 hr. Ten
groups of 10 animals each were used. Five groups received i.p. 1 X 106
cancer cells incubated with intact DT (20 MLD/1 X 106 cells). The
other 5 groups, acting as controls, received i.p. 1 X 106 cells incubated
with heated DT.

tumor, suggesting that all cells had lost oncogenicity by DT
action. Each of the control group mice, into which cells
treated with heated DT were transplanted, developed an ascites
tumor as demonstrated by a significant gain in body weight.

In the 2nd part of this experiment all surviving mice were
reconsidered in order to verify whether X-ray and hydrocorti
sone treatment performed in the 2nd and 3rd groups,
respectively, really achieved immunosuppression. On Day 31
(Chart 1) after the 1st transplantation all mice were challenged
with 1 X 106 virulent cancer cells injected i.p. A new group of
10 mice acted as a control group. Eight mice, all belonging to
the group that was not immunosuppressed at the time of the
1st transplantation, survived up to Day 60, while all the
immunosuppressed animals died within 38 days.

Experiment 4 was designed to investigate the effect of pH
on cell intoxication by DT during the incubation. This study
was necessary because in the former experiments the
incubation was carried out in PBS with the arbitrarily chosen
pH of7.0.

Ehrlich cancer cells were exposed to the action of DT (20
MLD/1 X 106 cells) for 6 hr, a time that in Experiment 2 was
found to be too short to effect the loss of oncogenicity in all
the cancer cells. The DT was dissolved in PBS solutions
adjusted to pH's of 6.5 , 6.8 , 7.0, 73 , and 75 . One mfflion
cells, incubated in the above pH values, were transplanted i.p.
into each mouse in groups of 10 animals each. Control mice
received cancer cells incubated for 6 hr in media of identical
pH values in the presence of heated DT. The results (Table 4),
evaluated by recording the survival rate and the mean survival
time up to Day 60, showed that in this pH range the lower
values were more effective than higher ones in intoxication of
cancer cells.

In Experiment S, we studied the specificity of the
antitumor immunity and the degree of immunization induced
by DT-treated cancer cells.

a Number of surviving mice at Day 60 per number of tumor-trans
planted mice.

b Mean survival time up to Day 60 Â±S.E. (days).
Cp<0.01relativetocontrolmice.
d@ < 0.02 relative to control mice.
e@ < o.os relative to control mice.

Sixty Swiss and 20 DBA/2 mice received i.p. transplants of
1 X 106 Ehrlich cancer cells incubated for 8 hr in PBS, pH 7.0,
containing intact DT in a ratio of 20 MLD/l X 106 cells.
Thirty days later the Swiss mmcewere divided into 6 groups of
10 animals each. Three groups were challenged with i.p.
injection of an increasing number of Ehrlich cancer cells, while
the other 3 groups were challenged with i.p. injection of an
increasing number of Sarcoma 180 tumor cells. The DBA/2
mice were divided into 2 groups of 10 animals each and were
challenged with i.p. injection of 1 X 106 Ehrlich cancer cells
and 1 X l0@ Ll 2 10 cancer cells, respectively. The results
(Table5) wereevaluatedbycomparingthesurvivalratesand
the mean survival times up to Day 60. Eighty % of the
immunized Swiss mice became resistant to a challenge with
1 X 106 virulent cancer cells. Only 50% of the animals
survived a challenge with 2 X 106 cells, while the survival rate

â€”â€˜D fell to nearly 0% after a challenge with 5 X 106 cells. A

cross-resistance with a similar degree of immunization was
observed against Sarcoma 180 tumor.

The immunized DBA/2 mice showed a degree of immuniza
tion against virulent Ehrlich cancer cells that was lower than in
Swiss mice, and they regularly died within 10 days after a
challengewithL1210 tumorcells.

DISCUSSION

Antitumor immunization against Ehrlich ascites cells was
observed in mice after treatment with DT in vivo. However,
the number of surviving animals available for tumor challenge
in this way was very small. Furthermore, among the surviving
animals about 50% developed within 30 days a solid s.c. tumor
in the inoculation site of the cancer cells which could have
influenced the immune response (10). Such a tumor often
developed also in the needle track of the challenge transplanta
tion in immunized mice and was not affected by the immune
reaction of the host. In order to have more animals available
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Chart 1. Antitumor immunity following injection of DT-treated
cancer cells. Normal and immunosuppressed mice that had survived an
i.p. transplantation of 1 X 106 Ehrlich cancer cells incubated for 8 hr in
the presence of intact DT were challenged30 days later by i.p. injection
of 1 X 10' virulent cancer cells.Control mmccwere challengedwithout
pretreatment with intoxicated cells. o, normal mice (10 mice/group);.,
mice immunosuppressed by X-ray treatment (9 mice/group); ., mice
immunosuppressed by hydrocortisone treatment (9 mice/group); Â£,
control mice (10 mice/group).
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TumorChallenge(cells)SfF@'MSTbImmunized

Swiss miceEhrlich carcinoma1
X 106

2 X 106
5 x 1068/10

5/10
1/1052.4

Â±5.0â€•
40.4 Â±6.S@
20.3 Â±4.4Sarcoma

1801 X 106
2 X 106
5 x 1069/10

6/10
3/1056.6

Â±3.4@
46.0 Â±5.7â€•
33.0 Â±59CImmunized

DBA/2 miceEhrlich carcinoma1
X 1065/1039.4 Â±6â€¢8dL12101

X 1O@0/108.1 Â±0.2Control

Swiss miceEhrlich carcinoma1
X 106

2 X 106
S X 1060/10

0/10
0/101

9.0 Â±0.9
17.3 Â±0.5
14.8 Â±0.6Sarcoma

1801 X 106
2 X 106
5 x 1060/10

0/10
0/1023.0

Â±1.0
18.8 Â±0.6
15.9 Â±0.4Control

DBA/2miceEhrlich carcinoma1
X 1060/1020.2 Â±0.4Ll2lO1

X l0@0/107.8 Â±0.2
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Table 5
Challengeofimmunized mice with different doses ofcancer cells

and different tumors
Swissand DBA/2 mice were immunized with a singlei.p. injection of

1 x 106 Ehrlich cancer cells incubated for 8 hr in PBS, pH 7.0, in the
presence of intact DT (20 MLD/1 X 106 cells). Thirty days later
different groups of Swiss mice were challenged by i.p. injection of
increasing doses of untreated Ehrlich or Sarcoma 180 cancer cells.
DBA/2 mice were challenged by Lp. injection of a single dose of
untreated Ehrlich or L1210 cancer cells. Nonimmunized mice were
used as controls.

challenge, of all the immunosuppressed mice in which
DT-treated cells had been transplanted. The maintenance of
cell viability was probably only apparent rather than real, since
the existence of a lag between the administration of even a
large dose of toxin and the 1st detectable drop in rate of
protein synthesis in cells is well known (7). An explanation for
this lag m@y be the slow passage of the toxin into the cell.
Furthermore, since Elongation Factor 2 is present in excess in
the cell, a considerable portion of this factor must be
inactivated by DT before protein synthesis is affected (7).

The effect of pH on DT action in cell-free systems was
estimated by Goor et aL (8) to be most favorable around 8.5
and most unfavorable around 5 2. Conversely, Duncan and
Groman (6) reported that inhibition of the intoxication
occurred in HeLa cell systems at pH 9 or higher. In Ehrlich
cancer cell systems, we found that the action of DT was
inversely related to the pH in a range of 6.5 to 73. The pH
optimum was 6.5 for intoxication and 7.5 for inhibition of
intoxication. These data support the hypothesis that the
relatively low pH in tumors may partially account for a greater
sensitivity to DT in cancer than in normal cells (4). In fact,
since both the cell membrane and the toxin molecule carry a
net negative charge at physiological pH, the attachment of the
toxin to the cell may be prevented (6). In contrast, the
relatively high concentration of hydrogen ions in cancer may
facilitate the binding of the toxin to the cell by neutralization
of some negative charges on the cell or on the toxin molecule
(4).

Our attempts to test the specificity of the immunization
confirmed the existence of the cross-reactivity between
Ehrlich and Sarcoma 180 tumors described by Lindenmann
and Klein (1 1). No cross-reactivity was found between Ehrlich
and Ll210 tumors in experiments performed with DBA/2
mice.

The mechanism of the effect of DT on the immunity against
cancer cells is not clear. There are several possible explanations
of this phenomenon: (a) nonspecific stimulation of the
immune response in mice might occur as a result of DT
administration. This is unlikely because mice pretreated with
DT regularly died within 23 days after a tumor challenge; (b)
it is conceivable that the DT molecules might adsorb in vivo
and in vitro to the cell surface receptors (9) and cross-react
with tumor antigens, thereby eliciting a strong immune
reaction. This is also unlikely because the incubation of cancer

cells with heated DT, which had lost toxicity but not
immunogenicity, was ineffective in preventing the tumor
development in transplanted mice, (c) it is possible that DT
produces some modifications in tumor cell surface. Since DT
acts by inactivation of free Elongation Factor 2 during the
process of protein synthesis (15), the protein constituents of
cell membrane (18) may be altered, thereby modifying the
immunogenicity of cell surface.

Finally, it may be that some antigens of histocompatibiity
in the allogeneic Ehrlich or Sarcoma I 80 tumor cells are
detected by the immune system of the resistant Swiss or
DBA/2 mice. This detection is conceivably facilitated, during
the tumor challenge, by a previous tumor graft the progressive
growth of which was prevented by an in vivo or in vitro DT
treatment.

a Number of surviving mice at
lenged mice.

0MeansurvivaltimeuptoDay60Â±S.E.(days).
Cp < 0.01 relative to control mice.
d@ < 0.02 relative to control mice.

Day 60 per number of tumor-chal

for challenge and to avoid s.c. tumors, we attempted to
provoke the immunization with tumor cells that had lost
oncogenicity through in vitro incubation with DT.

Mice in which cells incubated with DT were transplanted
received approximately twice the amount of toxin used in
experiments in vivo, administered in 2 doses, but no signs of
toxicity were observed. The toxicity of a given amount of DT
may be reduced by prolonged incubations with cancer cells.

Incubation resulted in time-dependent loss of oncogenicity
starting at 4 hr. This finding confirms the data of Windman
(21) that protein synthesis in Ehrlich cancer cells is not
affected by 3-hr incubation with DT. With the longest
incubation there was complete loss of oncogenicity, as
demonstrated by the absence of ascites tumor after transplan
tation of cancer cells in immunosuppressed mice. The loss of
oncogenicity occurred without a significant loss of cell
viability and was accompanied by an expression of immuno
genicity that induced tumor resistance in mice with transplan
tations. Tumor resistance was prevented by impairment of the
immune system as demonstrated by the death, after tumor
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