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Comparisons were made between the antigenic potency and protective capacity
of several cholera toxin derivatives. Rabbits were immunized parenterally with 50
,jg of cholera toxin, A subunit, B subunit, procholeragenoid, or Wyeth glutaral-
dehyde toxoid 20101. Examination of the antibody response curves revealed that
cholera toxin elicited serum antitoxin responses that rose more quickly than in
the subunit-immunized animals; however, antitoxin levels were of the same
magnitude after 10 weeks. Parenteral immunization with procholeragenoid evoked
antibody titers that were similar to the toxin, whereas Wyeth toxoid yielded only
one-tenth the level of antitoxin. Oral immunization with procholeragenoid as well
as Wyeth toxoid resulted in lower serum antitoxin titers than that achieved with
parenteral immunization, despite the oral administration of 10 times the paren-
teral dose. Analysis of protection against live-cell challenge revealed that paren-
teral administration of procholeragenoid provided the best protection against
fluid accumulation. Oral immunization with procholeragenoid also was very
effective, whereas oral immunization with B subunit or Wyeth toxoid resulted in
minimal protection. Also, the A subunit provided surprisingly more protection
than did cholera toxin.

The objective of this study was to compare
the antigenic potency of cholera toxin with that
of several of its derivatives, including its A and
B subunits, heat-aggregated toxin (procholera-
genoid) and glutaraldehyde toxoid. The toxin
subunits were isolated and characterized by Ku-
rosky et al. (11) and were shown to be of high
purity. Hejtmancik et al. (8) and Markel et al.
(12) have shown that immunization of animals
with the B subunit preparation evokes antisera
containing antibodies specific only for the B
subunit, whereas antisera to the A subunit con-
tain both antibodies to the A subunit (or a chain)
and the B subunit. Using the same subunit prep-
arations, Peterson et al. (15) observed that an-
tisera to both subunits could effectively neutral-
ize cholera toxin, but the toxin-neutralizing ca-
pacity of each type of serum could be attributed
to antibodies reacting only with the B subunit.
Use of cholera toxoid preparations containing
high concentrations ofB subunit as proposed by
Holmgren et al. (9) should provide the best
possible protection against cholera.

Studies designed to optimize antitoxic immu-
nity are particularly pertinent since initial field
trials with glutaraldehyde and formaldehyde
toxoids have not provided significant protection
against cholera (2, 13). Although some investi-
gators interpret the poor protection observed in
field trials of these toxoids as evidence that

antitoxic immunity can not be effective against
cholera, the field trial studies were performed
only with 100-aig doses of glutaraldehyde or
formaldehyde toxoids. The dose level was not
sufficient to elicit the maximum antitoxin re-
sponses in humans (17), and these chemical tox-
oiding procedures have been shown to be quite
damaging to the antigenic integrity of cholera
toxin (19). Furthermore, animal experimenta-
tion has shown that antitoxic immunity against
cholera is as effective as antisomatic immunity,
but the ratio of toxoid dose per body weight
used in animal studies (14) was at least 15 times
greater than that employed in the human trials
(2, 13).

Finkelstein et al. (4) described a heat-aggre-
gated form of cholera toxin which he referred to
as procholeragenoid. Fujita and Finkelstein (6)
found that procholeragenoid was effective in
protecting mice against challenge with toxin or
live vibrios when given by the parenteral or oral
routes. Since it could have had some side effects,
Germanier et al. (7) reported that formaldehyde
could be used to detoxify procholeragenoid with-
out affecting its antigenicity. Therefore, pro-
choleragenoid appeared to be a viable alterna-
tive to toxoids currently being tested. The cur-
rent study indicates that procholeragenoid ad-
ministered by the parenteral or oral routes pro-
vided rabbits with protection that was superior
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to glutaraldehyde toxoid and other toxin deriv-
atives against experimental cholera using the
intestinal loop model initially described by De
(3).

MATERIALS AND METHODS
Antigens. Cholera toxin was purified and analyzed

as previously described (8, 10). Cholera toxin A subunit
and B subunit were prepared and characterized by the
procedure of Kurosky et al. (11). Procholeragenoid
was prepared by heating purified cholera toxin (5 mg/
ml) at 60'C for a period of 5 min. Nonaggregated
cholera toxin and free subunits were removed by chro-
matography on a column (2.5 by 100 cm) of agarose
(A 0.5 M; Bio Rad Laboratories). The void volume
peak containing the high molecular weight procholer-
agenoid was pooled and stored at 40C before use.
Wyeth glutaraldehyde toxoid 20101 (without adju-
vant) was an experimental toxoid prepared by Rap-
paport et al. (18) and acquired from Carl E. Miller at
the National Institutes of Health (NIH) in Bethesda,
Md. It was prepared in response to an NIH contract
for the purpose of eventual field trial.

Animals. New Zealand white rabbits initially
weighing 4 to 5 points (ca. 1.8 to 2.3 kg) were obtained
and housed under the same conditions for the duration
of this study. A total of six rabbits were immunized
with each antigen.
Immunization of rabbits. Each of the prepara-

tions described above was administered without ad-
juvants, either by parenteral injection or orally. Par-
enteral administration consisted of a single, intramus-
cular injection into the hind leg. Oral immunization
was accomplished by feeding the antigen solutions,
contained in 5 ml of an antacid (Mylanta; Stuart
Pharmaceuticals), into the mouth of the rabbit
through a syringe and catheter. All rabbits were given
three consecutive doses of antigen at 4-week intervals.
Each parenteral dose of antigen was 50 ug, whereas
each oral dose was 500 ug.

Serological titrations. Cholera antitoxin titers of
sera were determined by the passive hemagglutination
test (5). All titers were expressed as antitoxin units per
milliliter, based on the Swiss Serum and Vaccine In-
stitute reference serum (1).

Intestinal loop challenge. Rabbits were chal-
lenged by a procedure described in detail previously
(14). Briefly, rabbits were anesthetized by intramus-
cular injection of3 ml ofKetaset (Bristol Laboratories)
before ligation of the small intestine into a series of
eight loops, each about 10 cm in length. Injections (1
ml each) of live vibrios suspended in phosphate-
buffered saline with gelatin and ranging from 103 to
108 cells per ml, were injected via 2-cm interspaces
between the loops. The sequence of injections was
reversed in alternate animals. Proximal and distal
loops always received 1 ml of phosphate-buffered sa-
line with gelatin as a control. Rabbits were sacrificed
18 h after surgery, and the loop responses were meas-
ured by recording the ratio of fluid accumulation (mil-
liliters) to the length of the loop (centimeters). The
number of bacterial cells causing accumulation of 1 ml
of fluid per cm of intestinal loop was established as
the effective dose evoking 50% maximal response

(ED50). Protection was expressed as the ratio of the
ED5o of inmunized animals to nonimmunized controls.

RESULTS

Serological titrations. Figure 1 shows a
comparison of the geometric mean cholera an-
titoxin responses of rabbits immunized parenter-
ally with cholera toxin or its A and B subunits.
It appeared initially that intact cholera toxin
was more antigenic than either of its two com-
ponents on a weight basis; however, after 8 to 10
weeks the antitoxin titers of the A and B subunit
immunized rabbits rose to approximately the
same level. Vibriocidal assays (21) performed on
the rabbits immunized with cholera toxin re-
vealed no rise in serum vibriocidal antibody
titers at any time after immunization.

Rabbits immunized parenterally with pro-
choleragenoid responded with antitoxin titers
similar to those immunized with cholera toxin,
(Fig. 2). Oral administration with 10 times the
parenteral dose (500 ug) of procholeragenoid
resulted in significantly lower serum antitoxin
responses for 8 weeks after immunization. By 10
weeks, the serum antitoxin response ofthe orally
immunized rabbits was approximately one-half
that of rabbits given 50 ,tg of procholeragenoid
by parenteral injection.
Immunization of rabbits parenterally with

Wyeth glutaraldehyde toxoid resulted in approx-
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FIG. 1. Geometric mean cholera antitoxin re-
sponses as determined by passive hemagglutination
of sera from rabbits immunized with cholera toxin
( ), cholera toxin A subunit (-----), and cholera
toxin B subunit (.*...-. ) by the parenteral route.
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FIG. 2. Geometric mean cholera antitoxin re-
sponses as determined by passive hemagglutination
of sera from rabbits immunized with procholerage-
noid by either the parenteral (a) or oral (b) route.

imately 10-fold lower titers than the level ob-
tained parenterally with cholera toxin or pro-
choleragenoid (Fig. 3). In addition, serum anti-
toxin responses rose after oral immunization
with the glutaraldehyde toxoid, but the amount
was less. After 10 weeks, the serum titers were
about one-half those observed after parenteral
immunization.
Live-cell challenge. Table 1 summaries the

relative degree of protection against experimen-
tal cholera observed after immunization with
the various cholera toxin derivatives. The best
protection observed against live-cell challenge
was obtained by parenteral immunization with
procholeragenoid (6,216-fold). Oral immuniza-
tion with procholeragenoid also produced highly
significant protection (2,973-fold). Parenteral
immunization with A subunit or the glutaralde-
hyde toxoid conferred protection of the same
magnitude. Parenteral immunization with chol-
era toxin was protective, but less so than par-
enteral immunization with the A subunit, pro-
choleragenoid, or the Wyeth toxoid. Interest-
ingly, oral immunization with the Wyeth toxoid
was significantly less effective than oral immu-
nization with procholeragenoid. Protection ap-
peared to be related to the general level ofserum

antitoxin but was difficult to predict based upon
the serum antitoxin titer at the time ofchallenge.

DISCUSSION
Procholeragenoid administered by the paren-

teral route evoked a serum antitoxin response
which was equivalent to that of cholera toxin.
The A and B subunits elicited lower antitoxin
responses several weeks after immunization;
however, after 10 weeks the antitoxin levels in
the A and B subunit sera approached the same
magnitude as that in sera of rabbits immunized
with cholera toxin or procholeragenoid. Appar-
ently, the A and B subunits are less potent
immunogens, but this can be minimized if suffi-
cient time is allowed for antigen processing, lym-
phocyte proliferation, and antibody formation.
In contrast, glutaraldehyde toxoid (Wyeth
20101), which was employed in a previous field
trial, appeared to be a less potent antigen by as
much as 10-fold. This lower antitoxic response
observed with glutaraldehyde toxoid could be
explained by structural damage occurring during
the toxoiding procedure. Oral immunization
with either procholeragenoid or glutaraldehyde
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FIG. 3. Geometric mean cholera antitoxin re-
sponses as determined by passive hemagglutination
of sera from rabbits immunized with plain Wyeth
toxoid 20101 by either the parenteral ( ) or oral
(-----) route.
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TABLE 1. Protection against experimental cholera after immunization

Inaba V86 Challenge Serum Antitoxin at
Group ED 50Value Protection Factor Challenge

Nonimmunized Controls 3.7 X 103 1 0.99

Cholera Toxin (50 ,g) 1.0 X 106 270 2235
(Parenteral)

A Subunit (50 ig) 1.0 X 10 2700 996
(Parenteral)

B Subunit (50 ug) 1.0 X 10 27 847
(Parenteral)

Procholeragenoid (50 wg) 2.3 X 10 6216 1255
(Parenteral)

Procholeragenoid (500 pg) 1.1 X 10 2973 443
(per os)

Wyeth Toxoid 20101 (50 mg) 7 X 10 1892 160
( Parenteral )

Wyeth Toxoid 20101 (500 jig)
(per os)

I X 105 27 40

a Analysis of protection conferred to rabbits against intestinal loop challenge with live V. cholerae Inaba V86
by immunization with cholera toxin, A subunit, B subunit, procholeragenoid, and glutaraldehyde toxoid. The
protection factor is the ratio of the ED5o of immunized rabbits to the nonimmunized controls. Cholera antitoxin
titers were determined by passive hemagglutination and are expressed in units per milliliter, based on the Swiss
Serum and Vaccine Institute reference serum.

toxoid revealed that serum antitoxin developed,
but was of lower magnitude than that after
parenteral injection. Furthermore, the mean se-
rum response after oral immunization with the
glutaraldehyde toxoid was 10-fold lower than
that obtained with animals immunized orally
with procholeragenoid. This could be explained
by the lack of tissue-binding capacity of the
glutaraldehyde toxoid (16), which would allow it
to pass readily through the gastrointestinal tract
without being retained on epithelial cell surfaces.

Correlation of antitoxin titers with protection
against fluid loss from live-cell challenge was not
predictable, but they appeared to be generally
related. For example, rabbits immunized with
cholera toxin developed a geometric mean anti-
toxin titer of 2,235 U/ml and exhibited only 270-
fold protection against intestinal loop challenge,
whereas rabbits immunized with A subunit de-
veloped a geometric mean titer of 996 U/ml and
expressed a protection factor of 2,700-fold. In
contrast, rabbits immunized with B subunit de-
veloped a similar geometric mean antitoxin titer
of 847 U/ml but only allowed 27-fold protection.
By far the best protection was observed in rab-

bits immunized with procholeragenoid by the
parenteral route (6,216-fold). About one-half
that amount of protection was conferred by 10
times as much procholeragenoid given orally.
The superior protection observed with prochol-
eragenoid may be attributed to the residual tox-
icity of the aggregated cholera toxin complex. It
may tend to modulate the immune response to
itself via stimulation of adenylate cyclase. De-
spite the low antitoxin response to the glutaral-
dehyde toxoid (160 U/ml), it provided 1,892-fold
protection against live-cell challenge. Glutaral-
dehyde toxoid administered by the oral route
evoked a poor serum antitoxin response (40 U/
ml) and little protection (27-fold). These data
suggest that there might be differences between
animals in the amount of antibody that can pass
from the blood to the intestinal surface.
The possibility that vibriocidal antibody re-

sponses to somatic antigen contamination in the
toxin or toxoid preparations might affect the
results reported here was diminished after ex-
amination of the serum titers from rabbits im-
munized with cholera toxin and Wyeth toxoid
20101. We have previously reported that Wyeth
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toxoid 20101 was relatively free of somatic anti-
gen, since it gave no appreciable rise in vibrio-
cidal antibody titers in rabbits at doses up to 200
g (17). Similarly, no detectable rise in vibriocidal
antibody titer was observed in the sera from the
cholera toxin immunized rabbits tested in this
study. Since the toxin subunits and the prochol-
eragenoid preparations were derived from the
same lot of cholera toxin, no further vibriocidal
titrations were performed.
Based upon the antibody responses and pro-

tective capacity of procholeragenoid adminis-
tered by the parenteral or oral routes, it should
be concluded that this toxin derivative deserves
further consideration as a potential immunogen.
Together with the observations of Germanier et
al. on detoxification of procholeragenoid (7) and
the initial studies of Fujita and Finkelstein on
oral and parenteral immunization with prochol-
eragenoid (6), there is sound basis to anticipate
that procholeragenoid would increase protection
against cholera. Incorporation of a superior im-
munogen such as procholeragenoid or formalin-
ized procholeragenoid in whole-cell vaccines
might enhance the impressive synergistic pro-
tection observed against experimental cholera
(14, 20) and subsequently provide improved pro-
tection for humans against cholera.

ACKNOWLEDGMENTS
This study was supported by contract N01 Al 02101 from

the National Institute of Allergy and Infectious Diseases.
The excellent technical assistance of R. Roberts and C.

Briney is gratefully acknowledged.

LITERATURE CITED

1. Craig, J. P. 1978. Toward the development of a standard
reference cholera antitoxin. Dev. Biol. Stand. 41:415-
422.

2. Curlin, G. T., R. Levine, K. M. A. Aziz, A. S. M.
Rahman, and W. F. Verwey. 1975. Field trial of
cholera toxoid, p. 314-335. In Proceedings of the Elev-
enth Joint Conference of the U.S.-Japan Cooperative
Medical Science Program. Department of Health, Ed-
ucation, and Welfare, Washington, D.C.

3. De, S. N., and D. N. Chatterje. 1953. An experimental
study of the mechanism of action of Vibrio Cholerae
on the intestinal mucous membrane. J. Pathol. Bacte-
riol. 46:559-562.

4. Finkelstein, R. A., K. Fujita, and J. J. LoSpalluto.
1971. Procholeragenoid: an aggregated intermediate in
the formation of choleragenoid. J. Immunol. 107:1043-
1051.

5. Finkelstein, R. A., and J. W. Peterson. 1970. In vitro
detection of antibody to cholera enterotoxin in cholera
patients and laboratory animals. Infect. Immun. 1:21-
29.

6. Fujita, K., and R. A. Finkelstein. 1972. Antitoxic im-
munity in experimental cholera: comparison of immu-
nity induced perorally and parenterally in mice. J. In-
fect. Dis. 125:647-655.

7. Germanier, R., E. Furer, S. Varallyay, and T. M.
Inderbitzin. 1976. Preparation of a purified antigenic
cholera toxoid. Infect. Immun. 13:1692-1698.

8. Hejtmancik, K., J. W. Peterson, D. E. Markel, and A.
Kurosky. 1976. Development of a radioimmunoassay
for the antigenic determinants of cholera toxin and its
components. Infect. Immun. 17:621-628.

9. Holmgren, J., A. M. Svennerholm, I. Lonnroth, M.
Fallpers, B. Markman, H. Lundbeck. 1977. Devel-
opment of improved cholera vaccine based on subunit
toxoid. Nature (London) 269:602-604.

10. Kurosky, A., D. E. Markel, and J. W. Peterson. 1977.
Covalent structure of the B chain of cholera entero-
toxin. J. Biol. Chem. 252:7257-7264.

11. Kurosky, A., D. E. Markel, B. Touchstone, and J. W.
Peterson. 1975. Chemical characterization of the struc-
ture of cholera toxin and its natural toxoid. J. Infect.
Dis. 133(Suppl.):514-522.

12. Markel, D. E., K. E. Hejtmancik, J. W. Peterson, F.
B. Martin, and A. Kurosky. 1979. Characterization of
the antigenic determinants of cholera toxin subunits.
Infect. Immun. 25:615-626.

13. Noriki, H. 1976. Evaluation of toxoid field trial in the
Phillipines. In H. Fukumi and Y. Zimaka (ed.), Sym-
posium on cholera. National Institute of Health, Tokyo,
Japan.

14. Peterson, J. W. 1979. Synergistic protection against ex-
perimental cholera by immunization with cholera toxoid
and vaccine. Infect. Immun. 26:528-533.

15. Peterson, J. W., K. E. Hejtmancik, D. E. Markel, J.
P. Craig, and A. Kurosky. 1979. Antigenic specificity
of neutralizing antibody to cholera toxin. Infect. Immun.
24:774-779.

16. Peterson, J. W., and W. F. Verwey. 1974. Radiolabeled
toxin for studying binding of cholera toxin and toxoids
to intestinal mucosal receptor sites. Proc. Soc. Exp.
Biol. Med. 145:1187-1191.

17. Peterson, J. W., W. F. Verwey, J. P. Craig, J. C.
Guckian, H. R. Williams, and N. F. Pierce. 1975.
The response to glutaraldehyde toxoid in human vol-
unteers-a progress report. H. Fukumi and M. Ohashi
(ed.), Proceedings of the 10th Joint Conference on Chol-
era. National Institutes of Health, Tokyo, Japan.

18. Rappaport, R. S., W. A. Pierzchala, G. Bonde, T.
McCann, and B. A. Rubin. 1976. Development of a
purified cholera toxoid. III. Requirements in purifica-
tion of toxin and methods for the determination of
residual somatic antigen. Infect. Immun. 14:687-693.

19. Saletti, M., and A. Ricci. 1974. Experiments with cholera
toxin detoxified with glutaraldehyde. Bull. W.H.O. 51:
633-639.

20. Svennerholm, A. M., and J. Holmgren. 1976. Synergis-
tic protective effect in rabbits of immunization with
Vibrio cholerae lipopolysaccharide and toxin/toxoid.
Infect. Immun. 13:735-740.

21. Verwey, W. F., Y. Watanabe, J. C. Guckian, H. R.
Williams, Jr., P. E. Phillips, S. S. Rocha, Jr., and
E. B. Bridgeforth. 1969. Serological responses of hu-
man volunteers to cholera vaccine. Tex. Rep. Biol. Med.
27(Suppl. 1):243-274.

INFECT. IMMUN.


