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2.

SUMMARY

A major objective of our program of investigation was the design
of a vaccine which might be used to protect man (and domestic animals)
against E. coli diarrheal disease. Because so little was known about
the enterotoxin elaborated by disease-producing strains, the scope of
our work included the development of methods for the measurement and
isolation of the enterotoxin (ECT) as well as studies designed to im-
prove our knowledge of its immunological properties and pathogenic
mechanism. During the course of the program, reliable methods for as-
say, production and partial purification were developed and analyses
of the problems associated with the- ultimate purification of the poly-
disperse enterotoxin were delineated. With the use of analytical tech-
niques, it was possible to characterize the various forms of the enter-
otoxin and to classify the distribution into two distinct categories:
soluble (a single polypeptide chain of about 68,000 daltons) and insol-
uble (consisting of molecules ranging in size from about 200,000 daltons
to about 20 x 10 6 daltons). The heterogeneity of the latter group of
molecules was attributed, in part, to the fact that the enterotoxin was
complexed with endotoxin. Later, studies on the time course of release
of ECT by enterotoxigenic strains led us to consider that insoluble ECT
might represent fragments of outer membrane dispersed into the medium
during cultivation, and that the majority of ECT molecules were integral
components of these fragments or complexes. Further, we discovered that
most ECT molecules released by E. coli were not fully active, since
treatment with trypsin resulted in a substantial increase in toxicity.
This finding explained several outstanding questions and enabled us to
establish a role for in vivo proteolytic activation in pathogenicity.

The hypothesis that insoluble ECT represented fragments of outer
membrane led us to propose that killed enterotoxigenic E. coli might be
capable of eliciting antitoxin. Accordingly, comparative antigenicity
studies in the rabbit revealed that insoluble ECT and killed E. coli
were each capable of eliciting antitoxin which was specific for ECT, but
which showed little or no ability to neutralize cholera toxin (CT). In
contrast, cholera toxoid was found to produce antitoxin equally capable
of neutralizing both ECT and CT. By combining the E. coli antigen (in-
soluble ECT or the organisms) with cholera toxoid, it was possible to
demonstrate dramatic protection when immunized rabbits were challenged
with either enterotoxin (ECT or CT) or live, enterotoxigenic strains
(E. coli or vibrios). In addition to providing specific ECT-antitoxin,
the E. coli antigens acted as potent adjuvants for cholera toxoid, re-
sulting in extraordinary levels of cholera antitoxin. The evidence also
indicated that E. coli antigens may act as adjuvants for Cholera Vaccine
(i.e., vibrios). As a result of these studies, we proposed that a com-
bined antigen formula comprised of cholera toxoid and E. coli Vaccine
may provide the basis for a vaccine with specificity for both cholera and
E. coli diarrheal disease, and that this same formula, together with
Cholera Vaccine, might be favored in cholera-endemic areas.



I. Introduction

This report summarizes the major findings of the research program
entitled "Investigation of E. coli Enterotoxins" which was carried out
under the auspices of the U.S. Army Medical Research & Development Com-

mand (contract no. DAMD 17-74-C-4007) during the period from August of
1973 through September of 1977. The principal areas of investigation I
included: assay, production and purification (of enterotoxin); pathogen-

icity; and immunogenicity. Since detailed accounts of our studies have
been described previously in a series of quarterly and annual reports
(1-4), it is the purpose of this report to present a general descrip-
tion of. the salient findings in each area of investigation and thereby
provide an overview of the achievements of the program.

II. Assay, Production and Purification of E. coli Enterotoxin

At the beginning of our investigation of E. coli enterotoxin (ECT),
the only reliable assay available was the adult rabbit ligated ileal
loop test (5) which was developed in the study of cholera pathogenesis.
Another assay pertaining to cholera, the rabbit skin test for increased
vascular permeability (6), was also examined for its ability to measure
ECT --- with negative results. Sack et al (7), for example, reported
that ECT did not exhibit vascular permeability factor (PF) activity,
and Donta (8) had not yet reported on the mouse Y-1 adrenal tissue cul-
ture assay for enterotoxin. Because of the striking biological simi-
larity between ECT and cholera toxin (CT), and becaure of the recogniz-
ed limitations of the ileal loop test, we proposed to examine the abil-
ity of ECT to alter vascular permeability despite Sack's previous report.

Using culture filtrates prepared from enterotoxigenic strains, it
was determined that ECT did, in fact, increase vascular permeability as
measured by the appearance of blue lesions at 18 hrs (1 hr after the i.v.
administration of blue dye) after the intradermal inoculation of ECT in-
to shaved rabbit backs. It was soon apparent, however, that the titers
of ECT-containing filtrates were orders of magnitude less than those pro-
duced by filtrates prepared from cultures of Vibrio cholerae. And, per-
haps as a consequence of the low titers, the quality of bluing was in-
ferior to that produced by CT (possibly leading Sack et al to the con-
clusion that ECT did not alter vascular permeability). Subsequently, in
November of 1973, Evans et al (9) published their report on the produc-
tion of vascular permeability factor by enterotoxigenic E. coli isolated
from man. Their findings, which established the validity of the rabbit
skin test for assay of ECT, were in total agreement with our own unpub-
lished results. On this basis, then, the rabbit PF test became the prin-
cipal means for assay of ECT in our laboratory.

Using this assay, an investigation of problems associated both with
J the production and the purification of ECT was initiated. A variety of
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media (including minimal, defined and comple, and different growth con-
ditions (aerobic and anaerobic) were examined. Although most of the con-
ditions supported some level of ECT production, it was found that the
yeast extract-supplemented casamino acids-salt medium advocated by Evans
et al (9), together with vigorous aeration (rotary shaking) reproducibly
supported maximal levels of PF production. Nevertheless, as mentioned
above, the PF titers of ECT-culture filtrates were generally orders of
magnitude (100 to 1000-fold) less than those of comparable filtrates pre-
pared from cultures of Vibrio cholerae. This finding indicated that
either ECT was 100 to 1000 fold less active, molecule for molecule, than
CT or that E. coli strains produced 100 to 1000 times less toxin than the
most commonly employed cholera strain, Inaba 569B. A major interest of
the program, therefore, was either to find naturally-occurring E. coli
strains which produced, like Inaba 569B, unusually high levels of toxin
or to explore mutagenesis as a means of isola t ing such a strain. At
about this time, Dr. Mark Levner of our laboratories became interested in
the E. coli program and offered to collaborate on the problems of in-
creasing enterotoxin production. Dr. Levner suggested exploring drug-re-
sistant, enterotoxigenic strains for increased PF production, since it
was known that colicinogenic factor E1 (a bacteriocin) plasmid DNA in-
creases substantially when certain strains of E. coli are grown in the
presence of the antibiotic, chloramphenicol (10). Using the skin test to
assay for ECT production, Dr. Levner discovered that lincomycin-resistant
enterotoxigenic E. coli produced at least tenfold more extracellular ECT
than did parent strains. This discovery was an important breakthrough
not only because of the possible handle it offered for investigating the
genetic control of toxin production, but because it improved the pros-
pects for isolation and characterization of the toxin. Later, Dr. Levner
extended his discovery to Vibrio cholerae, showing that lincomycin also
induced increased production of CT. Dr. Levner's results have been pub-
lished (11) and patented (U.S. Patent Nos. 3,984,285 & 4,076,590).

Working with late stationary phase culture filtrates prepared from
.lincomycin-induced and standard cultures, methods for concentration and
purification of ECT were explored. It was determined that reproducible
and quantitative concentration of the enterotoxin could be achieved
either by ammonium sulfate precipitation (90% saturation) or by ultra-
filtration (using a 50,000 dalton molecular weight cutoff membrane)(1,2).
Irrespective of the concentration method, however, subsequent purifica-
tion by molecular sieve chromatography revealed that enterotoxin activ-
ity was associated with a distribution of molecules ranging in size
from about 68,000 daltons to over 20 X 106 daltons (2,3). Molecular
weight heterogeneity of ECT had been reported by numerous investigators
(12-18) who employed a variety of conditions and strains, and in our
laboratory, it was observed to occur in both drug-resistant and standard
cultures.

Because of the relative ease with which the higher molecular weight

(continued).

n



5.

forms of ECT could be separated from the bulk of soluble factors found in
culture filtrate (by high speed sedimentation or by gel chromatography),
our efforts were initially directed at purification and characterization
of these particular forms. The high molecular weight forms were designat-
ed "insoluble" in order to distinguish them from a less complex, soluble
enterotoxin and because they were opalescent in appearance. It was deter-
mined that insoluble enterotoxin consisted gf molecules ranging in size
from about 200,000 daltons to about 20 X 100 daltons and that they were
complexed with endotoxin (2-4). In contrast, soluble ECT was later found
to be a homogeneous protein and in this respect, it more closely resem-
bled CT than did insoluble ECT. The relative distribution of soluble and
insoluble ECT varied somewhat from culture to culture making it difficult
to decide which of the forms was the predominant species. Even under
optimal conditions, the concentration of soluble ECT was sufficiently low
that its quantitative recovery from complex media proved difficult on a
preparative scale.

However, with the aid of analytical techniques such as acrylamide
gel electrophoresis (with and without SDS) and immunodiffusion, it was
possible to examine the properties and relationships of the two forms of
the enterotoxin. Soluble enterotoxin was found to be a single polypep-
tide chain, about 68;000 daltons, since it migrated on SDS-acrylamide gels
just ahead of human serum albumin (68,450 daltons) (3). In this respect,
it differs from CT which consists of two non-identical polypeptide chains
(19-22). In contrast, insoluble ECT consists of numerous electrophoretic
components (when electrophoresed in SDS gels), one of which migrates with
a mobility equivalent to that of soluble ECT (3,23). Immunologically,
both forms of ECT were neutralized by cholera antitoxin and by E. coli
antitoxin. Because of its physical properties, soluble ECT was more read-
ily studied than insoluble ECT by immunodiffusion techniques and it was
found to be immunologically related to CT. When the two proteins (sol-
uble ECT and CT) were diffused against cholera antitoxin, a precipitin
line of partial identity was formed; whereas when they were diffused ag-
ainst E. coli antitoxin, a precipitin line of identity was formed (3,23).
These observations indicate that soluble ECT shares at least one common
antigenic determinant with CT. In addition, numerous rabbit antisera
raised against insoluble ECT (see section IV) were capable of neutraliz-
ing soluble ECT and this was regarded as evidence that the two forms of
the enterotoxin (soluble and insoluble) are immunologically related.
Other studies, concerned with the time course of release of ECT by enter-
otoxigenic strains, and with the antigenic properties of killed entero-
toxigenic E. coli, led us to propose that insoluble ECT might represent
fragments of outer membrane dispersed into the medium during growth (23).

III. Pathogenicity

During the course of attempts to purify ECT, it was discovered that
treatment of ECT with trypsin resulted in a substantial increase in PF

(continued)



6.

activity and in the ability to stimulate growth hormone secretion by mono-
layer cultures of rat pituitary cells (24). However, no difference in
the activity of control and trypsin-treated ECT samples could be demon-
atrated in the rabbit ileal loop test (2,24). It was determined that
the reason for the discrepancy between the assays was that control ECT
was activated to the same extent as trypsin-treated ECT by proteolytic
enzymes in vivo. Short term incubation (and withdrawal) of enterotoxi-
genic culture filtrates in ligated intestinal segments of the rabbit,
for example, resulted in elevated levels of PF activity (24). Further,
rabbit intestinal fluid could be substituted for trypsin in vitro with
the same effect (i.e., activation of PF and tissue culture activity) (24).

Because activation of ECT did not take place when trypsin or rab-
bit intestinal fluid were treated with Lima Bean Trypsin Inhibitor (LBTI),
we then examined the effect of trypsin inhibitor on the secretory re-
sponse to cell-free enterotoxin and to enterotoxigenic strains. The re-
sults showed that the ability of enterotoxigenic culture filtrates to
elicit a secretory response in the rabbit was significantly reduced in
the presence of LBTI (3). The presence in most culture filtrates of pre-
existing toxicity appeared to account for the residual secretory re-
sponses which were observed in the presence of some doses of LBTI (3). A
consideration of the 'possible utility of trypsin inhibitors in the treat-
ment of E. coli diarrheal disease led us to investigate the effect of
LBTI on the rabbit secretory response to live enterotoxigenic strains. Al-
though a certain percentage of the animals studied (about 30%) did not re-
spond, the administration of LBTI together with live, enterotoxigenic
strains, resulted in the diminution or the abolition of the secretory re-
sponse in the majority of animals (3). In fact, the effect was dose de-
pendent since a linear relationship between the relative reduction in re-
sponse and the concentration of inhibitor was observed. Further, the re-
sult could not be attributed to an inhibitory effect of LBTI on either
enterotoxin production or on viability (3). Several explanations were
considered to account for the group of non-responding animals. These in-
cluded: 1) inaccessability of proteolytic enzymes (to LBTI) in the niches
and folds of the intestinal epithelium; 2) activation of the enterotoxin
by an enzyme not inhibited by LBTI; and 3) degradation of inhibitor by an
intestinal factor.

The role of proteolytic activation in pathogenicity was also exam-
ined in a number of. in vitro studies. By following the time course of
release of ECT by enterotoxigenic strains, it was determined that the maj-
ority of enterotoxin molecules are released only after the organisms enter
the period of decline (23). Further, it was found that the bulk of the
enterotoxin so released was largely inactive since subsequent trypsin
treatment of culture filtrates (collected at various times during culti-
vation) resulted in at least a tenfold increase in activity (23). Sim-
ilarly, cultures grown in the presence of trypsin contained at least ten-
fold more activity than did standard cultures (23).

(continued)
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Other studies concerning the biochemical mechanism of activation
have shown that both forms of the enterotoxin, soluble and insoluble,
are each activated by trypsin (23). In the case of soluble entero-
toxin, activation by trypsin does not appear to be accompanied by a
change in molecular weight, nor is there any evidence that a peptide
fragment is liberated (23). In the case of insoluble enterotoxin, how-
ever, activation is accompanied by the release of an inactive molecule,
which is thought to be a protein of about 80,000 to 100,000 daltons and
which, as far as is known, does not bear any resemblance to soluble ent-
erotoxin (2,3,23). Although other evidence, from experiments concerned
with the time course of release of ECT, indicated that trypsin promoted
the early release (from the organisms) of a small percentage (about 107
of the final yield) of ECT molecules which resembled soluble ECT, it is
possible that the majority of ECT molecules are sufficiently complexed
with components of outer membrane to preclude release by trypsin alone.

Taken together, the results of in vivo and in vitro studies are con-
sistent with the idea that activation of ECT by proteolytic enzymes is
likely to play an important role in the pathogenicity of E. coli strains
not only by promoting increased toxicity of ECT, but perhaps also by
facilitating its release.

IV. Immunogenicity

Another facet of our investigation of E. coli enterotoxins included
an evaluation of certain E. coli antigens for their ability to produce
antitoxin and also for their ability to elicit protection against entero-
toxin or live organism challenge in animal models. For these experi-
ments, the insoluble form of the enterotoxin was employed because it was
more readily isolated from culture filtrate than soluble enterotoxin and
because it was relatively nontoxic (in its unactivated form, this anti-
gen exhibited a level of toxicity equivalent to that exhibited by cholera
(glutaraldehyde) toxoid (25) which is known to be safe for human use).
Using rabbits and a parenteral immunization schedule previously employed
in the evaluation of cholera toxoid (26), it was determined that the
E. coli antigen was an effective and reproducible antigen: 50-60 mcg
doses elicited levels of E. coli antitoxin comparable to cholera anti-
toxin levels produced by similar doses of cholera toxoid. In addition,
it was established that trypsin-activated ECT was at least six times
more antigenic than untreated antigen, possibly due to the intrinsic
immunostimulatory properties of enterotoxin (27). Further, it was de-
termined that the antitoxin produced was specific for E. coli (soluble)
enterotoxin since it showed little or no ability to neutralize CT. In
contrast, cholera toxoid produced antitoxin which was just as capable
if not more so, in neutralizing ECT as it was in neutralizing CT (3,4).

In our study of the comparative antigenicity of E. coli antigen and
cholera toxoid, we also immunized animals with a combination of both

(continued)
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antigens. Somewhat unexpectedly, it was observed that the combined ant-
igens exhibited synergism: when administered together, they elicited
levels of antitoxin far in excess of the additive titers produced by
each antigen alone (3), and also in excess of titers produced by toxoid
plus aluminum salt adjuvants (26). Further, the antitoxin was charact-
eristic of cholera antitoxin since it was equally capable of neutraliz-
ing both CT and (soluble) ECT. Since it was known that the E. coli
antigen was complexed with endotoxin, a likely explanation of the effect
was that the endotoxin moiety exerted an adjuvant effect on the toxoid.
Subsequently, it was shown that "purified" endotoxin, obtained commerci-
ally, did, in fact, exert an adjuvant effect on toxoid resulting in
about a fivefold increase in antitoxin compared with toxoid alone (4).
However, the even greater increases in antitoxin produced by the combin-
ation of E. coli antigen and cholera toxoid (at least tenfold and in some
cases, as much as 20-30 fold) led us to consider that the E. coli antigen
was acting as a "super" adjuvant by virtue of containing two separable
components: the endotoxin moiety and the enterotoxin moiety. Further,
the added advantage that the antigen also was capable of producing E.
coli-specific antitoxin suggested that it might be an ideal adjuvant
for cholera toxoid.

Subsequently, a comparative study of the vbility of the E. coli
antigen, cholera toxoid, and the combined antigens to elicit protection
against enterotoxin challenge in the rabbit ileal loop model was con-
ducted. The results showed that the combined antigen formula provided
superior protection against both CT and ECT challenge than did either
antigen alone (4). In the case of CT challenge, the protection was so
great that the highest challenge dose (of a series) did not elicit a
measurable response. This level of protection (greater than 10 meg)
was of an order of magnitude not previously observed by ourselves or
by other investigators (28).

As mentioned earlier, we had proposed that insoluble enterotoxin
might represent fragments of outer membrane dispersed during culti-
vation of the organisms (23). If this were the case, then it was rea-
soned that thoroughly washed and killed enterotoxigenic E. coli might
be capable of producing not only bacterial antibodies, but antitoxin
as well. Using two different enterotoxigenic strains (inactivated un-
der mild conditions with glutaraldehyde), rabbits were immunized as
before. The results showed that killed-enterotoxigenic organisms
were indeed capable of eliciting antitoxin (4). The antitoxin levels
produced by nine or ten logarithms of the organisms were equivalent
to those levels produced by 50 to 60 mcg of insoluble ECT. This re-
sult led us to consider that killed organisms might substitute for
insoluble ECT as an adjuvant for cholera toxoid both with regard to
antibody levels and protection. If such a substitution could be made,
then it would provide the basis for the design of a simple and econo-
mically feasible vaccine which might be useful against both cholera and

(continued)
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E. coli diarrheal disease. The toxoid, for which reliable production
methods are available (25), would be expected to provide antitoxic im-
munity against CT and ECT and the organisms, in addition to their adju-
vant properties for the toxoid, might be expected to provide antibacter-
ial immunity against certain enterotoxigenic strains. Further, the in-
corporation of cholera vibrios in the formula could provide a vaccine
of broad specificity.

In order to test the adjuvant properties of killed E. coli, groups
of rabbits were immunized with cholera toxoid (100 mcg) alone and to-
gether with the organisms (at doses of 5 x 109 or 1 x 1010). In addi-
tion, some rabbits received equivalent doses of toxoid and non-toxigenic
(killed) organisms or non-toxigenic organisms alone. The results of the
study showed that the enterotoxigenic organisms elicited antitoxin, which
like the antitoxin produced by insoluble ECT, was specific for (soluble)
ECT; whereas the non-to>)genic organisms, as expected, did not produce
antitoxin (4). Further, both types of organisms (toxigenic and non-tox-
igenic) acted as adjuvants for the toxoid (4). In both cases, the levels
of antitoxin produced were similar to those previously generated by the
combination of toxoid plus insoluble ECT.

Until this point in our investigation, the efficacy of different
antigens or antigen combinations was based on their ability to protect
immunized rabbits against cholera or F. coli enterotoxin challenge. In
order to fully evaluate protection, however, it was necessary to test
the antigens for their ability to protect against the appropriate chal-
lenge organisms, themselves,--- a situation more comparable to the dis-
ease. Since cholera antitoxin was capable of neutralizing both CT and
ECT, it was of interest to test the single (toxoid) and combined (toxoid
plus E. coli) antigens for their ability to protect against both cholera
and E. coli diarrheal disease. And, as indicated above, it was also of
interest to compare the efficacy of standard Cholera Vaccine ( a mixture
of Inaba and Ogawa serotypes) alone and together with the other antigens.
Groups of rabbits were therefore immunized with cholera toxoid (100 mcg),
E. coli Vaccine (5 x 109 organisms), and Cholera Vaccine (4 x 109 organ-
isms), each administered alone and in all possible combinations (i.e.,
toxoid plus Cholera Vaccine; toxoid plus E. coli Vaccine; Cholera Vaccine
plus E. coli Vaccine; and toxoid plus Cholera Vaccine plus E. coli Vac-
cine). In each case, antisera were obtained at the time of challenge
(conducted during a 2 week period starting on the 12th day after the
second of two inoculations spaced six weeks apart) and they were each
tested for their ability to neutralize both ECT and CT.

The results confirmed all previous studies which showed that killed
E. coli acted to elevate antitoxin titers produced by cholera toxoid, al-
though the evidence also suggested that vibrios acted to depress the ef-
fect. Further, antitoxin levels correlated well with protection: those
antigens or antigen combinations which exhibited the highest antitoxin

(continued)
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levels also providid the greatest degree of protection, Of all the
antigens tested, tie combination of toxoid plus E. coli Vaccine pro-
vided the greatest degree of protection against both cholera (Ogawa 395)
and E. coli (strain 1174-114) challenge, whereas the same combination to-
gether with Cholera Vaccine provided the second best level of protect-
ion against cholera challenge (4). Although the combination of toxoid
plus Cholera Vaccine provided better protection than did either antigen
alone, the level of protection was not as great as that provided by tox-
oid plus E. coli Vaccine or toxoid plus E. coli Vaccine plus Cholera Vac-
cine (4). In fact, the superior protection provided by toxoid plus
E. coli Vaccine as compared with toxoid plus Cholera Vaccine in this par-
ticular study suggested that antitoxic immunity might be the predominant
factor in cholera immunity after all --- especially since Cholera Vac-
cine, in the same study, did not act as an adjuvant for the toxoid (4).
Interestingly, the evidence also indicated that E. coli Vaccine acted as
an adjuvant not only for cholera toxoid but for Cholera Vaccine as well,
since better protection was provided against cholera challenge by the
combination of E. coli and Cholera Vaccines than by Cholera Vaccine
alone (4).

Although further studies would be required to establish the sup-
eriority of any particular combination of antigens, the results of
the above investigation do indicate that the inclusion of an appro-
priate E. co]i antigen (in this case, killed E. coli Vaccine) in a
toxoid or toxoid/vibrio vaccine formula may make the difference bet-
ween marginal and truly effective protection against cholera and, the
simple combination of cholera toxoid and E. coli Vaccine may provide
excellent protection against E. coli diarrheal disease. The use of
the killed organisms obviates the need to produce and purify ECT,
which it has been noted, is produced in exceedingly small amounts.
Further, the organisms themselves are likely to contribute an anti-
bacterial component to the immunity which is developed. Unfortun-
ately, termination of contract support has precluded an examination
of the specificity of the bacterial antibodies generated by the com-
bined antigen formula.

Finally, it is noteworthy that both cholera toxoid (as prepared
by these laboratories or by Burroughs-Wellcome) and Cholera Vaccine
are safe for human use, and that combinations of the two are to be
tested in field studies in Bangladesh (N. Pierce, personal communi-
cation). The present studies raise the question of the safety of
E. coli Vaccine for man. As far as is known, the method selected for
inactivation of the organisms (i.e., glutaraldehyde) appears to have
produced an antigen with little or no demonstrable toxicity since
2 x 1010 organisms, when administered i.p. to mice, failed to prevent
weight gain in accordance with the specifications of mouse toxicity
tests for Bordetella pertussis. Since the diseases in question are
confined to the gastrointestinal tract, it would clearly be of interest

(continued)
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to determine the efficacy of the present preparations when they are
administered by the oral route, or possibly, by a combination of par-
enteral (toxoid) and oral (toxoid plus E. coli Vaccine) routes. If
significant protection could be demonstrated, then it would obviate
many of the problems associated with the development of parenteral vac-
cine formulations. However, the present usage of Gram-negative bac-
teria in several parenteral vaccines (Vibrio cholerae, Bordetella per-
tussis, and Salmonella typhosa) provides a precedent for considering
the potential incorporation of an appropriately detoxified E. coli
antigen in a parenteral toxoid vaccine.
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