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INTRODUCTION

The subject of this thesis is the serological cross-neutralization

of exotoxins (enterotoxins) derived from strains of Escherichia coli

isolated from patients with cholera-like diarrheal diseases. It is
hoped that the results of this study may demonstrate the feasibility
of further research to develop a vaccine for immunization against the
diarrheal-provoking enterotoxins of E. coli.

Since the disease caused by these enterotoxigenic E. coli is

clinically similar to the diarrhea caused by Vibrio cholerae and the

toxins mediating the diseases are similar, it will be helpful to first

review what is now known about Vibrio cholerae and the disease it

causes.

I. Diarrheas Caused by Vibrio cholerae

A. Epidemiology and History of Cholera

Many authentic documents have been produced which affirm that
the clinical disease ‘Cholera’ has been endemic in and around the
Ganges River systems of the Indian subcontinent for at least a thou-
sand years (73). Felsenfield (33) notes that according to the Nei
Ching Chronicle, the disease was known even in ancient China. However,
there are no records of cholera epidemics involving other parts of the
world prior to 1817. It appears that the pandemics of the 19th century
originated in the region of the West Bengal province of India and
Bangladesh (33).

The world has experienced seven cholera pandemics in the last
150 years, all having originated in the same region and subsequently
spread along trade and travel routgs. The first pandemic of 1817

encompassed Arabia to the west and China and Japan in the east, with



some spread into Russia. The second pandemic in 1829 involved Asia,
North America, and parts of Africa and Europe. It was during this
pandemic that a British physician, John Snow, showed the important
role of water in the transmission of the cholera agent (43). He
described a grand scale natural éxperiment in London wherein two com-
peting companies supplied water to some 300,000 customers of every
age, station and rank. One group, supplied with water contaminated
with the sewage of London, had a mortality of 71 per 10,000, while
the other group received the relatively ¢lean water from the Thames
and had a rate of 5 per 10,000. The results convinced Dr. Snow that
a living contagion was contained in the water.

The third and fourth pandemics of 1852 and 1863 followed similar
routes as the previous ones. The fifth pandemic of 1881-1896 was
studied in Egypt by Robert Koch and others. At this time Koch des-
cribed the Vibrio bacillus as the agent causing a specific gastro-
intestinal infection. England and the U.S. were not involved in this
epidemic, as they had instituted effectivé public sanitation rules.
Introduction of cholera into New York was averted by bacteriological
recognition of the presence of the disease on an infected ship from
France (383).

The sixth pandemic (1898-1923) took a great toll during and after
the first world war, in India and in Central and Eastern Europe. The
toll in European Russia was reported at over 300,000 alone (98).

In 1958 a seventh pandemic began on the Celebes Island of Sulavesi,
Indonesia, and has spread through Southwest Asia, the Middle East and
to the borders of SoutheasternAEurope. In 1970 the disease had spread

extensively into Africa and has been reported 1in Korea, the Soviet



Union, Turkey and Czechoslovakia, and it appears that as of 1971 new
focl pose a threat to the western world (43). This recent pandemic is

caused by a newly recognized strain of Vibrio cholerae, the El Tor

biotype. This strain is difficult to contain because it causes many
asymptomatic and mild infections. In addition to these properties of
the E1 Tor biotype, the population explosion, the primitive sanitation
of developing countries, modern rapid transportation and lack of an
effective vaccine have combined to aid in the spread of the disease
over three continents in the last decade.

B. Bacteriology and Serology of V. cholerae

The Vibrio cholerae organism is a comma-shaped, gram-negative

bacillus which has a single polar flagella. The organism was first
described in 1854 by Pacini and isolated as the cause of cholera
thirty~two yéérs later by Robert Koch (8).

There are two biotypes: the “Classical” and the "E1l Tor”. The
'Classical’ is the more fragile and more virulent strain. The ‘El Tor’
biotype was isolated in 1906 at the E1 Tor quarantine station in Egypt,
and it was noted that these vibrios had the ability to hemolyze a
suspension of erythrocytes (8). It has been noted (8,32), however,
that the hemolytic activity is not a constant characteristic of the
El Tor strain. Ballows et al. (3) list five differential character-
istics of Classical and E1 Tor vibriocs. These include: c¢hicken red
blood cell agglutination, Polymixin B susceptibility, Mukerjee type IV
phage susceptibility, Voges-Proskauer reaction, and tube sheep erythro-
cyte hemolysis.

Many workers have studied serological groupings of Vibrio cholerae

organisms (7,53) and have recognized at least three ”0” antigen
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structures. The Classical and El Tor biotypes have the same antigenic
structure which has been subgrouped (sub~0-groups) as follows:
Ogawa = AB; Inaba = AC; Hikojima = ABC.

C. Clinical Response to Infection

During the course of an infection, large numbers of V. cholerae
are found in the lumen of the small intestine (46). In experimental
animal infections, the organisms are found absorbed to the mucosal
surface and in the luminal fluid (73). Howeve;, they do not invade
the epithelium or enter the crypts of Lieberkihn (30). The incubation
time is one to three days and occasionally five to ten days (33).

As previously mentioned, cholera may assume various clinical forms
from mild to severe., Typical clinical cholera begins suddenly and
painlessly with profuse diarrhea. Absence of tenesmus and cramping
is characteristic (83), There is seldom blood in the stools and as
the bile becomes diluted the stool gradually assumes a whitish-gray
color called the "rice water” stool. Vomiting occurs in many patients
but may be absent (73). The fluid loss leads to severe electrolyte
depletion and may, in severe cases, cause cardiovascular collapse and
death in 8-12 hours from onset (43). Patients with clinical cholera,
if untreated, have a mortality rate of 60% or more. When fluids and
electrolytes are replaced adequately, the mortality can be reduced
to nearly =zero.

The clinical features of acidosis and fluid depletion can be
corrected in 2~3 hours in adults with proper treatment, but the diarrhea
may continue for 2-6 more days. During this time the patient is well
but may lose 1 to 60 liters of fluid which must be continually replaced

(51). With a disease as dramatic and rapidly fatal as this, it is no



wonder that many theories have arisen as to its causes and many man-
hours have been expended in its solution.

D. Treatment of Cholera

l. Fluid Replacement
It has been shown tﬁat the simple replacement of stool fluid
volume lost with an intravenous electrolyte solution can reduce mortal-
ity in all ages to less than 1% (71). Ireatment produced dramatic
recovery with the patient rapidly regaining warmth and alertness. In
four to seven days the diarrhea ceases and the patient is cured (51).
The recent development and testing of an electrolyte solution containing
glucose or glycine which can be administered orally by untrained per-
sonnel has grgatly reduced the cost of treatment. This method can
utilize local water sources to make the solutions, thus making treat-
ment more reéaily available (51).
2. Antibiotic Therapy
Tetracycline, a vibriocidal antibiotic, has been field
tested in Dacca (71) and Calcutta (12) and has been shown to reduce
duration of the diarrhea (98) to about two days and the volume of fluid
lost about 60% (71). Other antibacterial agents which have been tested
and shown to be effective are furazolidone and chloramphenicol (11).

E. Diarrheal Animal Models of Cholera

The efforts to understand the pathophysiology of cholera by
utilizing an animal model have been difficult, with many confusing
experiments having been reported in the literature. One of the main
reasons for this difficulty is that the disease only occurs in man,

and the cholera vibrios only produce their effects naturally in the



lumen of the small intestine. Another related problem is that before
the vibrios can colonize the small intestine, they must pass the host’s
first line defense —— the acid stomach.

Pollitzer (73) has reviewed the many animal models that were
attempted up to 1959. Some of the models utilized parenteral or intra-
venous injections of live vibrios which lead to septecemia and death;
this type of experiment is not relevent to natural cholera. Other
studies, however, have relied upon oral or intra-intestinal innocul-
ations of live vibrios which gave rise to diarrhea and dehydration,
and thus did reflect the natural course of the disease. Currently
there are three reliable animal models in wide use. These are:
the suckling rabbit model, the adult rabbit ligated ileal segment,
and the dog model. The focus of this review of current models and
the earlier work will be on the rabbit model as it pertains to this
thesis.

1. Infant Rabbit Gastric Intubation

Issaeff and Kolle (1894) administered V. cholerae organisms
to young rabbits by stomach tube after neutralizing the gastric contents
with 5% sodium bicarbonate. They noted that diarrhea occurred and the
organisms remained confined to the intestine (73). Metchnikoff intra-
orally infected 1~4 day old rabbits which had only received mothers’
milk with cholera vibrios and was able to show that these young rabbits
were highly susceptible.

In 1955 this model was modified by Dutta and Habbu (28) to increase
the reproducability of the results. They noted that young rabbits lose
susceptibility to oral infection or to orally administered enterotoxins

with increasing age. Thus, they used rabbits 8-10 days old. The



modifications involved repeated rinsing of gastric contents with tepid
water until the rinsings were clear. The test material was directly
injected by catheter into the stomach. Under these conditions, most
animals followed the clinical course of the disease as observed in
humans. Later, they reported that cell free products of V. cholerae
when gilven intragastrically to 9-10 day old rabbits caused a diarrheal
disease similar to that seen in cholera infections (18).
2. Rabbit Ligated Ileal Loop Models
(a) Isolated intact segments
In 1894, Issaeff and Kolle performed laporatomies on

11 rabkits and injected Vibrio cholerae suspensions directly into the

small intestine. Four of the rabbits died in 1-9 days and showed
clear signs of enteric cholera with no infection of the internal organs
(73). Viollerand Crendiropoulo (1915) tied off a small proximal segment
of the small intestine at both ends and injected cholera organisms.
They observed typical lesions and fluid-filled loops by this methoed,
but had negative results if only one end was ligated (100).

It was 37 years before this model of Violle and Crendiropoulo was
rediscovered bj S.N. De and D.N. Chatterje in 1953 (22). They utilized
this method to assay the intestinal fluid producing activity of peptone

broth suspensions of Vibrio cholerae. They ligated several ’loops’

along the small intestine and noted that segments injected with sterile
peptone water were empty and collapsed while the cholera loops were
swollen and necrotic (22).

Later it was found by Leitch et al. (61) that the mucosal epithelium
remained intact in the toxin challenged loops for up to 12 hours, at

which time there appeared histological evidence of damage due to fluid



pressure in the segment.

In 1959 De et al. (21), using the ligated intestinal loop model,
was able to demonstrate that cell-free culture filtrates of V. cholerae
promoted fluld accumulation in the segments. They determined that the
agent causing the fluid accumulation was heat labile (56°C), non-
dialyzable, and appeared in young cultures. Inasmuch as this component
or exotoxin had specific activity in the small intestine, they called
it an “enterotoxin”.

Burrows and Musteikis (1966) (8) and Kasai and Burrows (1966) (52)
extended the work of De and showed that a cell-free ultrasonic lysate
of V. cholerae contained enterotoxins similar to those reported by De
and hils associates. Most important, they modified the ileal loop
model so that reasonably reproducable, quantitative data could be
obtained. Burrows and Musteikis (8) demonstrated a dose-response re-
lationship in a Sigmoid shaped curve when the milliliters of fluid
produced per centimeter of intestinal segment was plotted against the
log dose of purified cholera exotoxin. The curve was asympfomatic
at 2.75 ml/em (in their variety of rabbits). From this curve they
defined ‘one unit’ as being the amount of toxin that caused 50% of the
maximal reaction. They noted large variation from animal to animal,
and variation in response to the same dose injected proximally to dis-
tally along the small intestine. Consequently, they recommended using
only the first 100 centimeters above the appendix.

Burrows and Musteikis (8) noted that fluid begins to noticably
accumulate in 4-5 hours and was maximal in 10-12 hours. This was
reconfirmed by Leitch and Burrows in 1968 (62). In this study, it

was shown that the ducdenum, lower ileum and upper ileum were



decreasingly responsive in that order. They also noted that the colon
was unresponsive to toxin challenge.

The ligated ileal loop model has been widely used in the last decade
not only in rabbits but in pigs, calves, dogs, rats and mice.

(b) Perfused ligatea segments in the adult rabbit
Craig (18) has reviewed a modification of the ligated
ileal loop model which attempts to overcome the problems of over-
distension and subsequent necrosis and difficulty in sampling the fluid
produced during.the test period.

This model utilizes catheterized ileal segments which undergo con-
stant intraluminal perfusion. The advantage is the ability to study
fluid and electrolyte movemenfs and toxin reaction time relationships.
The disadvantages are the problems in maintaining an anesthetized
animal, the limit of only two segments per animal, and maintaining the
perfusion system for many hours. Workers have observed that the magni-
tude of fluid loss (approx. 0.2 ml/om/hour) is within the range seen
in natural cholera in man. Craig (18) nofes that studies have shown
that individual rabbits may differ 100-fold in enterotoxin suscepti-
bility as measured by differences in the fluid flux rates. This great
variability in toxin dose response makes the comparisons in potencies
of two enterotoxin préparations very approximate. It appears that to
obtain usable data points, approximately the same number of rakbits per
dose must be used as with the ligated segment model.

3. The Canine Model
Pollitzer (73) reports that early attempts to infect dogs
with V. cholerae were met with variable, but for the most part unsuc-

cessful, results. The model was revived in 1965 by Swallow et al. (93)
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who studied the effects of cholera exotoxin on the adult dog Thiry-
Vella loops of jejunum, distal ileum and colon.

The dog as an experiment animal model was thoroughly established by
Sack and his associates in 1966 (76), and subsequently utilized in de-
talled investigations of the pathophysiclogy of cholera (77-80). These
workers were able to show that the rate of production of gut fluid
during experimental cholera in dogs was independent of mesenteric blood
flow and pressure over a wide range (18). Thus, it seems unlikely that
filtration of fluid (transudation) from the network of capillaries in
the intestinal villae is the important mechanism in fluid loss. They
were also able to quantitatively study the attack, survival and rein-
fection rates, as well as other aspects of pathophysiology.

4. Other Animal Models

Tﬂe rat has been investigated as a more economical assay

model for cholera enterotoxins and has been reported to accumulate fluid
in the toxin challenged ileal segments at a rate of 0.3 ml/om for the
first eight hours. So far the model seems limited to one to two seg-
ments per animal and has similar problems in‘reproducability as other
systems (2). The guinea pig, as previously noted, has been successfully
used (78), and has been more recently used in intraluminal cultivations
of V. cholerae (60). However, it appears to suffer from the fact that
the animals must be extensively pre-treated and the animal does not
develop diarrhea, although they do accumulate fluid (77).

F. Non-diarrheal Biological Assay Systems

1. Cutaneous Vascular Permeability Factor
Craig (1965-66)(15,16,17) showed that when dilutions of V.,

cholerae culture filtrates or cholera rice water stools are injected
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intracutaneously into rabbits and guinea pigs, the blood vessels become
permeable to protein. This appears as an induration which is easily
visualized and measured if a dye such as pontamine sky blue is injected
intravenously shortly before the lesions are examined. This permeabil-
ity factor has been shown to have all the characteristics of the cholera
exotoxin that is active in the lumen of the gut. Mosely et al. (1970)
(65) have introcduced immunologic data from serological titrations in two
systems that strongly support the view that the enterotoxin and fhe
permeability factor are the same. This system is important not only in
that it is a convenient and reproducable assay of toxin and antitoxin
titers, but it may give some clues as to the mechanism of pathogenesis
of cholera, It must be remembered, though, that sufficient proof has
been given to show that vascular permeability per se is not the mechanism
operative in';holera.

2. Rat Foot Pad Edema

When purified Vibrio cholerae enterotoxin is injected into

the rat foot pad, a localized edema occurs after a delay of 2-4 hours.
This reaction has been shown to be dose dependent and temporary (41).
This phenomenon is probably due to the same factors that stimulate
cutanecus vascular permeability.

3. Inhibition of Electrolyte Transport in Isolated Intestinal
Mucosa

One of the possible mechanisms to expléin the accumulation
of luminal fluid in response to the cholera exotoxin is an alteration
in an ion-transport system. Huber and Phillips (1962) demonstrated the
presence of a sodium transport inhibkition in cholera stools using the
short-circuited frog skin method (18). This inhibition of sodium trans-

port proved not to be the exotoxin of V. cholerae, but a heat stable,
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dialyzable substance. Nevertheless, these studies have stimulated
others to investigate the effects of the cholera exotoxin on uni-
directional sodium fluxes across the intestinal mucosa stripped of its
muscularis and mounted in Ussing (97) chambers. They have shown that
normal transport of sodium from ﬁucosa to serosa 1s reduced in the
presence of cholera toxin and the normal mucosa-serosal chloride
transport is reversed so that active chloride secretion occurs. These
results have been verified in studies involving human ileal mucosa (72).

Similar studies have shown that enhanced sodium trénsport ocours
when the mucosal surface is exposed to glucose and glycine, and cholera
toxin does not block this effect. Clinical observations have shown that
the administration of oral glucose-saline solutions result in adequate
sodium absorption because of its coupling to glucose transport (48).

4, Lipase Stimulating Factor

It has been demonstrated that in the presence of cholera
enterotoxin (99) isolated rat epididymal fat cells release glycerol
into the surrounding medium. This lipolyéis stimulation is proportional
to the log of the enterotoxin concentration and is neutralized by
specific cholera antitoxin. This system has been used to titrate toxin
and antitoxin concentrations. The advantages of this system are that
it 1s more reproducable than rabbit ileal loops and many samples can be
assayed in 4 hours.

G. Vibrio cholerae Enterotoxin Production and Properties

Cholera exotoxin has been produced by extraction from alkaline
peptone broth filtrates (21,24) from a semi-defined broth called ’syncase’
(89) or by lyeils of cells by ultrasonic or other means (52). Studies

have shown this toxin molecule to be a true protein exotoxin; it is
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non-dialyzable, precipitated by saturated ammonium sulfate, is not ab-
sorbed on membrane or glass filters, is not inactivated at 50°C, but
heating at 56°C for thirty minutes completely inactivates it (18). It
has also been shown to be stable at pH 6, but its fluid producing act-
ivity is maximal at pH 8 (39,48).

Recently the cholera toxin and toxoid have been crystalized and
shown to contain no endotoxin (lipids) or sugar residues; they are
electrophoretically and immunclogically homogenous (42).

The moleculgr weight of the purified exotoxin has been measufed by
various workers to range from 10,000 to 60,000 (18,48). This variation
in apparent size does not necessarily imply basic differences 1in toxins
but is more likely related to differences in production methods which
may lead to fragmentation or polymerization of toxin molecules (48).

H. Pathophysiology of Fluid Loss in Human Cholera

On July 26, 1884, Robert Koch addressed a conference in Berlin,
presided over by Virchow. KXoch was reporting on the identification of

Vibrio cholerae as the cause of cholera in Egypt. Koch reported, con-

trary to the observations of Virchow, that the organisms were confined
to the lumen of the intestine and did not spread to the blood or mesen—
teric glands. Also, on autopsy there was no visible damage to the
walls of the intestine. Koch proposed that the bacilli growing in the
gut caused death by producing a specific poison “that acted on the
epithelium” (43). It is of interest that it was in 1884 that Loeffler
suggested diptheria toxin and in 1885 Nicolaier proposed tetanus toxin.
The most widely held view at that time had.been proposed by Virchow,
who had observed autopsies on victims tﬂat had been in prolonged shock.

He proposed that the losses were due to epithelial slough and consequent
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loss of plasma. Virchow’s views were widely accepted and have appeared
even recently in a modified form where it was suggested that the mucinase
of the vibrio ailds in the mucosal slough (5).

In the past ten years, the earlier views of Xoch and later workers
have been confirmed. Gangarosa and his associates (1960) (44) utilized
the Crosby peroral intestinal biopsy instrument to obtain serial intest-—
inal specimens from human cholera cases in Thailand, By studying acute
and convalescent morphologic patterns in the intestine( they concluded
that the mucosa was not damaged during the diarrhea. These studies
have been extended with electron microscope studies by Elliot et al. (30)
and Moon et al. (63) who also confirmed that villous epithelial cells
remain intact.

With the hindsight of the last few years, the pathogenesis of cholera
appears simple. The victim ingests a bacteriél innoculum adequate to
survive the stomach acid. The duodenum and jejunum, which normally
harbor only small numbers of gram-positive bacteria, and the ileum,
which may have a few gram-negative bacteria, become colonized with

Vibrio cholerae cells in large numbers 00,49; The bacteria produce an

exotoxin which acts on receptor sites in the epithelial cells in the
lumen of the small intestines causing the cells to exsorb saline faster
than it is absorbed, thus leading to rapid fluid accumulation (18,43).
This fluid which enters the lumen of the intestine is derived from the
bloed plasma. It seems most probable that it enters as a result of ion-
transport mechanisms in intact functioning cells.

I. Current Theory on the Mechanism of Fluid Production by Cholera
Toxin

Field (35) noted that certain drugs such as thecphylline, which
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inhibits the degredation of cyclic adenosine monophosphate (cyclic~-AMP)
have similar short—circuit current and electrolyte effects as cholera
exotoxin. It was suggested that the cholera toxin may operate via an
intermediary molecule such as cyclic-AMP in stimulating chloride hyper-
secretion., Several lines of evidence seem to be converging to support
this view. Cholera toxin increases levels of cyclic~AMP in intestinal
cells (35), and appears to stimulate adenyl cyclase (58,83), the enzyme
that converts adenosine-triphosphate (ATP) to cyclic-AMP. These effects
of cholera toxin on levels of cyclic-AMP have been observed in non-—
intestinal tissues also (72,99). In summary, it is proposed that the
cholera toxin activates the adenyl cyclase located in the epithelial
cells of the small intestine. This enzyme functions to reduce ATP to
cyclic-AMP, which then regulates sodium and chloride flux through the
cells, ) |

J. Cholera Immunity

Cholera vaccines have been used without proof of their effect-
iveness since the beginning of this century. It has been shown recently
that the best of the currently available vaccines give an immunity to
85% of those vaccinated but the protection does not last longer than
six months (70). These vaccines are prepared from whole cells and con~
tain few extracellular products. It has been shown that when vaccine—
induced immunity is overcome, such that symptomatic cholera occursg, the
disease is indistinguishable in severity and length from cholera in
non-protected persons (102). In contrast, workers using cholera toxoid
with or without adjuvant to parenterally immunize rabbits showed sig-
nificant protection to cholera exotoxin challenge (40,52). Moreover,

Curlin and Carpenter (20) have recently shown that when the blood of
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a hyperimmunized dog is cross circulated to the intestinal supply of

a non-immunized dog, and visa versa, the cholera toxin challenge loops
in the non-immunized dogs being perfused produce significantly less
fluid than those in the immunized dogs receiving blood containing anti-
toxin. This suggests that humoral, circulating antitoxin is capable of
neutralizing a luminal challenge with toxin. Currently there is no
information published as to the ability of toxins or toxoids of ¥
cholerae to prevent cholera in man, although active research is being
done.

People surviving cholera have measurable antibody titers against
both the exotoxin and 'O’ antigen (52,98,102); however, it is possible
that the enteral exposure to the exotoxin is not long enough to stim-
ulate effective immunity (98). This possibility is supported by the
recent documéntation of 14 cases of cholera reinfection. 8ix of the
cases were within 13 months of the first infection. This implies that
natural immunity may be very short lived (104). Ideally, an adequate
vaccine would provide antitoxic and antibacterial immunity on a long-

term basis (6).

II. Diarrheas Caused by Escherichia coli

Thus far the discussion has focused upon cholera as a disease
entity and the principles of investigation that have developed to
understand its pathophysiology. The knowledge and principles that

have been acquired concerning Escherichia coli as the eticlogical

agent of acute diarrhea have followed a parallel and overlapping course

to the study of cholera.
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A. Historical Recognition of Enteropathogenicity of Escherichia
colil

The E. coli bacillus is usuaily thought to be a normal inhabitant
of the large intestine in concentrations of 107 - 108/m1 and has only
recently been recognized as the cause of acute diarrhea. In the decade
of 1940 to 1950, considerable epidemiological evidence was compiled

that ineriminated certain specific strains of Escherichia coli as causes

of epidemics of neonatal diarrheal diseases. Prior to this period, E.
coli isclates from infantile gastroenteritis had been studied for many
years, although biochemical methods used were not adequate to differen-
tiate the strains (29). Bray (1945) and Bray and Brovan (1948) were the
first to associate a particular serotype with outbreaks of infantile
diarrhea (29). Subsequently, Kauffman and his associates established
definitive typing methods for E. coli and developed an antigenic scheme
in which they could be classified (54).
At present, a specific strain of E. coli is defined as being entero-
pathogenic for infants when it is:
1. Isolated under epidemic conditions as the predominant coli-
form in the stools of infants.
2. Eliminated by antibiotic therapy and coincidental with
recovery.
d. Assoclated with a specific antibody response in convalescence.
4. Relatively rare in the general community.
When a strain meets these criteria, its antigenic structure is noted
and the typing antiserum is added to the reference set (47).

B. Bacteriology and Serology of Escherichia coli

E. coli are faculative gram-negative rods which give similar

biochemical reactions and can be subdivided serologically into many



18

different subgroups (29).
The antigens that have been serologically classified are:

1. The ‘0’ or somatic antigens: heat stable cell wall lipo-
polysaccharides which are serologically divided into about 150 types.

2. The 'K’ antigens: a group of related antigens which occur
as an envelope or sheath (capsule) around the ‘0’ antigens and conse—
quently inhibit agglutination. These antigens are inactivated by
boiling at 100°C for one hour.

3. The 'H’ or flagellar antigens: ones which are inactivated
by heat at 100°C,

C. Clinical Response to Infections in Human Volunteer Studies

In 1950 Neter and Shumway (67) studied E. coli serotype 0111 to
determine its effect when ingested orally in varying concentrations in
infants. The& found that approximately 108 organisms ingested with the
milk formula resulted in diarrhea in 24 hours. Antibiotic treatment
cleared the organisms and relieved the symptoms in less than 48 hours.
Later, Ferguson and June (84) conducted adult feeding experiments with
serotype 0111 B4. They found that oral ingestion of a large innoculum
(9.0 x 109) produced symptoms ranging ffom nausea to acute gastroenteritis
with violent diarrhea, tenesmus and vomiting. Feeding about 5 x 108
organisms caused only a mild illness. A large percentage of the volun-~
teers developed high titers of serum agglutinins. Ingestion of non-
enteropathogenic E. coli (one serotype) isolated from normal infants had

no demonstrable effects.

D. Rabbit Ligated Ileal Loop Assay of Enteropathogenic E. coli

1. Investigations of Enteropathogenic E. coli from Acute
Diarrhea in Infants and Adults

In 1956 De and his co-workers (23) noted that during the
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annual cholera epidemics in Calecutta, a significant number of the

clinical cases were negative for Vibrio cholerae by culture methods.

This had been attributed to faulty bacteriologic technique. It was
noted, however, that some patients seemed heavily colonized with

Escherichia coli. They injected alkaline peptone water cultures of

these organisms into the rabbit ileal loop model earlier developed for
cholera studies, and were surprised to find these organisms gave the
same fluid accumulating response as cholera vibrios. They noted that
the fluid produced was clear and there was no evidence of acute in-
flammatory change in the cell wall of the gut. They found that three
of twenty strains of E. coli from healthy patients caused flﬁid acoum—
ulation, fifteen of twenty from patients with acute diarrhea and nine
of twenty from patients with chronic diarrhea. They also tested three
strains of E. coli isolated from infantile diérrhea and found them to
be positive; however, they did not test culture filtrates and did not
serotype the organisms.

In 1958 Taylor (94) and her colleagues applied the rabbit loop
model to further investigate the enteropatho@enicity of E. coli. Al-
though their assay technique was similar to that developed by De and
co-workers, it is worth noting that they injected freshly innoculated
peptone water into the loops and thus no significant amount of entero-
toxin was present. The reactions in the loops were graded from very
mild to very severe on a histological basis alone and with no regard
to the amount of fluid produced. In subsequent studies (95), these workers
found that the same serotype of E. coli gave positive or negative loop
results depending upon whether or not the strain came from an infant

who was sick with gastroenteritis or was healthy. By actively immunizing
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rabbits with homologous live cell cultures they could demonstrate
partial antibacterial protection. In experiments in which antisera and
homologous E. coli serotypes were mixed prior to injection into loops,
complete protection could be demonstrated while the antiserum gave no
protection to heterologous E. colil serotypes.

In 1966 Taylor andABettelheim (96) found that chloroform-killed
suspensions of enteropathogenic E. coli caused ileal loop dilation in
rabbits which correlated with the activity of the live organisms; how-
ever, the factor causing the activity was very labile and could not be
isolated,

Sakazaki et al. (82) studied seven hundred and eighty—nine strains
of enteropathogenic E., coli isolated from children and adults in Tokyo.
On the basis of clinical observations they divided the enteropathogenic
E. coli into two groups: one type caused gasfroenteritis as does
Salmonella, and one group caused a Shigella-like dysentery.

Ogawa et al. (68) in 1968 utilized the rabbit ileal loop assay to
investigate the enterotoxigenicity of E. coli; they also used the
"Serény test” for invasion of the conjunctival sac in guinea pig eyes,
and innoculations of Hela S3 cell monolayers for determination of
intracellular growth. They reported a definite difference in the
pathogenic behavior of two types of E. coli. One type, which caused
a Shigella-like dysentery disease, possessed the ability to cause
keratoconjunctival infection in guinea pig eyes, and invaded and
multiplied intracellularly in cell cultures. The other E. coli type
caused a Salmonella-~like enteritis and was non-invasive in the eye

or cell cultures, but caused dilation of rabbit ileal loops.
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DuPont et al. (27) in 1871 while studying isolates of E. coli from
American soldiers in Vietnam, confirmed the work of Sakazaki and Ogawa
and further demonstrated that on feeding the strains to adult volun~
teers (in appropriate concentrations), the clinical manifestations
produced related to the proposed mechanisms of pathogenesis. The
clinical picture seen with invasive E. coli infection included blood,
mucous and pus cells in the diarrheal stool with tenesmus and urgency;
the colon was the predominant site of multiplication. In contrast, the
enterotoxigenic strains caused a mild cholera-like diarrhea with 5 to
10 watery stools per day, but without blood or pus in the stools and
without tenesmus. These organisms were recovered in large numbers in
jejunal and ileal aspirates as well as from the stool, thus implicating
the small intestine as the primary target organ for the enterotoxin.

Sack et al. (81) in 1971 studied 17 adult patients in Calcutta
suffering from severe diarrheal disease., None of these patients had
a recognizable pathogen, but were heavily colonized with E. coli in
the small intestine. They were able to demonstrate for the first time
that enterotoxigenic strains of E. coli cause disease in humans and
" that the enterotoxin is similar in acti?ity (in-vivo and in-vitro) to

the enterotoxin of Vibrio cholerae; however, there appeared to be no

immunologic cross reactivity between cholera and E. coli enterotoxins.
These workers produced the E. coli enterotoxin in ’syncase’ broth

developed by Finkelstein (89) for production of Vibrio cholerae entero—

toxin. The enterotoxin was semi-purified from one strain of B« goli
and characterized as to its activity in rabbit ileal loops. The toxin
was shown to be heat labile, non-dialyzable, precipitated by 40%

ammonium sulfate and of rather low antigenicity in rabbits. The toxin
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did not contain permeability factor when tested intradermally in
rabbit skin.

2. Investigations of Neonatal Enteric Infections in Animals

Smith and Halls (84,85) in 1967, studying the veterinary aspects

of neonatal diarrheas in swine, found the ligated weanling plg intestine
useful for assay of enteropathogenic E. coli isolates from pigs. They
demonstrated for the first time that the dilation of the ileal loops
was caused by an exotoxin in the sterile culture filtrates of E. ofeh &
cultures. The activity of the sterile culture filtrate correlated with
the aqtivity of the live cell cultures. In 1968, Smith and Halls (86)
found that the genetic component of E. coli that controls production
of the enterotoxin (exotoxin) was transferable by conjugation from E.
coli to unrelated E. coli and Salmonella organisms. This episomal
fdctor has been labelled “Ent” and has recently been shown to occur in
isolates of human enterotoxigenic E. coli as well as pig E. eoli (89).
This ”"Ent” factor has also been shown to be stable on repeated sub-
cultures and by treatment with acriflavine.

Cyles and Barnum (50) described both heat stable and heat labile
enterotoxins in cultures of pig E. eual isolafes. Following additional
work by Smith and Gyles (88) it was concluded that the heat stable
enterotoxin (which was non-antigenic) and the heat labile enterotoxin
(which was antigenié) were probably variants of the same toxin with
their relative amounts depending upon cultural and isolation conditions.

E. Evaluation of E. coli Enterotoxins in Other Experimental Models

In addition to rabbits and pigs, the ileal segment assay has
been tried in mice (74), dogs, calves, guinea pigs and rats (64). 1In

the evaluation by Moon and Whipp (64), the rabbit ileum was found to
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the most sensitive intestinal method for detection of E. coli entero-
toxins. A rabbit skin test for permeability factor has been found to
be more sensitive (64), but it is not known if this factor is the same
as the enterotoxin. E. c¢oli enterotoxin has also been tested for its
effect on net ion transport in the Ussing chamber and found to have
similar effects on ion flux across the small intestine epithelium as
V. cholerae (1,97)

Currently, E. coli toxin is being evaluated in the other assay sys-

tems used for cholera enterotoxin.

F. Enterotoxins Produced by Other Organisms

Recently other investigators have begun to isolate and charact-
erize enterotoxins from several organisms which have been causally
associated with diarrheal diseases. These enterotoxins have been shown
to be active in fluid production in ligated rabbit ileal loops.

Keusch et al. (57) in 1970 have réported a heat labile, non-dialyzable

exotoxin of Shigella dysenterae I, which was active in the rabbit ligated

loop model. This toxin had a M.W. of approximately 40,000~60,000 and
appeared to be inactive in the skin permeability test.

Stark and Duncan (91,92), in a series of experiments, have shown

that Clostridium perfringins produces an enterotoxin that is heat labile,
non-dialyzable, inactivated by pronase, antigenic, étimulates a frans—
ient increase in guinea pig skin capillary permeability, and is active
in the rabbit ileal loop.

Another enterotoxin active in the rabbit ileal loop has recently

been isolated from culture filtrates of Pseudomonas aerugenosa; however,

this toxin has not been characterized as well as the previously described

toxins (59).
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With the exception of the clostridial enterotoxin, there are no data

to clarify the role, if any, of these enterotoxins in the production of

disease.
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STATEMENT OF THE PROBLEM

For many years certain serotypeé of E. coli have been implicated
as having the potential for enteropathogenicity in neonatal humans and
domestic animals. It has also been recognized that these same serotypes
may be present in healthy individuals in the same populations. Only in
the last few years has it been known that E. coli organisms of diverse
and unrecognized éerotypes can be pathogeniec by different mechanisms
and some can cause acute cholera~like diarrhea.

Large scale field studies have shown that immunization with cholera
vaccine made from whole cells of V. cholerae provides antibacterial pro-
tection for about six months to 50% of the population. On the other
hand, animal studies have shown that immunization with purified cholera
enterctoxin which gives antitoxic immunity to large challenge doses of
enterotoxin may give even a longer period of protection.

Animal studies of E. coli enterotoxin have provided nebulous and
contradictory results as far as determining if the E. coli enterotoxin
is serotype specific, that is, intimately related to the cell wall
antigens. There is also no clear evidence to determine if immunization
will protect against E. coli enterotoxin challenge.

The research proposal of this thesis was to:

1. Isclate enterotoxins from E. coli of diverse serotypes and
assay them in rabbit loops.

2. Inject rabbits parenterally with enterotoxin preparations in
an attempt to elicit antitoxin production.

3. Try to demonstrate homologous and heterologous neutralizations
between these E. coli enterotoxins and the antitoxins in the
rabbit sera.

4. Determine by cross neutralization studies if these toxins are
immunologically related to Vibrio cholerae enterotoxin.
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5. Determine if immunization with E. coli enterotoxin is protective
against intestinal challenge with enterotoxin preparations.

It is hoped that the results described in this thesis will yeild
insight into the problems regarding possible use of E. coli entercotoxin

preparations as practical immunization agents.
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MATERTALS AND METHODS

A. Bacterial Cultures

Strains of Escherichia coli were isolated in Calcutta, India, by

Drs. R.B. Sack, 8.L. Gorbach and co-workers who utilized small bowel
intubation techniques to sample various levels of intestinal flora in
patients suffering from acute cholera-like diarrhea (81). Details of
obtaining the specimens and culturing have been previously reported (45).
These organisms were also previously tested as to their ileal loop re-
sponses by Dr. Sack (81). The serotype had previously been determined
at the University of Illinois in the laboratory of Dr. Mark Lepper, and
confirmed at the Center for Disease Control, Atlanta, Georgia, and the
W.H.O. International Escherichia Center in Copenhagen, Denmark.

The E. coli organisms studied are shown in Table 1.

The organisms were maintained on nutrient agar slants (Difco) at
room temperature. The original stock cultures had been maintained the

same way since isolation in 1968-69. One strain of Vibrio cholerae,

Inaba 569B, a standard potent enterctoxin-producing strain (88), was
also obtained from Dr. Sack for use in these studies.

B. Enterotoxin Production

The innoculum was prepared by growing the organisms overnight in a
1% peptone broth (Difco) with 0.5% NaCl (pH 7.4). One hundredth ml of
this culture was innoculated into sterile syncase; a semi-defined medium

developed (40) for the production of Vibrio cholerae enterotoxin. The

syncase was prepared according to the formula in Table 2, with the re-
agents being added in the listed sequence to avoid precipitation.

These reagents were mixed on a magnetic stirrer, dispensed in volumes
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TABLE 1

Escherichia coli Cultures Studied

Patient Number Strain Source Serotype Ileal Loop Response
931 408-3 stool 078H12 positive
931 408-4 stool 078H12 negative
931 411-5F jejunum 0126H12 positive
931 411-7 jejunum 0126H12 negative
924 339 duodenum 01l5H11 positive
924 348 stool 09K (A)*H negative
79 1105F stool 06H16 positive

* K(A) means that 0 agglutination test was carried out with an auto-
claved culture because of the presence of a thermostable K antigen
of the A variety. This A antigen was not typed.



TABLE 2

Syncase Reagents

Reagents

NH4C1

MnCls

FeClg

MgCl, 6H0
NaoyS0y4

K,HPO,

NaHPO,
Sucrose
Casamino acids

Distilled H20

41.8

89.8
5.0qg
5.0g
5.0g

10.0g

1000 ml

(Difco)

(Difco)
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of either 25 ml in 500 ml Erlenmeyer flasks or 100 ml in 2.5 liter low
form flasks, and then sterilized at 15 lb. for 15 minutes.

The stationary cultures were incubated at 37°C for 40-48 hours.
The cells were then removed by centrifugation in a Sorvalll model RC-2B
at 13,000 RPB (20,200 RCF) for 45 minutes at 4°C. The supernate was
sterilized by filtration through a 0.45u membrane filter with a pre-
filter pad and then through a 0. 22u membrane filter (Millipore Filter
Corporation, Bedford, Massachusetts). The filtrate was then dialyzed
in cellophane dialysis bags (pore Radius permeability of 24 R) using
an Oxford multiple dialyzer against 11 L of distilled water (1:11 ratio)
for four days (three changes of water) at 4°C., The dialysafe was then
lyophilized on a Virtis® #10-010 freeze dryer (Gardner, N.Y.) and stored
at -45°C, A solution of Phosphate Buffered Saline (PBS) composed of
8.5 gm NaCl, 1.07 gm Nag HPO, (anhydrous), 0.39 gm NaHg PO4"2Hs0, in
1000 ml distilled water, was used for rehydrating all lyophilized toxin
preparations making dilutions, washing the small intestine, and for
negative control loops.

Vibrio cholerae enterotoxin was prepared'by the same procedure as

E. coli enterotoxins except that the cholera organisms were grown for
18 hours in a shaking water bath (60 shakes/minute) at 37°C.

C. Rabbit Ileal Loop Enterotoxin Assays

New Zealand strain white rabbits, 2-2.5 Kg and 8-10 weeks old, were
purchased from a local source, V and R Research, Newberg, Oregon. The
rabbits had been and were maintained on an antibiotic-free food, Albers
Rabbit Family Ration (Albers Milling Co., Los Angeles, California).

Rabbits were starved for 24-48 hours before surgery; however, water

was provided before and after surgery.
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The surgical technique was essentially the same as developed by De
(22) and modified by Kasai and Burrows (52). The rabbits were anes-
thetized with ether, shaved and a two inch mid-line incision made.
Partial antiseptic precautions were observed with sterilized equipment
and gloves used to avoid gross bacterial infections. The small intestine
was gently manipulated onto the surgery drapes and was ligated approxi-
mately 90-100 om proximal to the appendix.

The intestine was then washed by gravity flow from the proximal tie
-off distally past the appendix with an injection of 10 ml of PBS. After
washing, the ileum was ligated about 5-10 cm above the appendix. The
first segment was approximately 15-20 cm long and was left uninjected
as a "blank”, Subsequent segments were 8-12 cm long with a total of
nine loops per rabbit ordinarily being used.

The inteéfine was handled as much as possible by the omentum to
avoid undﬁe alteration of the intestinal mucosal cells or the circul-
ation. Likewise, ligations were placed at locations on the gut which
would not occlude circulation. The segments were ligated, injected
from the proximal end, and the injection site was tied off resulting
in a double ligature between segments. This avoided the possibility
of leakage from the injection site or from loop to loop. All segments
were innoculated with 2.0 ml of controls and the preparations being
tested. The surgical procedure usually took about 30-45 minutes per
rabbit; the intestine was then manipulated back into the animal, the
peritoneal cavity was closed and the skin was clipped shut. Each
rabbit assay contained two loops injected with PBS as negative controls

and a V. cholerae toxin preparation as a positive control. The cholera
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control was either a 1:50 dilution of a sterile culture filtrate of a
24 hour syncase broth culture of V. cholerae Inaba 569B, or a dosage
of toxin (0.015 mg) from the same strain, titrated (as discussed below)
to be equal to 3 units of activity.

The animals were sacrificed at 15-18 hours by I.V. injection of
Beuthanasia® (Burns Pharmaceuticals, Oakland, California) and the
intestinal loops removed for measurement. The volume of fluid produced
in each segment and the lengths of the segments were measured. Ratios
of volume to length (ml:cm) were calculated for each loop.

Data were accepted from each‘rabbit only if the control loops gave
the appropriate response. That is, to be acceptable the negative con-
trol had to contain 2 ml or less of fluid and the positive control had
to give a ratio of 0.90 or more.

D. Enterotoxin Titrations and Assays of Bacterial Strains

Two ml of a live E. coli cell suspension grown in syncase as pre-
viously discussed were injected into one loop in each of three rabbits
to determine the activity of the strain.

The dose-reponse activity of each batch of E. coli enterotoxin was
determined by testing serial dilutions of the preparation in PBS. The
mean and 95% confidence limits of the ratios of each toxin dose were
plotted on semilog graph paper. One unit of activity was defined as
one half of the maximal response and was read from the graph. Potency
of additional batches of toxin was compared with previous batches.

E. Immunclogical Studies

1., Antitoxin Preparations
Preliminary experiments were conducted to determine the most

effective immunization schedules. Eight to ten week old New Zealand
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rabbits were immunized in groups of 3-4 according to the following
schedules with all rabbits being pre-bled to determine baseline titers.

Group 1

Freund’s complete adjuvant (Difco) was mixed in equal volumes with
408-3 toxin to give a 1 mg/ml dose (8 units/ml). Mixing was performed
by passage between two syringes connected by a $-way valve.

Group 1A 0.5 ml per foot pad - total = 2 mg per rabbit (6 units)

Group 1B Subcutaneous, 2 areas on the back 0.5 ml each

Intramuscular, both rear flanks 0.5 ml each
Subcutaneous, right and left ingunal regions 0.5 ml
each for a total of 5 milligrams (11.9 units)

Group 1C Subcutaneous, 2 areas on back 0.5 ml each

Intramuscular, both rear limbs 0.5 ml each
Subcutaneous, right and left ingunal regions 0.5 ml
each for a total of 3 mg (9 units)

All of the Group 1 rabbits were boosted with 5 mg of enterotoxin
intramusculariy in both rear legs and then immunizations were completed
according to the schedule listed below for groups 8-11.

Group 2

Three rabbits in this group were immunized with E. coli 408-3 toxin
by the same protocol as Group 1B; however, all died within 3 days. A1l
subsequent groups (3 through 11) were immunized according to the follow-
ing schedule suggested by Dr. Xim of the Clinical Microbiology Department
at the University of Oregon Medical School (55,56).

1) Freund’s incomplete adjuvant was mixed with enterotoxin 1:2

2) Axillary and ingunal node regions were injected with 0.5 ml
per site

3) After 30 days a regimen of injections intravenously was begun
on successive days, with 0.1, 0.2, 0.4, 0.8, 1.0 mg of toxin
in a voelume of 1 mg/ml
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4) After one week a 1 mg booster was given intravenously
5) Rabbits were bled one week later
A list of all the rabbit groups immunized is found in Table 3.
The rabbits were bled from ear veins, &bout 50 ml per rabbit; the
serum was preserved with 1:10,000 merthiolate and kept at 4°C.
2. Antitoxin Titrations
Toxin neutralization studies were performed according to methods
described by Sack et al. (81l) and Kasai and Burrows (52). Antisera were
inactivated at 56°C for 80 minutes, then serial dilutions were mixed
with equal volumes of 3 units of toxin (in PBS) and incubated at 387°C
in a shaking water bath 70 oscilations per minute) for 60 minutes. Two
ml of this mixture were injected per rabbit ileal loop for titration of
the residual toxin.
The amount of antitoxin required to neutralize 1 unit of toxin was
determined, as described by Kasal and Burrows (52), by calculating a
neutralization coefficient (NC) which equals the mean of dose response

(ml/om) ratio, divided by the mean of the response of the toxin controls,

mean experimental ratio
“mean toxin control ratio*

the_result being subtracted from 1.0. Thus, NC=1l
The log neutralization coefficient was plotted against the log ml of
antitoxin dilution. The neutralization curve then has a range of 0 to

1.0, with O representing no neutralization and 1.0 complete neutralization.
The point where NC = (0.5 represented the activity of 1 unit of toxin

(2 units neutralized) and the neutralizing potency of a given lot of
antitoxin was calculated by dividing the log dilution of antisera (read
from the graph) by the number of toxin units neutralized. This was then
divided into 1.0 to obtain the number of antitoxin units per ml of un-—

diluted serum.
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TABLE 3

List of Immunized Rabbit Groups

Organism
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coli

coli

cholerae

Toxin

Strain

408-3
408-3
339
411-7
408-4
569B
348
411-7
339
1105F

411-5F

Serotype
078H12

078H12
015H11
0l26H12
078H12
Inaba
09
0l26H12
015H11
06H16

0126H12

Loop
Activity

+

~+
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F. Hyperimmunized Rabbit Challenge Experiments

Preliminary experiments were done to determine whether immunization
of rabbits with enterotoxin would protect against enterotoxin challenge
of the small intestine of these rabbits.

All surviving immunized rabbits were challenged with multiple dilu-
tions of E. coli and V. cholerae enterotoxins by the ileal loop methoed.
Protection was determined by comparison of the response obtained (per
dose given) to the previously obtained titration curve for that toxin
in normal rabbits.

G. Statistical Procedures

Antiserum neutralization titers were compared by Duncan’s multiple
range test for correlated means (26,103) by the following method: a
neutralization coefficient was calculated for each ratio in a titration,
and the mean and standard error was obtained for each point on the
neutralization curve. An F test was performed on the highest and
lowest standard errors in a given titer to determine the validity of
treating them as a homogenous population. The standard errors adjacent
to the 50% neutralization point were averaged. This average standard
error and the calculated unit neutralization titer were treated as the
mean and variance for the calculations which were done by a program

adapted to an Olivetti-Underwood programma 101 calculator.
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RESULIS

A. Enterotoxin Titrations

Table 4 lists the ileal loop assays of the enterotoxigenic strains
of E. coli studied in this thesis. It can be seen that the activity of
the live cell cultures and their sterile culture filtrates are similar.
The mg of toxin required to give a 50% ileal loop response (1 unit) was
determined by titration of the culture filtrate after concentration by
dialysis and lyophilization. Fifteen to twenty rabbits were usually
required to satisfactorily assay a toxin.

The amount of lyophilized culture filtrate recovered per ml of
syncase broth innoculated ranged from 0.17 to 0.47 mg for enterotoxi-
génic and non-enterotoxigenic strains alike. With these growth condi-
tions there appeared to be no relationship between the amount of the
recovered lyophilized filtrate and the enterotoxigenicity of the
bacterial strain.

Figure 1 illustrates a typical dose-response curve seen in entero-
toxin titrations of E. coli 339 and V. cholerae. The variability of the
assay is shown by the 95% confidence limits of the mean. As observed
by Sack et al. (8l), the V. cholerae toxin was considerably more potent
in the ileal loops than the E. coli enterotoxin.

Assay of E. coli 408-3 enterotoxin gave approximately the same
results as E. coli 339, whereas E. coli strains liOSF and 411-5F re-
quired more assays to obtain comparable results since they exhibited
more variability than the other strains.

Figure 2, an example of a toxin titration, shows the complete

absence of fluid accumulation in the negative (PBS) control loops, and
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FICURE 2

An example of an enterotoxin titration
in ligated rabbit ileal loops.

V. cholerae In. 569B is the culture
filtrate positive control.

P.B.S. {phosphate buffered saline) is
the negative control.
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the marked distension of positive V. cholerae and E. coli enterotoxin
loops.

Four batches each of E. coli 408-3 and 339 enterotoxin was prepared
during the course of this study. Comparisons were made to determine the
variability of these different preparations. Regression lines were
plotted from the 1.0 mg 'y’ axis intercept to the ’x’ axis, and the
slopes of the lines for each batch were calculasted. These slopes, com~
pared in a two tail student T test, were found to be the same for each
batch of toxin produced by a given strain. Moreover, a comparison of
the mean of the slopes of E. coli 408-3 with those of E. coli 339 indi-
dicated that there was no significant difference (p €0.01) between the
potency of the two strains.

Testing of live cells and dialyzed-lyophilized culture filtrates
from non-enterotoxin producing E. coli strains gave the results shown in
Table 5. No fluid was produced by the live cultures; even large amounts
of lyophilized culture filtrate failed to effect significant fluid
accumulation.

B. Antitoxin Production Technigue

As determined in preliminary experiments, the results of immunization
with E. coli 408-3 toxin by three different methods are shown in Figure 3.
Three rabbits (Group 1A) which received foot pad injections, 2 mg/rabbit,
gave a final titer of 129 units/ml on testing with homologous toxin. A
single surviving rabbit (Group 1B) initially injected with 5 mg total in
the foot pads (as well as multiple other sites) gave a titer of 333
units/ml. The three rgbbits in Croup 1C, which only received 2 mg
intramuscularly and subcutaneously, gave a titer of 93 units/ml on test-

ing with the homologous toxin.
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TABLE 5

Ileal Loop Assays of Enterotoxin
Negative E. coli Strains

Rabbit Loop Assay*
Dialyzed-Lyophilized

E, coli Strain Serotype Live Cultures Culture Filtrates
408-4 078H12 0 (e 4 mg =0 (3)
411-7 ; 0126H12 0.13 (2) 6 mg=20 (8)

10 mg = 0.45 (2)
348 09H- 0.16 (2) 6 mg=20 (8)

¥ Volume/Length Ratios

*#% Numbers in parentheses = number of loops tested
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Statistical comparisons of these three titers by the Duncan test (26)
indicated that Group 1B had a significantly higher (p <0.01) antitoxin
titer while there was no significant difference between Groups 1A and
1C. The 1B procedure was not used, however, because of the great trauma
and high mortality (50-75%) involved with the foot pad injection.
Groups 3-11 were immunized by a modified method (55) which did not in—
volve foot pad injection but was found to have satisfactory titers.
Figure 4 compares the titers of antitoxin measured at various times
during the immunization of rabbit 1B. The initial bleeding was taken
at 21 days because previous workers (40) had obtained high titers of
V. cholerae antitoxin at this time using the same method of immunization.
Duncan test comparisons showed a significantly higher titer (p €0.01)
at 75 days but no significant difference at 21 or 55 days.

C. Antitoxin Titrations

The results of all comparative antitoxin titrations of E. coli and
V. cholerae are summarized in Table 7. The antisera used in each group
(as shown in the vertical columns) is from the same pool; however, the
E. coli 1105F enterotoxin indicates two different batches of toxin and
their corresponding neutralization titers.

Preimmunization sera collected from the rabbits in all groups was
tested with the immunization toxin and in some cases with heterologous
enterotoxins to determine baseline titers. These results are summarized
in Table 6. Only one case showed significant neutralization greater
than 1:10; in this case (Group 9) there was approximately 20 units/ml
neutralization titer.

1. E. coli 408-3 (078H12) Antitoxin Assays

This antitoxin was harvested 75 days post immunization and four
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Preimmune Rabbit
Serum Groups

Group 1 (1B)
(E. coli 408-3)

Croup 5

(E. coli 408-4)

Group 9
(E. coli 339)

Group 6
(V. cholerae)

TABLE 6
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Preimmunization Serum Titrations

Challenge
Enterotoxin

1=

coli

2]

. coli

| =3

coli

=2

coli

|t
-

coli

| =4

coli

|t

coli

I

339

408-3

339

339

408-3

339

1105F

cholerae

Highest Serum
Concentration Tested¥*

1:10

1:5

11

* Represents the lowest antiserum dilution tested showing no significant
enterotoxin neutralization -

*% About 20 units/ml neutralization
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weeks after the last booster in rabbit 1B.

Table 7 lists the comparative titers from rabbits immunized with
E. coli 408-3 toxin and Figure 5 shows the comparative neutralization
titers. It can be seen that antitoxin prepared with E. coli 408-38
neutralized all three E. coli enterotoxin preparations but only weakly
neutralized the cholera toxin.

Comparative analysis by the Duncan test showed significant difference
at p <0.05 between E. coli 339 and E. coli 408-8, and differences of '
p <0.01 for all other comparisons in this group.

Figure 6 illustrates a rabbit loop antitoxin assay of a cross
neutralization of E. coli 339 toxin with several dilutions of E. coli
408-3 antitoxin. It can be seen that as the antitoxin becomes more
dilute (1:10-1:300), the loops become more distended from the effects
of residual enterotoxin. Absence of neutralization is seen in the pre-
immune serum dilution.

It should be mentioned that while neutralization testing routinely
utilized 8 units of enterotoxin, one experiment was done using 6 units
of E. colil 408-3 toxin and 408-3 antitoxin. The results were consistent
with observations of Kasai and Burrows (29) that toxins and antitoxins
combine in multiple proportions over a specified range.

2. E. coli 339 (015H11l) Antitoxin Assays

Two lots of antitoxin to this serotype were prepared at different
times. The serum from Group 9 was selected for comparative cross neutral-
izations because it had a slightly higher titer on homologous neutraliz-
ation than did Group 3. Table 7 lists the results of the E. coli 339 anti-
toxin titrations and Figure 7 shows the comparative neutralization titers.

Antitoxin prepared with E. coli 339 neutralized the three E. coli toxins
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FIGURE 6

An example of a cross neutralization
titration in rabbit ileal loops.

V. cholerae In. 568B is the culture
filtrate positive control.

P.B.S. (phosphate buffered saline) is
the negative control.

The 0.96 mg (8 unit) segment is the
E. coli 339 toxin control.
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at comparably high titers,‘but only weakly neutralized the V. cholerae
enterotoxin. The Group 3 antitoxin gave the following titers: E. coli
339, 200 units; E. coli 408-8, 122 units; E. coli 1105F, 666 units; V.
cholerae, 10 units.

Duncan test comparisons of the Group 9 neutralized enterotoxins
showed no significant difference between the E. coli 339 and 1105F titers,
while all other comparisons were significant at p £0.0l.

3. Assay of Antiserum from Rabbits Immunized with E. coli 1105F
(06H16) and Rabbits Immunized with E. coli 411-5F (0126H12)
Enterotoxins
Rabbits were immunized and bled as previously described. Anti-

toxin assays indicated that no neutralizing antibodies had Eeen produced.
The rabbits were then “boosted” intravenously in an effort to stimulate
a measurable antitoxin response. After one week the rabbits in both
groups were bled again and tested. Assay of fhese sera indicated again
no antitoxin activity in the 1105F rabbits and only 8 units in the 411-5
rabbits. These results are also included in Table 7.

4. Assay of Antiserum from Rabbits Immunized with non-Enterotoxin
Producing Strains of E. coli

Antisera was prepared by immunizing groups of rabbits with the
lyophilized culture filtrates of E. coli strains which were non-entero-
toxigenic as determined by their failure to cause fluid accumulation in
ileal loops either as live cells, sterile culture filtrates, or as
dialyzed-lyophilized products. Table 7 also summarized the results of
testing the antisera prepared with these three non-enterotoxigenic E.
coli: 408-4, 348 and_4ll—7. It should be noted that one of these strains,
E. coli 408-4 (078H12), is the same serotype as one of the immunogeric,

toxigenic strains used in the above experiments. The sera from these
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immunized rabbits showed no significant neutralizing capacity for
elther E. coli or V. cholerae enterotoxins.

9. Vibrio cholerae In. 569B Antitoxin Assays

The sera assayed was a pool from four immunized rabbits.

Figure 8 compares the neutralization titrations of enterotoxins of E.
coli and V. cholerae, and Table 7 lists the comparative titers. The
V. cholerae antitoxin was 10-fold more active against V. cholerae toxin
than against either E. coli 339 or 408-3 toxins.

While the V. cholerae antitoxin neutralized cholera enterotoxin to
a high degree (8,888 units/ml), it also significantly neutralized the
E. coli enterotoxins. In fact, the titers were higher than those given
by the rabbits immunized with E. coli. Of particular note is the high
titer seen against E. coli 1105F; this enterotoxin was also neutralized
to high titefé by heterologous E. coli antisera. Duncan test analysis
of the titers in this group show that there was no significant difference
between the titers of E. coli 408-3 and E. coli 339; differences were
significant (p <€0.01) between all other comparisons.

Table 7 also lists the results of assays of a commercial horse, anti-

Vibrio cholerae enterotoxin antisera obtained from the Swiss Serum and

Vaccine Institute at Berne, Switzerland. This standard lyophilized anti-
toxin, which had a stated neutralizing potency of 24,000 units/ml to
V. cholerae toxin, was assayed in this lab at 25,000 units/ml.

The cross neutralization of this serum for E. coli 339 is even
higher than that given by the rabbit, Inaba 569B antitoxin, but other-
wise similar. The E. coli 1105F enterotoxin was neutralized at even a

higher titer than the cholera enterotoxin.
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D. Challenge Experiments

The results of enterotoxin challenge ofythe surviving hyperimmune
rabbits are shown in Table 8. In most cases there were not enough
rabbilts tested in each group to draw firm conclusions. The data do
suggest, however, that there was no protection to either E. coli or
V. cholerae toxin challenge in rabbits immunized with positive or
negative strains of E. coli.

Table 9 shows the response ratios in Group 1 rabbits which were
immunized with E. coli 408-3 (078H12) toxin. The results in this Table
have been sub-grouped according to variations in immunizing methods;
no significént protection was observed.

Rabbits in Groups 7 and 8 immunized with negative strains of E.
coli appear to have been protected against the 0.5 and 1.0 unit E. coli
339 (O15H1l) challenge doses. This was not true of the E. coli 408-3
(078H12) challenges in the same rabbits,

In Group 9 (E. coli 839 (015H11l)) and Group S (E. coli 408-4 (078H12))
there was only one surviving rabbit each. Challenges of these rabbits
{not shown in the tables) also demonstrated no significant protection.

The four Group 6 rabbits which were immunized with V. cholerae
(In. 569B) enterotoxin showed significant protection to the V. cholerae
challenge of 9 units (0.045 mg). These results are shown in Table 8.
There was no protection, however, against challenge with E. coli 339
(015H11) enterotoxin, even though a significant anti-E. coli entero-
toxin had been demonstrated,

E. Enterotoxin Stability

Vials of a single lot of sterile culture filtrate of V. cholerae

enterotoxin were kept frozen at ~20°C. New vials were thawed and used
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TABLE 9

Hyperimmune Rabbit Ileal Loop Challenges

Croup I rabbits immunized with E. coli 408-8 (078H12) enterotoxin

Enterotoxin
Challenge Challenge (2)* (1)* (3)* Total Expected
Strain Dose (units) Mean 1A Mean 1B Mean 1C Means Ratios**
E. coli 389 0.5  0.25 0.93 0.99  0.73  0.80
i 0.57 1.75 1.64 1.30 1.14
3 1.74 2.50 1.70  1.85  1.70
E. coli 408-3 0.5 0.66 1.62 1.32 1.15 0.70
) Tk 1.50 2.00 . 1.51 1.59 1 1%
3 1.96 2.28 1.99 2.03 1.84
V., cholerae 0.5 GL-22 1.80 0.35 0.54 0.60
2 1.68 2.92 1.74 1.91 1.44

* Number of rabbits in each group

*¥* The expected value was obtained from the enterotoxin assays in
unimmunized rabbits

Reported mean ratios were calculated from volume/length measurements
in ileal loops.
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daily at a 1:50 dilution as a positive control in the ileal loops (see
Figure 2). This preparation retained biological activity about two
months and then rapidly became inactive. A new batch of cholera entero-
toxin was prepared, dialywed, lyophilized and stored at -45°C., This
toxin was assayed and one unit determined as being 0.005 mg of entero—
toxin. After about six monthskthe potency of the toxin appeared to be
the same,

Repeated assays of single lots of E. coli enterotoxin were carried
out over a two to three month period with similar actiﬁity being retained.

For example, two assays using a 3 unit challenge of E. coli 339 (0.6 mg)

two months apart gave average response ratios of 1.40 and 1.34.
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DISCUSSION

The strains of E. coli studied in this thesis were isolated in
India from patients with severe cholera-like diarrhea. Of the organ-
isms studied, only E. coli 0126 and E. coli 078 have been associated
with outbreaks of infantile diarrhea. Interestingly, some of the E.
coli isolates from these patients were of identical serotypes, but were
non-toxigenic. This suggests that: 1. Enterotoxins are separate from
the 'O’ antigens of the organisms, and 2. Pathogenic E. coli occur
which are unrelated to the classical enteropathogenic serotypes.

The ileal loop assay appreared to be very sensitive to low concen-
trations of enterotoxin, but with the considerable variability as noted
by other workers. This model has been questioned as a valid reflection
of the disease changes which occur in man. Craig (18) notes that a
major objection is the obstruction in the intestine itself, with the
accompanying distension of the test segments. The fluid pressure on
the gut wall may interfere with micro-circulation and cause necrosis.
Leitch et al. (61) observed that after about 12 hours ischemic damage
occurs. Craig (18) concludes that the model is reasonably valid during
the first 10-12 hours, but after that there was a chance of “spurious
results from over-distension”. Kasai and Burrows (52), who obtained
results similar to those reported in this thesis, recommended using no
more than six 10 cm segments, with the highest ané lowest for “sham”
controls and the four center segments for tests. Other workers (101),
however, have used larger numbers of shorter segments and obtained
satisfactory results. In this study, the number of segments used was

normally 9 and the sequence of the negative controls and assay loops
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were semi-randomized; this did not adversely influence the results.

The most important factor affecting the consistency of the test
seemed to be the condition of the rabbits. The Animal Care Departiment
made periodic checks for Coccidia (intestinal sporozoa) and infected
animals were excluded. On occaéions, the rabbits for a several week
period would be either unresponsive or give many false positive loops
and data from those rabbits would have to be discarded. This may have
been related to the fact that the rabbits were ‘batched’ -~ that is,
the local supplier gathered rabbits from neighbors and other suppliers
to meet the needs.

Although the assays lacked the precision and reproducability of a
chemical assay system or even assays such as the fat cell hydrolysis
or the skin test of permeability factor, it was felt that this in vivo
test was adedﬁate for the purposes of this study. Moreover, there is
evidence that the E. coli enterotoxin does not contain permeability
factor (8l); nor has the fat cell assay been developed for E. coli
toxins., |

The method of enterotoxin production utilized in this study was
essentially the same as that reported by Sack et al. (8l), except that
the toxin was dialyzed against distilled water rather than PBS. This
resulted in greater ileal loop activity per mg of toxin although the
relative activities of E. coli to V. cholerae toxins remained similar.

Enterotoxin production has been reported in many different kinds of
media and cultural conditions, and the only thing most of them have in
common 1s an alkaline pH. Results that may reflect the varied culture
methods are reports of heat stability and heat lability of enterotoxin

preparations. A comparison of some of these reports and methods is
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shown in Table 10, There is no agreed-upon criteria for heat lability;
thus, the heat stable toxins of Smith and Gyles (88) which survive 65°C
for 15 minutes may be called heat labile by another worker. Although
the enterotoxins in this study were nof tested for heat lability, toxin
from one strain, E. coli 334 (015H12), has been tested elsewhere (81)
and found to be heat labile at 100°C for two minutes.

Various workers have attempted to identify biochemical markers to
distinguish enterotoxigenic strains from non-toxin producers* (23);
these attempts have been uniformly unsuccessful. Serologic studies
have,'however, been more promising. Bettelheim and Taylor (4) immunized
rabbits with live and dead cultures of toxigenic E. coli strains. By
electrophoretic methods they demonstrated a precipition band unique to
the live enterotoxin producing strains of E. coli. Orskov et al. (69),
in an electrobhoretic study of all O and K antigen groups, found that
the known enteropathogenic strains had similar migrations and could be
classed in one electrophoretic group. Likewise, E. coli strains assoc~
iated with ’dysentery’ disease were in another group. A satisfactory
immunological test has not yet been developed as a practical screening
procedure, however, and the only reliable way to determine enterotoxicity
is in animal models.

The antigens used to immunize the rabbits in this study were derived
from 48 hour culture filtrates and consequently contained many cellular
products, including enterotoxin. It was assumed that there was a signif-
icant endotoxin content in the antigen and therefore that anti-endotoxin
antibodies would be formed. Moreover, the preparations from non-toxigenic

strains should contain similar amounts of endotoxin. Wallace (101), using

¥ Sack, R.B., unpublished observations.
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similar cultural conditions, used the Limulus horseshoe crab assay
system to test E. coli enterotoxin preparations and found an endotoxin
level of greater than 1:10,000.

The presence of antibodies to other components was clearly shown
in the homologous antiserum titrations. In two experiments, heavy
flocculation was seen in serum dilutions up to 1:100, and yet this
reaction had no neutralizing effect upon the enterotoxin activity. 1In
the first experiment, titration of the non—enterotoxigenic E. coli 408~4
(078H12) antisera with the toxin from E. coli 408-3 (078H12) showed a
large amount of flocculation in the reaction flasks but there was no
neutralizing effect upon the enterotoxin. In the second exberiment,
this same phencmenon was seen in the reaction of E. coli 1105F antiserum
with 1105F toxin. Heterologous toxin and antitoxin titrations gave no
flocculation, These results indicate that thé flocculating antigens
were unrelated to enterotoxin. Others (50,88,90) have indirectly shown
that anti-endotoxin reacticns are distinct from anti-enterotoxin neutral-
izations because antisera prepared against live cultures or killed E.
coli organisms inhibit the dilating effects of live cultures only by a
type-specific bactericidal effect,

The most significant result of this study was the demonstration that
antiserum from rabbits immunized with enterotoxin from a specific sero-
type of E. coli will cross-react and neutralize at high titers the ileal
loop activity of enterotoxins from other serotypes of E. coli.

These conclusions are similar to those of Etkin and Gorbach (31),
who studied essentially the same three enterotoxin producing strains of

E. coli: 078, 015 and 06. In fact, the strain 1105F (06H16) was obtained
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from Dr. Gorbach. Etkin and Gorbach used filtered whole cell lysates
of E. coli cultures to immunize rabbits. They also used the same Kasai
and Burrows (52) titration methods. However, they attained only very
low antiserum titers. They showed that the 078 E. coli enterotoxin was
S0% neutralized at a 1:30 dilution of homologous antisera as compared

’to a 1:667 dilution for the same neutralization point in this study.
In heterologous neutralizations they found that E. coli 015 antisera
gave 50% neutralization with E. coli 078 toxin at 1:20 and E. coli 06
antitoxin with E. coll 078 toxin at 1:19. In thie study, 1:333 and
less than 1:5 dilutions were necessary for comparable neutralizations
(the low E. coli 06 titer is discussed below).

It was noted in this study that antiserum to E. coli 408-4 (078)

(a non-enterotoxigenic strain) cross-reacted with the 1105F (06) toxin
at about 1:13 (24 units/ml). Sack et al. (81), in comparing cross
reactions of cholera and E. coli toxins and antitoxins, have shown that
normal rabbit sera may have titers of up to 20 units/ml. This low level
of partial neutralization by preimmune rabbit sera was also seen in

this study. Consequently, the observations of Etkin and Gorbach might
be interpreted as non-specific cross reactions, especially since no pre-
immune‘serum titers were reported.

Other workers (81,50) have also shown that E. coli enterotoxins are
cross-neutralizable; however, no one has reported anti-enterotoxin titers
high enough to clearly show immunclogical similarities or differences of
the toxins from E. coli of different serotypes.

Gyles and Barnum (50), working with procine E. coli isolates, re-
ported heterologous cross neutralizing reactions with several serotypes

of E. coli. They did not attempt to titer the antisera, however, and
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the antitoxin was mixed in equal volumes with a toxin dosage of un-
assayed potency. Nevertheless, they did observe cross neutralizations
that were distinguishable from the controls of normal unimmunized
rabbit sera. Their immunizing innoculum included living cultﬁres,
formalized cultures, whole cell lysates, and peptone culture dialysate,
all of which exhibited similar neutralizing ability.

In later work, Smith and Gyles (87,88), using sera against live
18-hour broth cultures of enterotoxin producing E. coli and using
antiserum dilutions of 1:3 and 1:7.5, reported there was no cross
neutralization of E. coli enterotoxins and no cross antibacterial
activity. These results were not compatible with the earlief work of
CGyles and Barnum (50).

The strong cross reactivity and the similarity in titers of anti-
toxin stimulated by E. coli of different serofypes seen in this study
suggests that the toxins are immunologically similar. This might be
expected since Smith and Linggood (89) showed that the genetic factor
that controls enterotoxin production (Ent) is easily transferred by
conjugation between E. coli strains and related bacterial species; it
is unknown how many E. coli serotypes may produce enterotoxin.

It is apparént that there are several conflicting reports in the
literature concerning the cross-neutralizability of E, coll enterotoxins.
Considering the crude state of the toxins used to produce the antitoxins,
the wide variations in toxin production methods, and the lack of uni-
formity in toxin and antitoxin assay procedures, these discrepancies may
be more apparent than real.

Cross-neutralizations of E. coli enterotoxin with V. cholerae anti-

toxin has also had contradictory reports in the literature (50,81).
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In this study of the neutralizations of E. coli enterotoxins by V.
cholerae antitoxin, it appears that the homologous cholera‘neutralization
titers are roughly related to the E. coli toxins; that it, the Swiss V.
cholerae antitoxin neutralized at a proportionately higher titer than
the Inaba 569B prepared antitoxin. Unfortunately, the challenge exper—
iments involving cholera immunized rabbits do not support the in-vitro
neutralization results.

A review of the literature on this subject shows there are no clear
cut answers to support or refute these observations. Previous work has
also suggested cross neutralization between E. coli and V. cholerae
toxins. Gyles and Barnum (50) studied E. coli P307, an enterotoxin pro-
ducing isolate, from swine. They reported that antisera prepared from
V. cholerae In. 569B cultures, neutralized E. coli P307 enterotoxin at
dilutions of 1:2. In further work, Gyles (49) found that high titered
V. cholerae enterotoxin antiserum prepared in a horse, neutralized
3 ED

50 (4.0 mg) of E. coli P307 enterotoxin at a antitoxin dilution of

1:256 in the rabbit ileal loop. In plgs the above neutralization was
effected at a dilution of 1:16 with 50 mg of E. coli enterotoxin. The
methods used and the results do not lend themselves to direct comparisons
with our methods and results since the E. coli enterotoxin was not
titrated the same, but they are suggestive of cross reations.

On the other hand, Sack and co-workers (81), using enterotoxin pre-
parations of E. coli 334 (0l5H11) found cross neutralizing activity of
only 50 units/ml with anti-V. cholerae enterotoxin equine antisera,
which had a homologous cholera titer of 28,255 units.

Wallace (101) has investigated the possibility of an antigenic

relationship between cholera and E. coli enterotoxins by attempting to
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neutralize E. coli 334A (015H1l) enterotoxin with 16 Craig units of
cholera antitoxin from the Swiss Serum Institute. He found that
cholera toxin was neutralized 32-fold by this dose but there was no
effect on E. coli toxin. Since a "Craig unit” is defined (17) in
the neutralization of cholera toxin skin permeability factor assay,

a very sensitive test, it seems likely that the antitoxin was too
dilute to neutralize -the E. coli toxin.

From the present studies, it appears that there is definite E.
coli enterotoxin neutralizing cross reactions with V. cholerae anti-
toxin. The nature of this reaction deserves further study. The fact
that V. cholerae toxin is very antigenic and readily stimulates high
antitoxin titers, suggests that similar findings might be obtained with
E. coli toxin, if larger amounts free of endotoxin could be administered.
One of the first steps toward these studies ﬁould be the purification
of the E. coli enterotoxin.

It is noteworthy in the results presented here that the enterotoxin
produced by E. coli 1105F (06H16) had several unusual properties. It
was neutralized by higher dilutions of antiserum than the other entero-
toxins, and yet was non-antigenic by the method used to prepare antisera
with other strains. These data do suggest the possibility that the E.
coli 1105F toxin may act as a complex hapten, which is non-dialyzable,
non-antigenic, and yet is biologically active and capable of being
neutralized by antisera (14). It is also possible that it would be
antigenic in another species of animal. Gyles (49) noted that the stable
toxin he isolated was non-antigenic but was neutralized neither by anti-

sera prepared against live cultures or labile toxin. Further studies
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should be done to confirm the above work and to further characterize
this unusual enterotoxin.

Although the method of immunizing rabbits in this study gave relatively
high titers of E. coli antitoxin, the rabbits were not protected against
toxin challenge. These findings are in accord with those reported by
Etkin and Gorbach (31) who were alsc unable to show any protection
against toxin activity in rabbits immunized to E. coli 078H12 entero-
toxin. In their case this was not surprising because of the low anti-
toxiﬁ titers found in their rabbits. Other workers (84) using live cell
cultures of enterotoxigeﬁic E. coli to vaccinate animals have also found
that circulating antibody did not afford protection against ileal loop
challenges. No antitoxin titers were determined in these experiments.

These findings are different from those in the neutralization of
V. cholerae toxin. Other workers have also observed in-vivo protection
against V. cholerae challenge. Finkelstein and Atthasampunna (40)
immunized rabbits with purified choleragen (cholera enterotoxin) in
Freund’s adjuvant and obtained protection against challenge with V.
cholerae live cells or massive doses of cholera enterotoxin. Burrows
et al. (9) reported that peak immunity to V. cholerae enterotoxin
challenge in ligated loops was associated with peak titers of antibody
in serum and not corproantibody. They also observed that parenteral
immunization gave better protection than local intraintestinal immuni-
zation. From this they inferred that the basis of immunity to entero-
toxin was a tissue contained antibody.

On the basis of reported animal studies, considerable research is
being done to clarify the nature of V. cholerae toxoid induced immunity

in humans. It would also appear from the animal studies reported in
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this thesis that more work should be done to find better methods of
immunizing with E. coli enterotoxin. If higher titers of circulating
antitoxin can be obtained, then it can be determined if these are pro-
tective to intraluminal challenge. Certainly these results indicate
that protective immunization against the enterotoxins of E. coli is a

possibkility.
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SUMMARY AND CONCLUSIONS

Seven strains of Escherichia coli (comprising five serotypes, 4 toxi-

genic and 3 non-toxigenic) and one strain of Vibrio cholerae, were studied

for entérotoxigenicity.

The enterotoxins were produced in syncase broth (89), dialyzed and
lyophilized. Rabbits were immunized with these toxins and the degree of
Cross neutraliéation between them was determined. Téxins and antitoxins
were assayed in rabbit ileal loops according to the method of Xasai and
Burrows (52).

The results of this study indicate that gnterotoxins produced by

strains of Escherichia coli of different serotypes_are antigenically

similar, are not related to cell wall antigens and have some antigenic

simiiarity to the enterotoxins of Vibrio checlerae.

Vibrio cholerae enterotoxin was strongly antigenic in that it stim-

ulated high antitoxin titers in rabbits, and conferred protection against
homologous enterotoxin challenge. It also stimulated the production of
antibodies that neutralized E. coli enterotoxin, but did not confer pro-~

- tection against E. coli toxin challenge.

The E. coli enterotoxin was shown to be poorly antigenic, giving
antitoxin titers less than one teﬁth as high as cholera antitoxin, but
much higher than those previously fepof&ed in the literature. These
E. coli titers, however, were not proteétive agaihst homologous or
heterologous intraluminal toxin challenges.

One strain, E. coli 1105F (06H16) appeared to be immunclogically
related to other enterctoxins, buf was different in that it was non-

antigenic in rabbits, and was neutralized by V. cholerae and heterologous
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E. coli antisera at unusually high titers.
Immunological similarities between V. choierae'énd E. ggii entero-
toxins suggest that a purified, antigenic form of E. coli enterotoxin
could be developed to provide protective immunization against acute

diarrheas caused by this organism.
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