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We studied the ability of antisera against different Escherichia coli surface
antigens, both alone and in combination with anti-enterotoxin, to decrease fluid
secretion induced by intestinal challenge with enterotoxigenic E. coli in rabbits.
Antiserum against lipopolysaccharide protected significantly against 0 group
homologous bacteria. Monospecific antisera against pilus-associated colonization
factor antigens CFA/I and CFA/II were also effective, giving highly significant
protection against enterotoxigenic E. coli strains bearing the corresponding
colonization factor antigens. Protection was also observed with Fab fragments of
the CFA/I antibodies. Addition of the anti-lipopolysaccharide serum to a protec-
tive antiserum against purified heat-labile enterotoxin resulted in an antisecretory
effect which slightly exceeded the sum of the effects obtained with each
preparation alone. The combination of antiserum against CFA/I or CFA/II with
anti-enterotoxin gave protection that equaled the product of the effects obtained
with each antiserum alone; i.e. the antisera cooperated synergistically.

In previous studies we have shown that Vibrio
cholerae lipopolysaccharide (LPS) and toxin
antigen cooperate synergistically in inducing im-
mune protection against experimental cholera
infection (20). The protection induced is proba-
bly due to action of the antibodies at different
pathogenic levels (i.e., adhesion of the bacteria
to intestines and binding of enterotoxin to spe-
cific membrane receptors) rather than to an
adjuvant action of either of the antigen compo-
nents (12, 20). Recently, we have also demon-
strated synergistic cooperation between anti-
bodies against whole bacteria and heat-labile
enterotoxin (LT) for protection against chal-
lenge with enterotoxigenic Escherichia coli be-
longing to not only homologous but also heter-
ologous 0 groups (18).

Colonization of small intestines seems to be
necessary for enterotoxigenic E. coli to cause
diarrhea (6). The ability to colonize is due to
adhesive structures on the bacterial surface, and
two such adhesins, colonization factor antigens
(CFAs) CFA/I and CFA/II, have been identified
on many enterotoxigenic E. coli strains isolated
from humans (3, 5). Controversy exists as to the
prevalence of these adhesins on different E. coli
strains, but in certain areas they seem to be
present on 40 to 80% of the enterotoxigenic E.
coli strains isolated from patients with acute
diarrhea (1, 6; Gothefors et al., manuscript in
preparation). Whereas CFA/I has been recog-
nized on E. coli strains belonging to different 0
groups (e.g., 015, 063, and 078) (10, 14),
CFA/II is usually associated with 0 groups 6 and

8 (3). The two adhesins are immunogenic and do
not cross-react in immunodiffusion analyses (3).
Antibodies against CFA/I have been found to be
effective in protecting infant rabbits against ex-
perimentally induced enterotoxigenic E. coli di-
arrhea by interfering with bacterial colonization
(7). Recently, antibodies against CFA/II were
also shown to inhibit fluid secretion in rabbit
loops challenged with different CFA/II-bearing
enterotoxigenic E. coli strains (19).
The aim of the present study was to evaluate

the capacity of antibodies against bacterial
structures, such as LPS and CFAs, to cooperate
synergistically with anti-enterotoxin for protec-
tion against enterotoxigenic E. coli. This was
studied in rabbits by determining the protective
effect against intestinal challenge with LT-pro-
ducing E. coli of antibodies against these surface
antigens, both alone and in combination with
anti-LT antibodies.

MATERIALS AND METHODS
Bacterial strains. The following enterotoxigenic E.

coli strains were used: H10407 (078:K80:H11;
CFAII); H10407P, a CFA/I-negative mutant of strain
H10407; E1392-75 (06:K15:H16; CFA/II); 408-3
(078:K nontypable:H12; CFA/II); CFA/II-negative
mutants of strains E1392-75 and 408-3 (19); and 286-C2
(08:K nontypable:H nontypable). All strains except
strain 286-C2 were suspended in Trypticase soy broth
(BBL Microbiology Systems, Cockeysville, Md.) sup-
plemented with 15% (wt/vol) glycerol and stored in
portions at -70°C. Before use the CFA-possessing
strains were grown on CFA agar (5) and checked for
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the presence of the CFA property by hemagglutination
(HA) with different species of erythrocytes and agglu-
tination with CFA/I- or CFA/II-specific antisera, as
described below. E. coli 286-C2 was maintained on
agar slants at room temperature until it was used.

Antigens. Highly purified E. coli LT was prepared
from strain 286-C2. The bacteria were grown in Casa-
mino Acids yeast extract medium (8) in a fermentor at
37°C for 9 h, and the bacterial sediment obtained after
centrifugation at 9,000 x g for 30 min was subjected to
ultrasonication at 22 kHz for 1 min. The supernatant
obtained after centrifugation (23,500 x g, 30 min) of
the sonicated material was used for the purification of
LT, as described by Clements and Finkelstein (2),
except that 0.5 M galactose instead of 0.2 M galactose
was used to elute the toxin from the agarose column.
The purity of the material was ascertained by immuno-
diffusion. Moreover, immunization of experimental
animals with the LT preparation did not result in
significant titer increases to homologous (08) LPS.
Highly purified cholera toxin was purchased from
Schwarz/Mann, Orangeburg, N.Y. Purified LPS was
prepared from E. coli strain H10407 (078) by the hot
phenol-water extraction procedure, followed by re-
peated ultracentrifugation (13). The preparation con-
tained 0.9% protein as measured by a protein assay
(Bio-Rad Laboratories, Munich, Germany) but no
detectable levels of E. coli LT and CFA/I as demon-
strated by comparative immunodiffusion analyses, us-
ing monospecific antisera against E. coli LT and
CFA/I, respectively. Purified CFA/I was prepared
from a flagellum-deficient mutant of strain H10407
(kindly provided by Dr. D. G. Evans), as described
previously (4).

Antisera. Immune sera were produced in New Zea-
land white rabbits that weighed about 3 kg at the onset
of immunization. The injections were given at 2- to 3-
week intervals, and 1 to 2 weeks after the immuniza-
tions were completed, the animals were bled by heart
puncture. The sera obtained were stored at -30°C
until they were used.
Anti-LT serum was prepared in rabbits given two

subcutaneous injections of 30 ,ug of highly purified E.
coli LT in Freund complete adjuvant. Antiserum
against LPS was obtained from animals given three
subcutaneous immunizations of 1.5 mg of 078 LPS;
the first two injections were given in Freund complete
adjuvant. Antisera against CFA/I were prepared by
immunizing rabbits three to five times subcutaneously
with 1 x 109 to 5 x 109 washed cells of strain H10407
and then extensively absorbing the sera collected with
live and boiled strain H10407P cells, as described
previously (7). Antisera against CFA/II were prepared
similarly from bleedings of rabbits given three to five
subcutaneous injections of 1 x 109 to 5 x 109 washed
strain 408-3 and 1392 cells and then absorbing the sera
with the CFA/II-negative mutants of strains 408-3 and
1392-75, respectively (3). Absorption was continued
until more than 99.9% of the homologous anti-LPS
antibodies of the serum were eliminated, as deter-
mined by the enzyme-linked immunosorbent assay
(ELISA). Most of the remaining anti-enterotoxin anti-
body activity was then removed by repeatedly passing
the sera through immunosorbent columns with cholera
toxin covalently coupled to Sepharose (21).
Fab fragmnents. Fab fragments of antibodies against

CFA/I were prepared essentially as described by Por-
ter (15). A serum with a very high anti-CFA/I titer

(anti-CFA/I:2) (see Table 1) was precipitated with
ammonium sulfate added to 40% saturation, and a
solution containing 5 mg of immunoglobulin per ml
was treated with papain (final concentration, 50 ,ug/ml)
at 37°C for 16 h.
ELISA. Antibodies against LPS and cholera toxin

were titrated by using a microplate ELISA, as previ-
ously described (11). For assaying antibodies against
LT a micro-modification of the GM1 ELISA method
(22) was used. Antibodies to CFA/I were determined
by an ELISA method, using plates coated at 37°C for
18 h with 5 ,ug of purified CFA/I per ml.

Agglutination tests. Agglutination of bacteria by
CFA/I- and CFA/II-specific antisera was performed on
glass slides. HA tests of human group A and bovine
erythrocytes for identification of CFA/I- and CFA/II-
bearing strains, respectively, were performed on
slides, using 3% erythrocyte suspensions containing
1% D-mannose, (3, 5). The HA inhibitory effect of
antibody was studied by mixing bacteria with antibody
for 1 min before the erythrocytes were added (5, 19).

Protection tests. The capacities of the various im-
mune sera to protect against experimental enterotoxi-
genic E. coli infection were evaluated in ligated small
bowel loops in rabbits, essentially as described previ-
ously (17, 18). The bacteria used for challenge were
initially grown on CFA agar at 37°C for 18 h and then
in a Casamino Acids yeast extract medium at 37°C
overnight. After the suspension was washed in phos-
phate-buffered saline (PBS; 0.01 M phosphate, 0.15 M
NaCl, pH 7.2), it was adjusted to the desired bacterial
concentration according to optical density. Serial 5- or
10-fold dilutions of the bacterial cultures in 1-ml
volumes were incubated for 15 min at room tempera-
ture and for 30 min at 4°C with 0.1 ml of a dilution of
immune serum. The anti-LT serum was used at a final
concentration of 1/100, which corresponded to an
antibody concentration which was 1,000 times the
GM1 ELISA titer against LT (see Table 1). The anti-
LPS serum was used at a final dilution of 1/40, which
corresponded to 5,000 times the ELISA titer against
homologous LPS, and the anti-CFA sera were used at
final concentrations of 1/10, unless otherwise stated.
The antibody-bacterium mixtures were then injected
into four to eight 5-cm small bowel loops randomly
positioned in at least four different animals. After 18 to
20 h the animals were sacrificed and the ratio of
volume of fluid accumulation to length was deter-
mined. For each animal the bacterial dose that gave
half-maximum fluid accumulation (50%o effective dose
[ED50]) in the presence of antiserum or PBS was
determined. The protection factor (PF) was then cal-
culated as the ratio between the geometric means of
individual ED50 values in the presence of antiserum
and in PBS, as follows: PF = (mean ED5o in antise-
rum)/(mean ED50 in PBS).
To evaluate the bacterial growth in the loops after

challenge, intact loops were homogenized in an Omni-
mixer homogenizer (Ivan Sorvall, Inc., Norwalk,
Conn.) at 8,000 rpm for 1 min, and the viable counts
were determined on serially diluted homogenates.

RESULTS

Specificity of antibody preparations. As shown
by ELISA titrations against different E. coli
antigens, both the anti-LT and anti-LPS sera at

VOL. 38, 1982



76 AHRtN AND SVENNERHOLM

TABLE 1. Antibody titers to different E. coli
antigens in the dilutions of the sera used in the

protection tests

ELISA titer against:
Antiserum

LT 078 LPS CFA/I

Anti-LT 1,000 <5 <5
Anti-078 LPS <5 5,000 <5
Anti-CFA/I:1 50 30 500
Anti-CFA/1:2 <5 5 800
Anti-CFA/IIA 50 35 30
Anti-CFA/IIB 50 50 20

the dilutions used contained high titers against
the homologous antigens but no significant titers
against any of the other antigens assayed (Table
1). The diluted anti-CFA sera contained low
levels of antibodies to E. coli LT and 078 LPS,
but, as determined in preliminary experiments,
these titers were too low to be protective. The
specificities of the anti-CFA/I sera were also
ascertained by their capacity to agglutinate
strain H10407 and other CFA/I-bearing strains
but not the CFA/I-deficient mutant H10407P or
the two CFAIII-positive strains used. Further-
more, the sera did not contain significant levels
of type 1 pilus antibodies, as demonstrated by
their inability to agglutinate CFA-negative,
heavily piliated type 1 pilus strains (16). Similar-
ly, both antisera against CFA/II (from strains
E1392-75 and 408-3) were specific for CFA/II.

0

9°0
w

PBS a- LT a-LPS a-LT +

a-LPS

Antibody preparation

FIG. 1. Protective effects of antisera against puri-
fied E. coli LT (a-LT) and E. coli 078 LPS (a-LPS),
both alone and in combination, against intestinal chal-
lenge with enterotoxigenic E. coli strain H10407. The
bars indicate the geometric mean + standard error of
the mean of the ED50 values obtained for each animal.
Protection factors (i.e., the ratio between the ED50
values of the bacteria in the presence of antisera and in
PBS) are indicated on top of the bars.

Thus, these sera both agglutinated strains 408-3
and E1392-75 but not the CFA/II-negative mu-
tants of these strains or any of several enterotox-
igenic E. coli strains with defined CFA/I or the
type 1 pilus property.

Protection by anti-enterotoxin. The protective
effect against E. coli strains H10407 and 408-3 of
anti-LT antibodies was tested in ligated small
bowel loops in rabbits. We found that antiserum
against purified LT was highly effective against
both of these strains. Thus, the ED50 values of
the challenge bacteria were significantly (P <
0.01; Student's t test) higher if the bacteria were
pretreated with a dilution of anti-LT serum than
if they were mixed with PBS (Fig. 1 through 3).
The protection seemed to be due to specific
antibodies because neither normal rabbit serum
nor sera from bleedings taken before immuniza-
tion had any antisecretory effect when they were
tested in concentrations 10-fold higher than the
concentration of the immune serum.
Anti-LPS antibodies. Similarly, the protective

effect of antibodies to purified 078 LPS against
0 group homologous strain H10407 bacteria was
studied. Significantly (P < 0.05) more bacteria
were needed to induce half-maximum fluid accu-
mulation in the loops in the presence than in the
absence (PBS controls) of anti-LPS serum (Fig.
1). Extensive absorption of the serum with 078
LPS completely eliminated its protective effect.
Addition of anti-LT serum to the anti-LPS prep-
aration resulted in increased protection against
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FIG. 2. Protective effects of anti-LT serum (a-LT)
and monospecific anti-CFA/I:1 serum (a-CFA/I), both
alone and in combination, against challenge with
CFA/I-bearing strain H10407. The bars indicate the
geometric mean ± standard error of the mean of the
ED50 values obtained for each rabbit; protection fac-
tors are indicated on top of the bars.
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FIG. 3. Protective effects of antisera against CFA/II from strain 408-3 (a-CFA/IIA) and strain E1392-75 (a-
CFA/IIB), both alone and in combination with anti-LT serum (a-LT), against challenge with CFA/II-bearing
strain 408-3. The bars indicate the geometric mean ± standard error of the mean of the ED50 values obtained for
individual rabbits; protection factors are indicated on top of the bars.

strain H10407, which slightly exceeded the sum
of the effects induced by each antiserum alone.

Anti-CFA/I antibodies. The capacity of anti-
bodies against CFA/I, both alone and in combi-
nation with anti-enterotoxin, to decrease the
fluid accumulation induced by CFAII-bearing E.
coli strains was also tested. As shown in Fig. 2,
the anti-CFA/I serum was effective in preventing
fluid secretion induced by strain H10407 in intes-
tinal loops (P < 0.02). High-titer immune serum
against CFA/II had no effect on this challenge
strain.
To evaluate whether the inhibitory effect of

anti-CFA/I was due to interference with binding
of the bacteria to mucosal receptor structures or
to agglutination of the bacteria in the intestinal
lumen, we analyzed the protective effect of Fab
fragments of CFA/I antibodies. Such fragments
did not agglutinate any of a number of CFA/1-
bearing strains, including strain H10407, but did
inhibit HA of strain H10407. In relation to the
HA-inhibiting effect, the Fab fragments were
almost as effective as the noncleaved immuno-
globulin fraction of the serum in inhibiting fluid
secretion by strain H10407 in small bowel loops
(Table 2).
The addition of anti-LT serum to the anti-

CFA/I preparation resulted in markedly in-
creased protection against strain H10407. This
protection corresponded to the product rather
than the sum of the effects obtained with each
antiserum alone (Fig. 2).

Anti-CFA/II antibodies. Similarly, antisera
against two serological subtypes of CFA/II

(19) were produced and analyzed for protection
and for synergistic cooperation with anti-entero-
toxin against CFA/II-bearing E. coli strains. The
monospecific antiserum against strain 408-3
CFA/II (anti-CFA/IIA) gave significant protec-
tion (P < 0.01) against challenge with homolo-
gous bacteria (Fig. 3).
Antiserum against strain E1392-75 CFA/II

(anti-CFAIIIB), which contained higher levels of
specific antibodies (as shown by HA inhibition),
was even more effective (P < 0.01) in decreasing
the fluid accumulation induced by strain 408-3
(Fig. 3).
The addition of anti-enterotoxin to either of

the two anti-CFA/II sera resulted in a protective
effect against the challenge strain, which in both
instances corresponded to the product of the
effects obtained with the anti-enterotoxin and
the anti-adhesin alone (Fig. 3).

TABLE 2. HA inhibition and protection by anti-
CFA/I and Fab fragments of anti-CFA/I

HA Pro- HA inhibition/
Antiserum inhibition titer tection protection

Anti-CFA/I:2 600a 530b 1.13
Papain-cleaved 12 14 0.86

anti-CFA/I:2
a Reciprocal of the dilution that completely inhibit-

ed HA of human A erythrocytes by strain H10407 (108
cells per ml).

b Protection factor against challenge with strain
H10407 multiplied with reciprocal of dilution used (150
for anti-CFA/I and 5 for Fab fragments).
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Effect of antisera on bacterial growth. To de-
termine whether the protective effect of the
antibodies was due to inhibition of bacterial
growth, the viable counts of bacteria in antise-
rum-containing loops were compared with the
number of bacteria in PBS control loops. At the
time of sacrifice, there was no significant reduc-
tion in the number of bacteria after treatment
with either anti-LT and anti-LPS sera or anti-
CFA sera.

DISCUSSION
The ability to colonize the small intestine

seems to be important for the virulence of enter-
otoxigenic E. coli, in addition to the production
of LT or heat-stable enterotoxin. Since the two
adhesins CFA/I and CFA/II are immunogenic (3,
7) and seem to be present on many of the
diarrheogenic enterotoxigenic E. coli strains iso-
lated from humans (1, 6), they are of potential
interest for immunization against enterotoxi-
genic E. coli. Our results support previous find-
ings that antibodies against these adhesins may
decrease the fluid secretion induced in experi-
mental animals by challenge with CFA-bearing
enterotoxigenic E. coli strains (7, 19). Moreover,
we found that antisera against CFA/I or CFAIII
cooperate synergistically with anti-LT serum in
protecting against CFA-piliated, LT-producing
E. coli strains. Neither normal rabbit serum nor
bleedings taken before immunization were pro-
tective, indicating that specific antibodies were
responsible for the antisecretory effect of the
immune sera. This was further supported by the
observation that a high-titer serum against
CFA/II had no effect on the fluid secretion
induced by bacteria possessing CFA/I.

Recently, we demonstrated the existence of
two serological subtypes of CFA/II (19). In that
study we found that antibodies against the
shared pilus structures and also (although to a
lesser extent) antibodies to a subtype-specific
structure(s) protected against bacteria possess-

ing CFA/II of the homologous subtype. Our
finding in the present study that anti-CFA/II
cooperated synergistically with anti-enterotoxin
for protection against bacteria possessing
CFA/II of the heterologous subtype suggests
that antibodies against the shared CFA/II struc-
tures are capable of such cooperation. Whether
antibodies against the type-specific CFA/II
structure(s) enhance the effect of anti-enterotox-
in remains to be determined.

In the cholera system the synergistic cooper-

ation between antibacterial and antitoxin anti-
bodies seems to be due to action of the anti-
bodies at different pathogenic levels (i.e., the
mucosal adhesion of bacteria and binding of
enterotoxin) (20). Against this background it is

not surprising that antibodies against CFA/I and
CFA/II, which may interfere with the coloniza-
tion of CFA-piliated E. coli, cooperated with
toxin-neutralizing antibodies for protection
against enterotoxigenic E. coli.
The protective capacities of the different anti-

body preparations were evaluated in ligated
loops in rabbit intestines. In such loops, the
mechanical defense against bacterial coloniza-
tion usually obtained by peristalsis is not operat-
ing. Therefore, adhesion of bacteria to the intes-
tinal mucosa might not be necessary in order to
deliver sufficient quantities of toxin to the muco-
sal cells. Alternatively, production of high levels
of intraluminal toxin may have resulted in fluid
secretion. Against this background we cannot
exclude the possibility that the anti-CFA anti-
bodies could have exerted their effect by mecha-
nisms other than by interference with mucosal
adherence. Since the sera used were comple-
ment inactivated and the levels of complement
in intestinal secretions are very low (9), there is
little evidence of a bactericidal effect of the
antibodies. This is supported by the finding that
the anti-CFA sera had no effect on bacterial
growth in the loops, as shown by a comparison
of the viable counts after incubation of bacteria
with antibodies and with PBS.
The observation that in relation to their HA-

inhibiting ability, Fab fragments of anti-CFA/I
reduced the fluid secretion almost as effectively
as the noncleaved immunoglobulin fraction of
the serum argues against the possibility that all
of the protective effect of the anti-CFA/I serum
was due to agglutination of the bacteria in the
intestine; rather, this finding supports the notion
that anti-CFA antibodies could mediate protec-
tion in intestinal loops by direct blocking of
bacterial adherence to the intestinal mucosa.
However, agglutination of bacteria may be of
some importance for protection in small bowel
loops, and it is likely that this mechanism may
be effective also in nonligated intestines by
facilitating the expulsion of bacteria through
peristalsis.
The mechanism of action of the anti-LPS

antibodies may also be to prevent adhesion to
the mucosa by steric hindrance or agglutination
of the bacteria in the lumen or both, since these
antibodies did not affect bacterial growth. Previ-
ous studies have suggested that antitoxin anti-
bodies primarily act by preventing the binding of
toxin to cell surface receptors, but they may also
be effective by blocking the toxic sites on the
enterotoxic molecule (12).
For protection against cholera, antibodies

against the LPS component are capable of syn-
ergistic cooperation with anti-enterotoxin (20).
In the enterotoxigenic E. coli system anti-LPS
antibodies are also capable of enhancing the
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protection by anti-enterotoxin. However, this
enhancement is somewhat less pronounced than
that obtained with anti-CFA preparations,
whose protective capacities are similar to that of
anti-LPS serum when it is tested alone. The
reason for this stronger enhancement displayed
by the anti-CFAs is not clear, but it may be
related to the possibility that these antibodies
can prevent close contact of the bacteria and
thus of the enterotoxin with the intestinal cells.
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