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Edema disease (ED) in piglets is caused by Shiga toxin Stx2e-producing Escherichia coli. We show that a genetically disarmed
Stx2e toxoid is a safe antigen that generates antiserum protecting piglets against the Stx2e toxin. Immunization of suckling pig-
lets with the Stx2e toxoid was safe, had no adverse effects on growth of the piglets, and resulted in effective prevention of edema
disease clinical symptoms after challenge with the Stx2e toxin. Our data showed that maternal immunity against the Stx2e tox-
oid can be transmitted from the vaccinated sows to the piglets via the colostrum. Very high levels of Stx2e-specific serum anti-
bodies persisted in these piglets until 1 month postweaning, bridging the critical period in which the weaned piglets are most
susceptible to edema infection. Challenge with Stx2e toxin resulted in clinical signs of edema disease and death of all control pig-
lets from nonimmunized sows, whereas none of the piglets from immunized sows developed clinical signs of ED.

Edema disease (ED), a frequently fatal disease in newly weaned
piglets, is caused by Shiga toxin-producing Escherichia coli

(STEC). The Shiga toxins (Stx) are assembled protein toxins con-
sisting of one enzymatically active A subunit and five receptor
binding B subunits. The A subunit has N-glycosidase activity that
removes a specific adenine base from the 28S rRNA of the 60S
ribosomal subunits, shutting down protein synthesis in the tar-
geted cells. The B subunit of Stx2e binds to globotetraosylcera-
mide present on the surface of host cells. Signs of edema include
swollen eyelids, ataxia, recumbence, convulsions, paralysis, or
sudden death (13). Damage to the vascular endothelium results in
edema, hemorrhage, and microthrombosis and ultimately results
in high mortality in STEC-infected pigs (5, 17, 20). These STEC
strains mediate colonization via F18 fimbriae (12, 24). The F18
fimbrial adhesin recognizes and binds to specific glycosphingolip-
ids, having blood group ABH determinants on the type 1 core
present on enterocytes of weaned piglets (4).

ED is distributed worldwide (1), and the STEC causative agent
has been extensively characterized (1, 6, 8, 18, 21). Although con-
trol of ED is mainly based on antimicrobial therapy, it comes
usually too late for piglets with visible clinical signs, as toxin has
been produced in the gut with uptake and systemic spread
throughout the body. Moreover, excess use of antibiotics in swine
production and the increase of antibiotic-resistant porcine STEC
isolates are becoming a major concern.

Therefore, different approaches for immunoprophylaxis
against ED have been attempted. Passive transfer by injecting pig-
lets with Stx2e-specific antiserum or feeding them with spray-
dried sow blood plasma or egg yolk of chickens immunized with
F18 showed evidence of protection against colonization and
spread of the toxin in the body (14, 16, 22). Immunization of
piglets with F18 could not induce effective protection against
F18� E. coli colonization (25). Oral administration of an Stx2e
mutant-producing E. coli strain to piglets induced protective im-
munity against challenge with the wild-type Stx2e E. coli strain.
However, the applicability of this approach is limited since the
Stx2e mutant strain has to be administered daily within a capsule
for 4 successive days (19). Conversely, several studies have shown

protection of piglets against edema disease by immunization with
inactivated Stx2e toxin (2, 11, 15, 16). However, to date no com-
mercial vaccine or effective therapy exists to treat edema disease.

In this study, we used an Stx2e toxin double mutant, altered in
the A subunit at two amino acid positions (Y77S, E167Q) in the
enzymatic active site, to immunize piglets actively and/or pas-
sively. Immunizing piglets with that toxoid induced high levels of
anti-Stx2e antibodies and protected all weaned piglets against
Stx2e toxin challenge. Immunizing pregnant sows induced high
levels of anti-Stx2e antibodies in serum and protected offspring
piglets through colostrum uptake against Stx2 toxin without any
clinical signs.

MATERIALS AND METHODS
Stx2e toxin and Stx2e toxoid production. Total genomic DNA from E.
coli strain 107/86 (12) was used as template to amplify the wild-type Stx2e
operon (pEXP133) (see the supplemental material). Site-specific muta-
tions (Y77S and E167Q) were introduced in the stx2eA gene of the stx2e
operon (pEXP132) using two consecutive, overlap extension PCRs (see
the supplemental material).

The Stx2e toxin and Stx2e toxoid (E167Q, Y77S) were purified from E.
coli strains C43 DE3(pExp133) and C43 DE3(pEXP132), respectively (see
the supplemental material). The average yields of purified Stx2e toxin or
toxoid were around 1 mg per liter of induced culture.

In vitro cytotoxicity of the Stx2e toxin or Stx2e toxoid was tested on
Vero cells (10). The Stx2e toxin was highly cytotoxic for Vero cells with a
50% cytotoxicity level (CD50) for Vero cells of 2.4 pg/ml. In contrast, the
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double mutant Stx2e toxoid did not show any toxic effect on Vero cells,
even when used undiluted. Moreover, protein A-purified anti-Stx2e an-
tibodies protected the Vero cells against the action of the Stx2e toxin at 24
pg/ml (10� CD50) and did not affect the growth of the Vero cells, while
the same dilution of toxin without antibody killed all Vero cells.

The in vivo toxicity assay was performed on mice by intraperitoneal
injection with 1 �g of the purified Stx2e toxin. All mice died upon injec-
tion with the toxin while all mice injected with the same dose of the
purified Stx2e toxoid survived without showing any clinical symptoms.

Experimental animals. The piglets and sows in this study were raised
on a conventional farm or in experimental isolation units of the Zootech-
nical Centre of the Katholieke Universiteit Leuven. All animal experi-
ments were carried out in accordance with the guidelines of the Ethical
Committee of the Katholieke Universiteit Leuven and approved by the
Ethical Committee of the Katholieke Universiteit Leuven.

Toxicity testing of Stx2e toxin for piglets. In order to define the ap-
propriate doses for toxin challenge of piglets, the toxicity of our Stx2e
toxin was tested on piglets. Initially, blood samples were collected from
crossbred (Hypor � Piétrain) piglets and tested for Stx2e antibodies. Ac-
cordingly, six piglets (35 days of age) that had low levels of serum Stx2e
antibodies were selected for experimental injection with the Stx2e toxin.
Two piglets per group (groups I, II, and III) were injected intravenously
with a different dose of the Stx2e toxin: 5 ng/kg, 50 ng/kg, and 500 ng/kg
of body weight, respectively. These doses of the toxin were estimated
based on the CD50 on Vero cells. Animals were monitored for clinical
signs, including edema of eyelids and face, ataxia, recumbence, convul-
sion, padding legs, paralysis, dyspnea, or sudden death, for 7 days postin-
jection.

Immunization and challenge of piglets. Seven days before the actual
experiment, blood samples were collected from 5 sows (Zootechnical
Centre, Katholieke Universiteit Leuven) and examined for antibodies
against Stx2e. Nine crossbred (Hypor � Piétrain) piglets delivered from
the 2 sows that had low levels of Stx2e antibodies were selected for the
experiment. Those piglets were divided into 2 groups: an immunization
group (n � 6) and a control group (n � 3). In the immunization group,
the piglets were immunized intramuscularly at 13 and 26 days of age with
50 �g and 75 �g Stx2e toxoid per piglet, respectively. The immunizing
solution was prepared by mixing the Stx2e toxoid saline solution (1 mg/
ml) with an equal volume of incomplete Freund’s adjuvant (IFA) (Sigma).
The control piglets received a suspension of saline and IFA in the same
manner. The piglets were weaned at 30 days of age and transferred to the
experimental isolation unit.

At 40 days of age, the piglets in both groups were challenged intrave-
nously with 50 ng Stx2e toxin/kg of body weight and observed for the
clinical signs of ED for 7 days. During the follow-up period, piglets were
euthanized after recumbence for 2 days or at 7 days postchallenge. The
lesions were recorded, focusing on edema of stomach (cardiac and pylo-
ric), mesentery (small intestinal, spiral colon, and terminal colon), and
mesenteric lymph nodes and hemorrhages in stomach wall, ileum, spiral
colon, terminal colon, and cecum.

Blood samples were collected for Stx2e-specific antibody analysis im-
mediately before immunization, 13 days after the first immunization (26
days of age), 10 days after the second immunization (36 days of age), and
7 days after toxin challenge (47 days of age).

The piglets were weighed at 14, 26, and 36 days of age.
Immunization of sows and challenge of offspring piglets. Prior to

the experiment, 10 pregnant sows, breed Hypor, around 2 years old were
bled to check for Stx2e antibodies. The sows with low serum levels of
Stx2e-specific antibodies were selected for the experiment.

Three sows (immunization group) were intramuscularly adminis-
tered 200 and 250 �g Stx2e toxoid 5 and 3 weeks prepartum, respectively.
The immunizing solution was prepared by mixing Stx2e toxoid solution
(1 mg/ml) in saline with an equal volume of IFA (Sigma). One of the 2
sows in the control group was placebo immunized with 2 ml of an IFA-
saline suspension while the other was left unimmunized. Blood samples

were collected from immunized and control sows for Stx2e-specific anti-
body analysis before immunization, 14 days after the first immunization,
and 28 days after the second immunization (4 days postpartum).

Piglets delivered from immunized sows and nonimmunized sows
were bled at 4, 14, 24, 39 (13 days after weaning), and 53 (27 days after
weaning) days of age for serum Stx2e-specific antibody evaluation. Each
time, 6 piglets (2 piglets/sow, mostly different piglets) from the immu-
nized sows and 6 (only 2 for day 4 of age) piglets (2 piglets/sow, mostly
different piglets) from nonimmunized sows were selected.

At weaning (26 days of age), 9 piglets born to immunized sows (3
piglets/sow) and 6 piglets born to nonimmunized sows (2 piglets/sow)
were randomly selected and transported to the experimental isolation unit
for toxin challenge. Five days after weaning (31 days of age), they were
challenged by intravenous injection of 65 ng Stx2e toxin/kg of body
weight and observed for 8 days for clinical signs of ED. The piglets were
euthanized after 2 days of recumbence or at 8 days after challenge. The
clinical signs and lesions were recorded as before. Blood samples were
collected from the piglets just before euthanasia (39 days of age) for Stx2e-
specific antibody analysis.

Indirect ELISA for Stx2e-specific pig antibodies. An indirect
enzyme-linked immunosorbent assay (ELISA) was developed to detect
Stx2e-specific antibodies in serum. Blood was taken from the jugular vein.
After 18 h of incubation at room temperature, serum was collected, inac-
tivated at 56°C for 30 min, and treated with kaolin (1 volume of serum was
mixed in 4 volumes of 25% kaolin) for 30 min at room temperature.

Stx2e toxoid was applied as a coating at a concentration of 2 �g/ml in
coating buffer (carbonate-bicarbonate buffer, pH 9.6) on a 96-well mi-
crotiter plate. After 2 h of incubation at 37°C, the remaining binding sites
were blocked overnight at 4°C with phosphate-buffered saline (PBS) sup-
plemented with 0.2% (vol/vol) Tween 80. The serum was diluted 1/40 in
ELISA dilution buffer (PBS plus 0.05% [vol/vol] Tween 20 plus 3% [wt/
vol] bovine serum albumin [BSA]). The diluted serum samples were ap-
plied and incubated for 1 h at 37°C. Thereafter, an optimal dilution of
conjugate (goat anti-pig IgG horseradish peroxidase [HRP] from Bethyl
Laboratories, Inc.) in dilution buffer was added to the wells for 1 h
at 37°C. The optical density (OD) was measured at 405 nm in an
ELISA plate reader after addition of ABTS [2,2=-azinobis(3-
ethylbenzthiazolinesulfonic acid)] solution for 20 min.

Statistical analysis. Data analyses were performed using the statistical
analysis system (SAS Institute, Inc., Cary, NC). The mean of antibody OD
values, the weight, and average daily weight gain (DWG) between the
immunization and control group were evaluated by Tukey’s multiple
comparison test. Significant differences are reported at a 95% confidence
level.

RESULTS
Toxicity testing of the Stx2e toxin on piglets. Three groups (I, II,
and III) of piglets were injected intravenously with 5 ng, 50 ng, and
500 ng of Stx2e toxin/kg of body weight, respectively. One day
after toxin injection, all piglets of group III died without clinical
signs. In group II, piglets had clinical signs of ED and all piglets
died after 3 days. Piglets of group I remained normal for 4 days
after toxin injection. From these data, a toxin dose of 50 ng Stx2e
toxin/kg body weight was selected for challenge.

Immunization and challenge of piglets. (i) Weight gain. To
evaluate whether Stx2e toxoid immunization had negative effects
on growth of piglets, the average weight and daily weight gain
(DWG) were measured in the immunization and control groups
after immunization with Stx2e toxoid. The results are summa-
rized in Table 1.

The initial weights (just a day after the first immunization)
were almost similar between the two groups. Thirteen days after
the first immunization (26 days of age) and 10 days after booster
immunization (36 days of age), no statistical differences between
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the groups were observed. Similarly, the DWGs did not differ
significantly between the two groups.

(ii) Stx2e antibody response in piglets after immunization
with Stx2e toxoid. Before immunization with Stx2e toxoid, Stx2e-
specific antibody levels in sera of experimental piglets were low.
The levels of Stx2e-specific antibodies started rising after primary
immunization and were significantly higher than those in the con-
trol group at 10 days after booster immunization when piglets had
been weaned for 6 days (36 days of age) (P � 0.0001). Further-
more, Stx2e antibody responses of immunized piglets continued
to increase 7 days after challenge with Stx2e toxin (47 days of age
or 17 days postweaning) (Fig. 1). The OD values of Stx2e antibod-
ies for the control group remained consistently low during the
whole experiment (Fig. 1).

(iii) Clinical signs and gross lesions after challenge. Ten days
after weaning (40 days of age), all piglets were challenged with
Stx2e toxin. During 7 days postchallenge, none of the 6 piglets in
the immunization group developed clinical signs of ED. In con-
trast, all control piglets had clinical signs of ED: one piglet died 1
day postchallenge, another one showed distinct clinical signs of
ED and was euthanized after 2 days of recumbence, and the re-
maining piglet had mild signs of ED with slight edema of eyelids
and mild ataxia for 2 days. The latter and all piglets of the immu-
nization group were euthanized 7 days after challenge. Postmor-
tem examination was done in all piglets. Hemorrhages in ileum,
spiral colon, cecum, and terminal colon were observed in the 3
piglets of the control group, and edema of mesentery and mesen-
teric lymph node was present in 2 piglets of the control group. In

the immunization group, only slight hemorrhages in the cecum of
3 of the 6 piglets were seen.

Immunization of sows and challenge of offspring piglets. (i)
Stx2e maternal antibodies in sows. Pregnant sows with low levels
of serum Stx2e antibodies were immunized with Stx2e toxoid at 5
weeks prepartum and boosted 2 weeks thereafter. Following the
first immunization, high levels of specific Stx2e antibodies were
detected in serum of all immunized sows at 3 weeks prepartum but
not in serum from a control sow (Fig. 2). Twenty-eight days after
the booster immunization (4 days postpartum), immunized sows
had OD values for serum Stx2e-specific antibodies 10 times higher
than those of control sows (Fig. 2). Thus, the Stx2e toxoid induced
significantly high levels of maternal Stx2e-specific antibodies in
the sows after two immunizations with the Stx2e toxoid (P �
0.05).

(ii) Anti-Stx2e antibodies in offspring piglets. Piglets from
Stx2e toxoid-immunized and nonimmunized sows were ran-
domly bled for serum Stx2e-specific antibody analysis. As shown
in Fig. 3, all piglets (unchallenged) born to immunized sows had
very high ODs for Stx2e-specific serum antibodies until 27 days
postweaning (53 days of age). In contrast, piglets born to nonim-
munized sows persistently displayed low levels of Stx2e serum
antibodies until termination of the study.

(iii) Protection of offspring piglets after challenge with Stx2e
toxin. After challenge with Stx2e toxin, all 6 piglets born to non-
immunized sows developed typical clinical signs of ED and all died
after 2 days of challenge. Gross lesions with edema in mesentery
and mesenteric lymph node and mild hemorrhages of spiral co-
lon, cecum, and terminal colon were observed in all these piglets.
In contrast, none of the 9 piglets derived from Stx2e-immunized

TABLE 1 Weight gain of immunized and nonimmunized pigletsa

Piglet group Day 14, wt

Day 26 Day 36

Wt DWG Wt DWG

Immunized (n � 6) 5.02 � 0.17 8.61 � 0.39 0.30 � 0.02 10.59 � 0.60 0.25 � 0.02
Control (n � 3) 4.95 � 0.09 8.13 � 0.12 0.27 � 0.01 9.95 � 0.69 0.23 � 0.03
P �0.78 �0.44 �0.15 �0.53 �0.50
a Data are mean weights (kg) and daily weight gains (DWG; kg/day) of piglets (�SEM) at 14, 26, and 36 days of age. Day 14 is 1 day after first immunization, day 26 is the day of
booster immunization (13 days after first immunization), and day 36 is 10 days after booster immunization.

FIG 1 Mean OD value of Stx2e-specific antibodies (�SEM) in serum of pig-
lets at 13 days (first immunization), 26 days (booster immunization), 36 days
(10 days after the booster immunization), and 47 days (7 days after challenge)
of age. �, immunization group (n � 6); Œ, control group (n � 3). Piglets were
weaned at the age of 30 days.

FIG 2 Presence of maternal Stx2e antibodies in serum of sows 5 weeks
prepartum (time of first immunization), 3 weeks prepartum (time of
booster immunization and 14 days after the first immunization), and 4
days postpartum.

Stx2e Toxoid Maternal Immunization Protects Piglets
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sows had clinical signs of ED. At 8 days postchallenge (39 days of
age), these piglets were euthanized and only slight hemorrhages in
cecum and spiral colon were present in 5 of the 9 piglets of this
group. At the moment of euthanasia, blood samples were col-
lected. Analysis of the serum samples showed that the mean OD
value of Stx2e serum antibodies of these piglets (1.13 � 0.05 [stan-
dard error of the mean {SEM}]) was similar to that of the age-
matched nonchallenged piglets of the same nests of the immu-
nized sows (with the mean OD value of 1.13 � 0.04 [SEM]).

DISCUSSION

In the present study, we constructed a genetic mutant toxin Stx2e
(Y77S, E167Q), designated Stx2e toxoid, and we demonstrated its
protective efficacy in both active and passive immunization
against challenge with the Stx2e toxin. We obtained high yields of
pure Stx2e toxoid and toxin by a single ion-exchange chromatog-
raphy purification protocol. The pure Stx2e toxoid was safe in
mice and rabbits and generated anti-Stx2e toxoid polyclonal an-
tiserum that protects Vero cells against the purified Stx2e toxin.
This purified Stx2e toxin killed all the mice, while the Stx2e toxoid
did not induce any disease symptoms.

In a first experiment of our study, the Stx2e toxoid was used to
immunize suckling piglets. In accordance with the results of Jo-
hansen et al. (15), Stx2e toxoid immunization induced strong an-
tibody responses as indicated by high ELISA OD values in 1:40-
diluted serum samples. Moreover, immunization with the toxoid
effectively prevented development of clinical signs and lesions in
pigs after challenge with Stx2e toxin. Moreover, the toxoid immu-
nization itself had no negative effects on production as no signif-
icant differences in body weight and daily weight gain had been
observed between control and immunized piglets. Therefore, in
agreement with the previous reports (2, 15, 16), we demonstrated
that the Stx2e toxoid immunization protected against ED.

ED mainly occurs within the first 2 weeks postweaning with
high mortality among infected piglets (1). Although there are a
number of reports indicating protective efficacy of Stx2e vaccina-
tion in piglets, to date no commercial vaccine is available. Stx2e-
producing E. coli strains are frequently isolated from feces of late
finisher pigs and sows (7). High seroprevalence for Stx2e-positive
E. coli in breeding sows (unpublished data) might result in mild

passive protective immunity for preweaned piglets but might im-
pair active vaccination of the piglets. On the other hand, natural
passive immunity was noted to decline usually rapidly below pro-
tective levels after weaning (3). The results of field trials with the
Stx2e toxoid vaccination from Bosworth and colleagues (2)
showed that serum antibody responses after vaccination varied
among piglets and were lower than those obtained in another
study in which vaccinated piglets were selected from the Stx2e
antibody-negative ones, although vaccination protocols in these
two studies were identical. Moreover, the immune system of pig-
lets at birth is functionally not completely mature and several
weeks are needed for it to become fully developed (9). All these
factors could account for constraints in the development of active
vaccination of piglets against ED in the field because, ideally, such
a vaccine should provide protection at an early susceptible age, i.e.,
around weaning and prior to a decline of their passive systemic
immunity.

Maternal vaccination of sows has been used in the field to pro-
tect piglets and pigs from neonatal colibacillosis, necrotizing diar-
rhea, erysipelas, atrophic rhinitis, swine influenza, and Aujesky’s
disease (23). The results of our study disclosed for the first time
that maternal passive immunity derived from the sows immu-
nized with Stx2e toxoid can protect weaned piglets from lethal and
disease effects of Stx2e toxin. In fact, after immunization with the
Stx2e toxoid of the pregnant sows, high levels of specific Stx2e
antibodies developed in all immunized sows. Low levels of Stx2e
antibody were present in nonimmunized sows throughout the
study. Moreover, significantly higher levels of specific Stx2e anti-
bodies were detected in the piglets from the Stx2e toxoid-
immunized sows and persisted for at least 1 month postweaning,
indicating that maternal antibodies had successfully been trans-
ferred. Challenge with Stx2e toxin led to clinical signs of ED and
death in all control piglets, whereas none of the piglets from im-
munized sows developed clinical signs of ED.

Our results revealed the applicable alternative approach of ma-
ternal passive immunity against ED by passive protection of pig-
lets: immunizing pregnant sows could overcome the problems of
natural passive immunity interference with active vaccination and
immunological immaturity of the neonate. High levels of passive
Stx2e antibodies in serum persisted 1 month postweaning and
provide sufficient immunity to piglets for protection against ED.
Additionally, sow vaccination versus piglet vaccination reduces
cost and labor.

In conclusion, it was possible to demonstrate that active im-
munization with the Stx2e toxoid induced strong immune re-
sponses in piglets and sows, as well as providing high levels of
passive antibodies in piglets. The latter was confirmed by com-
plete protection of the piglets from lethal doses of Stx2e toxin. The
findings of our study look promising for combating ED in the pig.
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