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Effect of Heat-Killed Escherichia coli, Lipopolysaccharide, and
Muramyl Dipeptide Treatments on the Immune Response Phenotype
and Allergy in Neonatal Pigs Sensitized to the Egg White Protein
Ovomucoid

Julie Schmied, Prithy Rupa, Sarah Garvie, and Bruce Wilkie

Department of Pathobiology, Ontario Veterinary College, University of Guelph, Guelph, Ontario, Canada

Predisposition to food allergies may reflect a type 2 immune response (IR) bias in neonates due to the intrauterine environment
required to maintain pregnancy. The hygiene hypothesis states that lack of early environmental stimulus leading to inappropri-
ate development and bias in IR may also contribute. Here, the ability of heat-killed Escherichia coli, lipopolysaccharide (LPS), or
muramyl dipeptide (MDP) to alter IR bias and subsequent allergic response in neonatal pigs was investigated. Three groups of
three litters of pigs (12 pigs/litter) were given intramuscular injections of E. coli, LPS, MDP, or phosphate-buffered saline (PBS)
(control) and subsequently sensitized to the egg white allergen ovomucoid using an established protocol. To evaluate change in
IR bias, immunoglobulin isotype-associated antibody activity (AbA), concentrations of type 1 and 2 and proinflammatory cyto-
kines released from mitogen-stimulated blood mononuclear cells, and the percentage of T-regulatory cells (T-regs) in blood were
measured. Clinical signs of allergy were assessed after oral challenge with egg white. The greatest effect on IR bias was observed
in MDP-treated pigs, which had a type 2-biased phenotype by isotype-specific AbA, cytokine production, and a low proportion
of T-regs. LPS-treated pigs had decreased type 1- and type 2-associated AbA. E. coli-treated pigs displayed increased response to
Ovm as AbA and had more balanced cytokine profiles, as well as the highest proportion of T-regs. Accordingly, pigs treated with
MDP were more susceptible to allergy than PBS controls, while pigs treated with LPS were less susceptible. Treatment with E.
coli did not significantly alter the frequency of clinical signs.

The high prevalence of allergic disease in developed countries,
estimated to be approximately 30% (46), is an important

health problem. The rapid, recent increase in the incidence and
prevalence of allergy can be attributed to environmental change,
as stated by the hygiene hypothesis. The hygiene hypothesis, orig-
inally proposed by Strachan in 1989 (39), has been refined and
states that microbial components and their proposed allergy-pre-
venting potential are no longer present in the environment in
sufficient quantity and/or quality to ensure proper development
of the immune system, leading to imbalances in immune response
(IR) and predisposition to allergic disease (12). While much epi-
demiological evidence supports the role of the environment in this
increase, a genetic component also exists; however, the heritability
of allergy is that of a complex polygenic disorder, such that genetic
traits differ between allergic individuals (31). Therefore, due to the
complex nature of allergic disease, standard treatments are limited
to allergen avoidance, nutritional support, and immediate access
to emergency medication (38). Although many allergen-specific
immunotherapies have been investigated (1, 2, 3, 43), general,
allergen-nonspecific treatments to control allergic predisposition
and clinical allergy, regardless of the inciting allergen, would be of
great benefit (1).

Predisposition to food allergies is attributed to a type 2 imbal-
ance in IR. In an allergic reaction, type 2 cells produce cytokines
(interleukin 4 [IL-4], IL-5, IL-13) that promote B lymphocyte
immunoglobulin (Ig) isotype switching from IgG to IgE, thus in-
creasing IgE-related antibody (36). Antibody associated with IgE
mediates type I hypersensitivity reactions by sensitizing mast cells,
platelets, and basophils for allergen-induced release of vasocon-

strictive and smooth-muscle-activating mediators, such as hista-
mine (13).

It is widely accepted that newborn animals have a type 2-biased
immune system due to the intrauterine environment required to
maintain pregnancy (45). This type 2 bias leads to selective sus-
ceptibility to microbial infection as well as the development of
allergic disease (47). This bias is due in part to the low frequency
and immaturity of neonatal dendritic cells (DCs), which results in
diminished production of IL-12-secreting T-helper 1 (Th1; type
1) cells and the dominance of IL-4-producing T-helper 2 (Th2;
type 2) cells upon secondary exposure to an antigen (47). To pre-
vent allergy in neonates and at later stages, it would be beneficial to
trigger the maturation of DCs and activation of other Ag-present-
ing cells, thus increasing available IL-12 to counteract the effect of
IL-4 (19). This could be achieved by the activation of pattern rec-
ognition receptors (PRRs). Some Toll-like receptors (TLRs) and
nucleotide oligomerization domain (NOD)-like receptors (NLRs)
and their ligands have been reported to promote type 1 IR. When
administered intranasally to neonatal mice, nonliving, nongeneti-
cally modified particles of Lactococcus lactis peptidoglycan (PGN)
displaying the Yersinia pestis Ag LcrV induced antibody produc-
tion and type 1-associated cell-mediated IR specific to LcrV.
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Moreover, these mice were protected from lethal infection with Y.
pestis (28). Protection was thought to be mediated by binding of
PGN to TLR-2. Peptidoglycan is also recognized by NOD1 and
NOD2 (40); the smallest recognizable component of PGN is mu-
ramyl dipeptide (MDP) (42), the ligand for NOD2. The bacterial
component lipopolysaccharide (LPS), the ligand for TLR-4, also
has type 1-promoting, allergy-protective effects in a mouse model
of allergy (9).

Most individuals who suffer from food allergy are polysensi-
tized and therefore allergic to more than one food; this is prob-
lematic when developing allergen-specific immunotherapies, as
each allergen would require a different course of therapy. The use
of allergen-nonspecific therapy could circumvent this problem by
enabling change in the host IR, which ideally would induce toler-
ance toward all food allergens (20). Previously, in a neonatal pig
model of food allergy to the egg white allergen ovomucoid (Ovm)
(33), intramuscular injections (i.m.) of heat-killed Escherichia coli,
on each of the first 7 days of life, prevented clinical signs of allergy
upon subsequent sensitization and oral challenge with egg white
(35). Similarly, live, orally administered Lactococcus lactis treat-
ment prevented allergic sensitization and clinical signs to Ovm
and was associated with an increase in type 1 IR bias as indicated
by Ig isotype-specific antibody activity (AbA) ratios and a decrease
in type 2 cytokine production in treated pigs (32). Although the
mechanisms of this reduction in allergy were not investigated, it is
likely that interactions between PRRs and microbial-associated
molecular patterns were involved.

The use of pigs to investigate experimental food allergy may be
advantageous (15). Swine are useful for comparative studies, as
they are similar to humans in size, organ development, physiol-
ogy, and disease progression (21). In addition, pigs are outbred,
similar to humans, perhaps better mimicking the effect of envi-

ronmental influences than do inbred mice. The clinical signs of
allergy in pigs are similar to those in humans, and several studies
have been reported (11, 15, 16, 32, 33, 35, 41).

In this study, we examined in swine the ability of heat-killed E.
coli, LPS, or MDP to alter IR phenotype against a background of
allergic sensitization to Ovm. Change in phenotype was observed
by measuring Ig isotype-specific AbA to Ovm, type 1 and 2 and
proinflammatory cytokine production from mitogen-stimulated
blood mononuclear cells (BMCs), and the proportion of T-regu-
latory cells (T-regs) compared with those of untreated, sensitized
controls. It was hypothesized that heat-killed E. coli, LPS, and
MDP alter the IR phenotype and expression of allergy in neonatal
pigs sensitized to the egg white allergen Ovm.

MATERIALS AND METHODS
Animals and design. A total of nine litters of newborn Yorkshire pigs,
born to Yorkshire sows, 12 pigs per litter, and three litters per treatment,
were used. The pigs were housed and maintained under normal hus-
bandry conditions at the Arkell Swine Research Station (University of
Guelph). During the experimental period, vaccinations and antibiotics
were withheld from all pigs. Animal use was approved by the Animal Care
Committee at the University of Guelph under guidelines of the Canadian
Council of Animal Care.

Treatments and sensitization with ovomucoid. Fig. 1 summarizes
the treatment, sensitization, sampling, and challenge schedule. Three lit-
ters of pigs were assigned to one of three treatment groups, and half of the
pigs in each treatment group were treated with either heat-killed E. coli
(n � 11 pigs; BL21 Star cells, 109 CFU/ml; Invitrogen, Burlington, ON,
Canada), LPS, (n � 15 pigs; from E. coli 055:B5, 10 �g/ml; Sigma-Aldrich,
Oakville, ON), or MDP (n � 16 pigs; from Staphylococcus aureus, 10
�g/ml; Sigma-Aldrich). Other pigs in each group, 18 per group, were
treated with phosphate-buffered saline (PBS; n � 49 pigs, pooled across
all litters; negative control). Values of n reflect final number of pigs in each

FIG 1 Pretreatment and sensitization protocol. Three groups of pigs, each group containing three litters of approximately 12 pigs/litter treated with intramus-
cular (i.m.) injections of heat-killed E. coli (109 CFU/ml in 1 ml PBS; n � 11 pigs), lipopolysaccharide (LPS; 10 �g/ml in 1 ml PBS; n � 15 pigs), muramyl
dipeptide (MDP; 10 �g/ml in 1 ml PBS; n � 16 pigs), or phosphate-buffered saline (PBS; n � 49 pigs, pooled across all litters) in a split-litter design. Six pigs in
each litter of 12 received treatment with bacteria or bacterial components; the remaining pigs were treated with PBS as a negative control on each of the first 7 days
of life. Injections were divided into two equal volumes and administered into lateral cervical areas. Pigs were then sensitized by intraperitoneal (i.p.) injection of
ovomucoid (Ovm; 100 �g/ml) mixed with 10 �g/ml of cholera toxin (CT) on days 14, 21, and 35. Skin tests were conducted on days 14, 21, 35, and 45 to monitor
sensitization by intradermal (i.d.) injection of Ovm (100 �g). On day 45, pigs were fasted overnight and challenged on day 46 with 100 ml of egg white and
yoghurt mixed 3:2 (vol/vol), observed for at least 2 h for clinical signs of allergy, and assigned clinical scores (Table 1). Blood was taken via the retro-orbital sinus
on days 14 and 45 to measure immunoglobulin isotype-associated antibody activity by enzyme-linked immunosorbent assay (ELISA) and on day 45 to isolate
blood mononuclear cells (BMCs) for culture and quantification of cytokine concentrations and to measure the proportion of circulating T-regulatory cells
(T-regs) by flow cytometry. Experimental days are equal to days of age.
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group. Pigs in each litter were ranked by weight regardless of gender and
assigned to the treatment or control group, ensuring approximately equal
distribution of mass across groups. Each pig received an intramuscular
(i.m.) injection of 1 ml of the designated treatments on each of the first 7
days of life, split into two equal volumes injected into opposite lateral
cervical areas. Days of age were equivalent to experimental days. On days
14, 21, and 35, intraperitoneal (i.p.) injections of 100 �g of purified Ovm,
prepared in lab (33), adjuvanted with 10 �g of cholera toxin (List Biolog-
icals, CA), were given to all pigs as previously described (33). Blood was
taken from the retro-orbital sinus on day 45 to measure the effect of each
treatment on bias of IR phenotype. On day 45, piglets were fasted for 18 h
prior to oral challenge on day 46 with 100 ml of egg white mixed with
yogurt in a 3:2 (vol/vol) ratio. The egg white-yogurt mixture was delivered
to each pig using a Kendall Monoject 60-ml Toomey tip syringe (Covi-
dien, Mansfield, MA) with an attached polypropylene tube to allow suck-
ling.

Cutaneous hypersensitivity to ovomucoid. To monitor sensitization
to Ovm, intradermal (ID) skin tests were performed prior to primary i.p.
sensitization on day 14 and on days 21, 35, and 45. Two separate injection
sites were marked on the medial aspect of opposite thighs, one for the test
Ag Ovm and another for the PBS control. Injections of 100 �l of Ovm (10
�g/ml) or PBS were made using a tuberculin syringe with a 25-gauge
needle (Covidien) and monitored for wheal and flare approximately 10 to
15 min after injection. Wheal and flare reactions were evaluated by three
separate observers.

Clinical signs. Following oral challenge, pigs were observed for at least
2 h by three researchers blinded to treatment group and monitored for
clinical signs of allergy. Each pig was assessed individually and assigned a
score as outlined in Table 1. In order to be classified as allergic, pigs had to
exhibit signs such as cutaneous erythema and/or gastrointestinal signs,
such as vomiting or diarrhea, and to have a minimum clinical score of 1.
The clinical signs of scratching, sneezing, isolation, and lethargy and re-
spiratory difficulty had to occur in combination with one of the aforemen-
tioned signs to be scored as a sign and were not themselves sufficient to
identify a pig as allergic (Table 1). Thus, signs were additive, and clinical
score was indicative of the severity of the allergic reaction. In severe re-
sponses, epinephrine was administered until allergic signs were alleviated.

Measurement of immunoglobulin isotype-specific antibody activity
to ovomucoid by enzyme-linked immunosorbent assay. Sera obtained
on day 45 and stored at �20°C were used to determine the Ig isotype-
specific AbA to Ovm by enzyme-linked immunosorbent assay (ELISA).

Anti-pig isotype IgG, heavy and light chain specific (rabbit polyclonal,
H�L; Sigma-Aldrich), IgG1, IgG2 (mouse monoclonal; AbD Serotec, Ra-
leigh, NC), and IgE (rabbit polyclonal) (34) were used to quantify related
antibody activity. Optimal Ag-coating conditions were determined using
polystyrene, flat-bottomed, Immulon 2HB, 96-well plates (Dynex Tech-
nologies Inc., VWR International, Mississauga, ON, Canada) and 0.05 M
carbonate-bicarbonate coating buffer (pH 9.6). Plates were washed three
times (ELX 405 automatic plate washer; Biotek Instruments, Winooski,
VT) with 200 �l 0.05% Tween-PBS (PBST; 0.01 M, pH 7.4, per well).
Wells were blocked with 3.0% PBST (pH 7.4), 200 �l per well, and incu-
bated for 1 h at room temperature (RT). Washing was repeated, and sera
diluted in 0.05% PBST were added at 100 �l per well in triplicate. Controls
included wells without sera and negative (pooled serum from preimmu-
nized piglets with low AbA) and positive (pooled serum from postimmu-
nized piglets with high AbA) sera. Plates were incubated for 2 h at RT and
washed. Alkaline phosphatase (Alk-phos)-conjugated rabbit anti-swine
IgG (H�L), diluted in 0.05% Tween–Tris-buffered saline (TTBS; pH 7.4)
for Ovm-specific IgG (H�L) activity or unconjugated monoclonal mouse
anti-swine IgG1 or IgG2 for the isotype-specific ELISAs was added at 100
�l/well and incubated for 1 h at RT. Plates were washed, and for IgG, 100
�l p-nitrophenol phosphate substrate (Sigma-Aldrich), dissolved in 10%
diethanolamine (pH 9.8) to a concentration of 1.0 mg/ml, was added to
each well and incubated at RT in the dark. For IgG1 or IgG2 isotype-
specific ELISAs, Alk-phos-conjugated goat-anti-mouse IgG (H�L spe-
cific; Sigma-Aldrich) diluted in TTBS was added at 100 �l/well after being
washed and incubated for 1 h. Substrate was added after plates were
washed, as described for IgG ELISA, and incubated at RT in the dark.
Optical density (OD) of test sample wells was measured at 405 nm (EL
808; Biotek Instruments) when the positive-control OD reached 1.0.
Mean values of OD were obtained from triplicates of test serum and from
the controls. The protocol for Ovm-specific IgE activity was similar to that
outlined by Rupa et al. (34). For individual sera, antibody activity of trip-
licate means were expressed as percent of the positive-control values for
each plate with the following equation: % of positive-control activity �
(mean test serum OD/mean positive-control serum OD) � 100.

Measurement of type 1, type 2, and proinflammatory cytokine con-
centrations. Blood collected on day 45 was used to isolate BMCs for
culture and stimulation with the T-cell mitogen phytohemagglutinin-P
(PHA-P; Sigma-Aldrich). Concentrations of type 1 and 2 and proinflam-
matory cytokines were measured in culture supernatant using capture
ELISA.

Blood mononuclear cells were isolated from whole blood using den-
sity gradient centrifugation on Histopaque (Sigma-Aldrich) according to
the manufacturer’s guidelines. To summarize, approximately 3 ml of
blood was collected from each pig in an EDTA-coated 5-ml Vacutainer
tube (Becton, Dickinson, Mississauga, ON, Canada). Blood was diluted
with 3 ml of sterile PBS and underlaid with 6 ml of Histopaque at RT. The
samples were then centrifuged at 400 � g for 30 min at RT, after which the
layer containing BMCs was removed and transferred to a new, sterile tube
and washed twice at RT in PBS. Resulting BMCs were resuspended in
complete Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
containing 10% fetal calf serum (Invitrogen), L-glutamine (2 mM; Invit-
rogen), and penicillin (100 U/ml)-streptomycin (100 �g/ml). Cells were
counted using an automatic cell counter (T-C10 cell counter; Bio-Rad,
Mississauga, ON, Canada) and diluted with DMEM to 2.5 � 106 cells/ml,
cultured in triplicate on 24-well plates (Costar; Sigma-Aldrich) with 1 ml
of medium and 10 �g of PHA-P per well. After 96 h of incubation, cell
culture supernatant was removed, aliquoted, and stored at �80°C.

The levels of type 1 cytokines gamma interferon (IFN-�) and IL-
12p40, type 2 cytokines IL-4 and IL-10, and proinflammatory cytokine
IL-17A were measured in cell culture supernatant using porcine quanti-
tative sandwich ELISA kits for each cytokine exactly as outlined by the
manufacturers’ instructions (Invitrogen [IFN-�, IL-4, and IL-10]; King-
fisher, St. Paul, MN [IL-17A]; R&D Systems, Minneapolis, MN [IL-
12p40]). In summary, plates were coated with mouse monoclonal anti-

TABLE 1 Clinical score assessment for systemic and local signs of
allergy

Clinical sign Score awarded

Isolation and lethargy 1
Repeated scratching 0.5
Repeated sneezing 0.5

Cutaneous erythemaa

Isolated erythema 1
Partial erythema 2
Confluent erythema 3

Emesisa

One episode 1
Repeated episodes 2

Diarrheaa

One episode 1
Repeated episodes 2

Respiratory difficulty 2
a Pigs must display at least one of these signs to be considered allergic.

Pig Allergy and Immune Response Bias by Bacterial Components
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porcine IFN-�, IL-4, or IL-10 overnight at 4° and IL-12p40 overnight at
RT. Mouse monoclonal anti-porcine IL-17A was precoated on the assay
plate. Culture supernatant from PHA-P-stimulated and unstimulated
BMCs and standards of known cytokine concentration were added in
duplicate to wells of flat-bottomed, Immulon 2HB, 96-well plates (Dynex
Technologies Inc.) and were incubated as specified by the manufacturer
per assay. After the wells were washed, 50 �l of biotinylated anti-cytokine
antibody was added to each well and incubated for 1 h. Plates were then
washed, and 100 �l of streptavidin-peroxidase was added. After a final
wash, color was developed with 100 �l of substrate solution (tetrameth-
ylbenzidine; Sigma-Aldrich) for 30 min at RT in the dark. Stop solution
(1.8 N sulfuric acid) was added, and OD was measured at 450 nm using a
microplate reader. Optical density was directly proportional to the con-
centration of cytokine. Linear standard curves were plotted for concen-
trations using GraphPad Prism software and used to estimate cytokine
concentration in test samples. For all cytokines assayed, if a test sample
OD was below the sensitivity of the test to detect positivity, the lowest
concentration detected on the standard curve was assigned to that sample.

Determination of proportion of T-regulatory cells in lymphocytes
of whole blood by flow cytometry. Blood collected on day 45 was also
used to measure the proportion of blood T-regs from all pigs by flow
cytometry, on the basis of CD25 and forkhead box P3 (FoxP3) positivity
(18). One hundred microliters of blood from each pig was used for double
staining with mouse anti-porcine CD25 (VMRD, Pullman, WA) and R-
phycoerythrin (PE)-conjugated anti-mouse FoxP3 (eBiosciences, San
Diego, CA) (14). Fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse IgG1 (Invitrogen) was used as a secondary antibody to detect
anti-CD25 antibody. Isotype and unstained controls were included to
confirm specific staining of anti-CD25 and anti-Foxp3 and to adjust com-
pensation. The antibody isotype controls used were mouse IgG1 negative
control (AbD Serotec) for CD25 and PE-conjugated rat IgG2a for FoxP3.
Unstained samples were treated with wash buffer, PBS with 0.1% bovine
serum albumin (PBA). The staining protocol used is summarized briefly
below.

Staining for CD25 was conducted first in conjunction with the appro-
priate negative isotype control. Beginning with 100 �l of blood, to each
sample, 100 �l at 10 �g/ml of mouse anti-porcine CD25 was added and
100 �l of rat IgG1 at 10 �g/ml was added to the CD25 isotype control. One
hundred microliters of PBA was added to the unstained and FoxP3 isotype
controls. All tubes were mixed gently by vortexing and incubated for 15
min at RT followed by two washes with 1 ml of PBA by centrifugation for
7 min at 470 � g at 4°C. After each wash, supernatant was discarded. Next,
50 �l of FITC-conjugated goat anti-mouse IgG1 at 10 �g/ml was added to
samples and CD25 isotype controls, PBA was added to the unstained and
FoxP3 isotype controls, and all tubes were mixed and incubated in the
dark at RT for 15 min. Following incubation, 1.5 ml of BD FACS red blood
cell lysing solution (BD Biosciences, Mississauga, ON, Canada) was added
to samples and all controls and centrifuged at 470 � g at 4°C. The resulting
supernatant was discarded, and 500 �l of permeabilization buffer (0.1%
saponin in PBS), to enable intracellular staining, was added to samples
and all controls, mixed, and incubated in the dark at RT for 10 min. Two
milliliters of PBA was added to the permeabilization buffer and centri-
fuged at 470 � g at 4°C, following which the resulting supernatant was
discarded. To detect FoxP3, 100 �l of PE-conjugated rat anti-mouse
FoxP3 at 0.5 �g/ml was added to samples, and 100 �l of PE-conjugated rat
IgG2a at 0.5 �g/ml was added to the FoxP3 isotype controls. The un-
stained and CD25 isotype controls received 100 �l of PBA, and all tubes
were mixed and incubated at RT in the dark for 30 min. All tubes were
washed with 2 ml of PBA as described above, supernatant was discarded,
and 200 �l of 1.0% paraformaldehyde was added. Tubes were stored at
4°C for approximately 18 h before the proportion of T-regs was measured
by flow cytometry using a Becton, Dickinson FacScan flow cytometer
(Becton, Dickinson) and FACstation software (BD Biosciences). Percent-
age of T-regs was determined by gating on lymphocytes using forward and
side scatter and identification of double positive cells for the markers

CD25 and FoxP3. Resulting data were visualized using FCS Express ver-
sion 4.0 software (De Novo Software, Los Angeles, CA) and analyzed
using GraphPad Prism version 5.0.

Statistical analyses. All data were analyzed using GraphPad Prism
software version 5.0. Significance of difference in percent positive control
of AbA, ratios of AbA, concentration of cytokines, ratios of cytokine con-
centrations, and percentages of T-regs were all determined using the un-
paired Student’s t test for normally distributed data. Welch’s correction
was applied for nonnormally distributed data as determined by the F-test.
All data were pooled according to treatment group and expressed as
means. Significance was taken at P values of �0.05, and significant trends
were recognized at P values of �0.1.

RESULTS
Effect of pretreatments with heat-killed E. coli, LPS, and MDP
on clinical signs of allergy. (i) Treatment with heat-killed E. coli
does not affect frequency of ovomucoid allergy. Pretreatment of
pigs with heat-killed E. coli reduced frequency of clinical signs but
not significantly (P � 0.1169). Of the three litters treated with E.
coli (n � 11 pigs), two litters contained pigs which became allergic,
and one litter, although all pigs were sensitized as evidenced by
wheal and flare on day 45, did not. This phenotype was designated
clinically tolerant. Twenty-seven percent of E. coli-treated pigs
and 33% of PBS-treated pigs were allergic. Sixty-five percent of
pigs in this group were classified as clinically tolerant regardless of
treatment. Treatment with E. coli had no effect on severity of clin-
ical signs.

(ii) Treatment with LPS decreases the frequency of ovomu-
coid allergy. As hypothesized, pigs treated with LPS before allergic
sensitization with Ovm were less likely to become allergic after
oral challenge with egg white than pigs treated with PBS. As in the
E. coli-treated group, all pigs were sensitized, and one of the three
LPS-treated litters sensitized did not display clinical signs. Of the
pigs treated with LPS (n � 15), 30% were allergic, compared to
44% of PBS controls (n � 16 pigs; P � 0.0405). Seventy-seven
percent of pigs in this group were classified as clinically tolerant
regardless of treatment. Treatment with LPS had no effect on se-
verity of clinical signs.

(iii) Treatment with MDP increased frequency of ovomucoid
allergy. Pigs treated with MDP before sensitization to Ovm were
more likely to become allergic than untreated PBS controls. This is
contrary to the hypothesis but consistent with the type 2-biased IR
phenotype observed. One hundred percent of pigs were sensitized
to Ovm as evidenced by wheal and flare on day 45. Of the pigs
treated with MDP (n � 16), 39% developed clinical signs and were
therefore allergic, while only 12% of pigs treated with PBS dis-
played clinical signs (n � 15; P � 0.0001). Eighty-four percent of
pigs in this group were classified as clinically tolerant regardless of
treatment. Treatment with MDP had no effect on severity of clin-
ical signs.

Effect of heat-killed E. coli, LPS, and MDP on immune re-
sponse phenotype. (i) Isotype-specific serum antibody activity
to ovomucoid indicates that Escherichia coli has the greatest
adjuvancy. Isotype-specific AbA to Ovm was measured in pigs
from each treatment group on day 45. Antibody activity in serum
on day 45 was significantly greater than on day 14, indicating an
antibody response to Ovm. Escherichia coli had the greatest adju-
vant effect, as evidenced by increased AbA of all isotypes com-
pared to that of other treatments, with the exception of IgG
(H�L) compared to LPS (Fig. 2a to d). The IgG (H�L) or total
AbA in E. coli-treated pigs was greater than that of PBS (P �
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0.0315)- or MDP (P � 0.0019)-treated pigs. The IgE AbA was
greater in E. coli-treated pigs than in LPS (P � 0.0070)- or PBS
(P � 0.0011)-treated pigs. There was a trend indicating that the
IgE AbA of MDP-treated pigs was greater than that of LPS (P �
0.0674)-treated animals (Fig. 2b). The type 2-associated IgG1 AbA
was also greatest in the E. coli-treated pigs compared to that of
other treatments (LPS, P � 0.0279; MDP, P � 0.0099; PBS, P �
0.0008; Fig. 2c). The greatest difference between treatment groups
was observed for IgG2 AbA. Once again, E. coli-treated animals
had more IgG2 activity than LPS (P � 0.0223)- or MDP (P �
0.0045)-treated pigs. Furthermore, PBS-treated pigs had more
IgG2-associated AbA than LPS (P � 0.0372)- and MDP (P �
0.0051)-treated pigs (Fig. 2d).

(ii) Immunoglobulin isotype bias of antibody reflects ability
of muramyl dipeptide to induce type 2 bias. Ratios of isotype-
specific AbA to Ovm were calculated in order to compare isotype
usage between treatment groups. Results indicate that MDP is an
inducer of type 2-associated antibodies in this experimental sys-
tem. The ratio of IgG1 to IgG2 was higher in serum from MDP-
treated pigs than in the serum from E. coli (P � 0.0045)- or PBS

(P � 0.0161)-treated pigs (Fig. 3a). The LPS-treated animals had a
greater ratio of IgG1 to IgG2 than the E. coli (P � 0.0223)-treated
pigs. In addition, MDP-treated pigs had a higher IgE/IgG2 ratio
than pigs in all other treatment groups (E. coli, P � 0.0007; LPS,
P � 0.0028; PBS, P � 0.0014; Fig. 3b). Notably, there was a strong
trend toward E. coli-treated pigs having a lower IgE/IgG2 ratio
than PBS-treated pigs (P � 0.0567).

(iii) Cytokine concentration indicates E. coli-treated animals
may better regulate cytokine production when sensitized to
ovomucoid. The concentrations of two type 1 cytokines (IFN-�
and IL-12p40), two type 2 cytokines (IL-4 and IL-10), and the
proinflammatory cytokine IL-17A were tested. There was no de-
tectable IFN-� in any of the BMC sample culture supernatants
(data not shown); however, IL-12 was measurable. The culture
supernatant of BMCs from E. coli-treated animals had less IL-12
than supernatants from pigs in any other treatment group (LPS,
P � 0.0014; MDP, P � 0.0001; PBS, P � 0.0001; Fig. 4d). The
concentration of IL-17A was significantly less in the BMC super-
natant from E. coli-treated pigs than in all other treatment groups,
including PBS controls (P � 0.0006; LPS, P � 0.0099; MDP, P �

FIG 2 Ovomucoid-specific antibody activity of pigs treated with heat-killed E. coli, LPS, MDP, or PBS (control). Serum immunoglobulin isotype-specific
antibody activity (AbA) to ovomucoid (Ovm) was monitored by enzyme-linked immunosorbent assay. All pigs, regardless of treatment group, produced
significantly more Ovm-specific IgG (H�L), IgE, IgG1, and IgG2 AbA at 45 days of age than at 14 (P � 0.0001). Escherichia coli-treated pigs (n � 11) produced
more Ovm-specific IgG than PBS (n � 49 pigs, pooled across all litters)-treated controls and MDP (n � 16)-treated piglets. Escherichia coli-treated piglets had
more IgE AbA than PBS-treated controls and LPS (n � 15)-treated pigs. A trend toward decreased activity of IgE in LPS-treated pigs compared to MDP was also
noted. E. coli-treated pigs had more IgG1 activity than all other treatment groups. More Ovm-specific IgG2 activity was present in E. coli-treated pigs than in LPS-
or MDP-treated pigs, while both LPS- and MDP-treated pigs had less IgG2-specific AbA than PBS controls. Individual serum means were expressed as percent
of the positive-control values for each plate as follows: % of positive-control activity � (mean test serum OD/mean positive-control serum OD) � 100 (unpaired
t test, Welch’s correction applied when necessary, significance taken at P � 0.05, trends at P � 0.1).
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0.0034; Fig. 4a). Although the concentration of IL-4 in culture
supernatant was minimal, BMCs from some animals in all treat-
ment groups did produce measurable amounts of IL-4. The dif-
ference between the treatment groups in IL-4 production, how-
ever, was not significantly different (Fig. 4b). For IL-10, it was
found that BMCs from MDP-treated animals produced more
IL-10 than those from E. coli-treated pigs (P � 0.0018), and there
was a trend toward a similar effect compared to LPS-treated pigs

(P � 0.0761; Fig. 4c). There was greater production of IL-10 in
BMCs from PBS-treated pigs than from E. coli-treated pigs (P �
0.0014).

(iv) Cytokine bias as described by ratios indicates that LPS
treatment induces relatively greater IL-12 production. The ratio
of IL-17 to IL-10 reflected the balanced cytokine production
found in E. coli-treated animals, as there was a strong trend indi-
cating a decrease in this ratio between E. coli- and LPS-treated pigs

FIG 3 Ratio of isotype-specific antibody activity to ovomucoid in pigs treated with heat-killed E. coli, LPS, MDP, or PBS (control). Serum isotype-specific
antibody activity (AbA) to ovomucoid was measured by enzyme-linked immunosorbent assay, and the ratio of AbA was calculated for each pig. The ratio of IgG1
to IgG2 was increased in MDP (n � 16)-treated piglets compared to that in E. coli (n � 11)- and PBS (n � 49, pooled across all litters)-treated piglets. This ratio
was also increased in LPS (n � 15)-treated piglets compared to in E. coli-treated piglets. The IgE/IgG2 ratio was greater in MDP-treated piglets than in piglets in
all other treatment groups. There was a trend toward a greater IgE/IgG2 ratio in PBS-treated pigs than in those treated with E. coli (unpaired t test, Welch’s
correction applied when necessary, significance taken at P � 0.05, trends at P � 0.1).

FIG 4 Cytokine expression by PHA-P-stimulated BMCs from piglets treated with heat-killed E. coli, LPS, MDP, or PBS (control). Blood was collected from piglets at 45
days of age, postsensitization to ovomucoid. Blood mononuclear cells (BMCs) from each pig were isolated on a density gradient of Histopaque (Sigma-Aldrich) and
cultured at 2.5 � 106 cells/ml for 96 h, stimulated with 10 �g/ml of PHA-P (Sigma-Aldrich). Culture supernatant was collected and stored at �80°C. Cytokine
concentration was measured using capture enzyme-linked immunosorbent assay (Invitrogen, IL-10 and IL-4; Kingfisher, IL-17; R&D Systems, IL-12). The concentra-
tion of IL-17 was lower in the supernatant of BMCs from E. coli-treated (n � 11) pigs than from all others. No difference in the expression of IL-4 was noted from the
supernatant of cells from pigs in each treatment group. Cells from piglets treated with MDP (n � 16) and PBS (n � 49, pooled across all litters) had an increased
expression of IL-10 compared to that in E. coli-treated pigs. Cells from MDP-treated pigs trended toward increased IL-10 production compared to cells from LPS-treated
(n � 15) pigs. The concentration of IL-12 was lower in supernatant from cells of E. coli-treated pigs than in any other treatment group (unpaired t test, Welch’s correction
applied when necessary, significance taken at P � 0.05, trends at P � 0.1). Please note the difference in scale on the y axis.
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(P � 0.0559; Fig. 5a). However, when comparing the ratio of IL-10
to IL-12, E. coli-treated pigs favored IL-10, due to significantly
greater IL-12 production in LPS-treated pigs (P � 0.0167; Fig. 5c).
In comparison to MDP- and PBS-treated pigs, the ratio of IL-10 to
IL-12 was less in the LPS-treated group (P � 0.0971, P � 0.0010;
Fig. 5c). The ratio of IL-17 to IL-12 was greater in BMCs from
PBS-treated pigs than from LPS-treated pigs (P � 0.0050; Fig. 5b),
although there was no apparent difference in concentration in
these cytokines between these groups. Ratios comparing mea-
sured cytokines to IL-4 are not described due to low frequency of
positive individuals and minimal concentrations detected, as
mentioned above.

(v) Proportion of T-regulatory cells reflects an immune re-
sponse biasing effect of both E. coli and MDP. Compared to all
other groups, E. coli-treated pigs had the greatest proportion of
circulating T-regs (LPS, P � 0.0103; MDP, P � 0.0035; PBS, P �
0.0180; Fig. 6). In addition, not only did MDP-treated pigs have a
lower proportion of T-regs than E. coli-treated pigs, they also had
a lower proportion than PBS control pigs (P � 0.0344; Fig. 6).

DISCUSSION

It is reported here that daily pretreatments with heat-killed E. coli,
LPS, or MDP influence the IR bias of neonatal pigs undergoing
allergic sensitization to Ovm. The greatest effect was observed in
MDP-treated pigs, which had a proallergic, type 2-biased pheno-
type by isotype-specific AbA and cytokine production profiles.
Additionally, circulating T-regs were lowest in MDP-treated pigs.
Pigs treated with LPS had both decreased type 1- and type 2-asso-
ciated AbA and relatively increased type 1-associated cytokine
production. Escherichia coli-treated pigs displayed an increased
ability to respond to Ovm in terms of AbA and had more balanced
cytokine profiles than pigs otherwise treated, as well as the highest
proportion of circulating T-regs. Given this, it was found that pigs
treated with MDP were more susceptible to developing clinical
allergy than those treated with E. coli or LPS, of which, only LPS
was protective against allergy.

Treatment with MDP caused the most significant change in
frequency of clinical signs. Pigs treated with MDP were more likely
than PBS controls to become allergic. This was an unexpected
result. Muramyl dipeptide is the smallest component of PGN
which is recognized by PRRs. Peptidoglycan, a ligand of TLR2,
induces Th1-polarized IRs, enhancing protection against fatal in-
fection with Yersinia pestis in mice (28). Moreover, MDP is an
NOD2 ligand. Stimulation of NOD2 is known to enhance protec-
tion against sepsis, bacterial and viral infections, and some para-
sitic infections by inducing production of proinflammatory cyto-
kines and enhancing phagocytic activity of immune system cells
(14). This type 1-inducing effect of MDP binding to NOD2 may
occur, however, only in the presence of other TLR ligands (22). It
is likely that NOD2 is a critical mediator of microbial-induced
polarization of the IR, which when stimulated in conjunction with
other PRR ligands induces a type 1-associated bias and when stim-
ulated alone induces a type 2-associated bias (22). Furthermore,
independent MDP binding may instead induce a Th-17-polarized
response (23), which in the case of allergy may enhance clinical
signs. Indeed, in this experiment, alteration in IR by MDP was
type 2 biased as reflected in decreased Ovm-specific IgG2 AbA,
isotype-specific antibody ratios favoring type 2-associated (IgG1,
IgE) AbA, increased production of the type 2 cytokine IL-10 in

FIG 5 Ratio of cytokine expression by PHA-P-stimulated BMCs from pigs treated with heat-killed E. coli, LPS, MDP, or PBS (control). Blood was collected from
pigs at 45 days of age, postsensitization to ovomucoid. BMCs were isolated using a density gradient of Histopaque (Sigma-Aldrich) and cultured at 2.5 � 106

cells/ml for 96 h, stimulated with 10 �g/ml of PHA-P (Sigma-Aldrich). Culture supernatant was collected and stored at �80°C. The concentrations of cytokines
were measured using capture enzyme-linked immunosorbent assay (Invitrogen, IL-10; Kingfisher, IL-17; R&D Systems, IL-12). Ratios of cytokines were
calculated to elucidate possible bias as a result of treatment. There was a trend toward an increased ratio of IL-17 to IL-10 in cells from LPS-treated pigs (n � 15)
compared to those from pigs treated with E. coli (n � 11). The ratio of IL-17 to IL-12 was greater in supernatant from cells of PBS-treated pigs (n � 49, pooled
across all litters) than in cells from LPS-treated pigs. In cells from LPS-treated pigs, the ratio of IL-10 to IL-12 was less than that in cells from all other treatment
groups (unpaired t test, Welch’s correction applied when necessary, significance taken at P � 0.05, trends at P � 0.1). Please note difference in scale.

FIG 6 Percentage of T-regulatory cells from blood of pigs treated with heat-
killed E. coli, LPS, MDP, and PBS (control). Blood was collected from pigs at 45
days of age, postsensitization, prior to oral challenge with egg white and pre-
pared for identification of CD25� FoxP3� T-regs by flow cytometry. Percent-
age of T-regs was measured from 10 �l of whole blood from each pig. Pigs
treated with E. coli (n � 11) had higher percentages of T-regs than all others.
Pigs treated with MDP (n � 16) had a lower percentage of T-regs than pigs
treated with PBS) (n � 49, pooled across all litters) (unpaired t test, Welch’s
correction applied when necessary, significance taken at P � 0.05).
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PHA-P-stimulated BMCs, a greater ratio of IL-10 to IL-12 than in
LPS-treated pigs, and a low proportion of circulating CD25�

FoxP3� T-regs. Immunoglobulin G2 activity to Ovm was lowest
in MDP-treated pigs (Fig. 2d). There are six to eight isotypes of
porcine IgG (5), and only two, IgG1 and IgG2, have been func-
tionally characterized. Immunoglobulin G2 is type 1 associated,
while IgG1 is type 2 (8). Pigs pretreated orally with live L. lactis had
increased allergen-specific IgG2 AbA levels compared to those of
PBS controls, associated with a decrease in sensitization to, and
clinical signs of, Ovm allergy (32). Since L. lactis PGN mediates
protection against infectious disease in mice and is linked to type
1 induction of IR (28), the decreased activity associated with IgG2
in MDP-treated animals in the present experiment was unex-
pected. In contrast, the ratio of IgG1-to-IgG2 Ovm-specific AbA
was greatest in MDP-treated pigs (Fig. 3a), as was the ratio of IgE
to IgG2 (Fig. 3b). The type 2 IR-promoting effect of pretreatment
with MDP is consistent with the observed increased frequency of
allergy in pigs treated with MDP.

Escherichia coli treatment also had IR-altering activity, re-
flected in increased serum antibody to the allergen Ovm, regula-
tion of type 1 and 2 and proinflammatory cytokine production,
and a greater proportion of blood T-regs than animals in all other
groups. However, treatment with E. coli did not have a significant
effect on the frequency of pigs with clinical signs of allergy. Pre-
treatment with heat-killed E. coli had an effect on IR bias in terms
of ratios of isotype-specific AbA compared to those of LPS and
MDP but was not significantly different than treatment with the
PBS control (Fig. 2a and b). Still, an increased capacity for adju-
vancy was observed for E. coli treatment. The isotype-specific AbA
to Ovm was greater in E. coli-treated animals than in animals
treated with LPS and MDP and, depending upon the isotype, PBS
controls. This adjuvancy may be attributed to the complexity of E.
coli. When germfree pigs were given bacterial components CpG
oligonucleotide (CpG), LPS, or MDP via i.p. injection and tested
for IgG-, IgM-, and IgA-associated AbA, pigs treated with CpG
alone could produce IgM antibodies, and those treated with LPS
or MDP could not. This IgM antibody-inducing activity was en-
hanced by coadministration of MDP but not LPS. Immunoglob-
ulin G and IgA AbA in pigs treated with bacterial components
alone were undetectable or less than that of germfree pigs colo-
nized with a nonpathogenic strain of E. coli (4). Although the pigs
in the present experiment were born conventionally and were
therefore colonized and able to mount an adaptive IR, the more
potent adjuvant effect of E. coli was nevertheless observed.

Treatment with LPS had the least effect on IR bias, although
some criteria reflect downregulation of type 2 IR. Nevertheless,
LPS-treated pigs were less likely to display clinical signs of allergy
after oral challenge. Immunoglobulin E activity was lower in LPS-
treated pigs than in E. coli-treated pigs and trended toward lower
activity than in MDP-treated pigs. The activity of IgG1 was also
lower in LPS-treated pigs than in those treated with E. coli. This is
indicative of a decreased type 2 antibody response to Ovm and
may be expected to correlate with decreased clinical signs of al-
lergy in LPS-treated animals. However, Ovm-specific IgG2 AbA
was lower in LPS-treated pigs than in E. coli- or PBS-treated pigs
and equal to that of MDP-treated pigs. This was surprising, as
much evidence describes LPS as a powerful inducer of type 1 IR
(44). Accordingly, although the concentration of IL-12 from
BMCs of LPS-treated pigs was equal to that observed in BMCs
from MDP- and PBS-treated pigs, it was greater than IL-12 pro-

duction in E. coli-treated animals. Further, the ratio of IL-17 to
IL-12 was less in BMCs from LPS-treated pigs than in BMCs from
PBS-treated pigs, as was the ratio of IL-10 to IL-12, with a trend
toward decrease in this ratio in LPS- compared to MDP- and E.
coli-treated pigs. This suggests relative induction of type 1 IR in
LPS-treated pigs. It is likely that LPS binding to TLR-4 induced
anti-allergic type 1 polarizing changes, consistent with those
found by Debarry et al. (9), who showed that Acinetobacter lwoffii
F78 conveyed allergy protection by Th1 polarization of DCs by
binding of LPS to TLR-4.

Concentrations of type 1 and 2 and proinflammatory cytokines
corresponded to allergic outcomes and IR phenotype bias. Inter-
leukin-17A is a proinflammatory cytokine produced by cells of the
innate immune system as well as the newly identified T-helper 17
(Th17) subset. Elevated concentrations of IL-17 or mRNA have
been observed in the lungs, sputum, bronchoalveolar lavage flu-
ids, or sera of asthmatic patients and correlate with increased air-
way hypersensitivity (24), implying a role for IL-17 in allergy.
Surprisingly, reports of a protective function for IL-17A in a
mouse model of colitis speculate that IL-17A may directly inhibit
Th1 cells by inhibiting IFN-� production (25), a proallergic ac-
tion. Therefore, pigs with elevated IL-17A may be more suscepti-
ble to allergy. In the present study, BMCs from E. coli-treated pigs
produced less IL-17A than cells from pigs in any other group,
although pigs in this group did not have reduced frequency of
allergy compared to controls (P � 0.1169).

Interferon-� was not detected in any of the pigs, although there
was high sensitivity to the test standards in the assay. This may
have been due to the time of sample collection (96 h); however,
previous experiments with cells from pigs of similar age in the
same research facility yielded measurable IFN-� at this time point
(data not shown). Previous research here has shown that the con-
centrations of IL-4 and IL-10, traditionally considered type 2 cy-
tokines in pigs (29), are elevated in allergic animals and reduced in
nonallergic pigs pretreated with live L. lactis (32). Therefore, the
elevated concentration of IL-10 in MDP-treated pigs may reflect
increased type 2 IR bias, leading to enhanced susceptibility to al-
lergy. Since measurable amounts of IL-4 from culture supernatant
was low, it may have been advantageous to measure IL-13, as it
may mediate some or all of the activities of IL-4 in pigs (30).
However, although attempts to measure IL-13 were made, it too
was undetectable. This and the inability to measure IFN-� may be
due to the tendency of neonatal cells to produce large amounts of
IL-17 and IL-10 and small amounts of IFN-� and IL-12p70. Neo-
natal cells also have a restricted repertoire of cytokine production
(27).

The induction of allergen-specific T-regs is a critical event
which leads to the development of healthy immune response to
allergens (1). Therefore, we measured the proportion of circulat-
ing T-regs as CD25� FoxP3� cells. Pigs from the type 2-biased
MDP-treated group had fewer T-regs than other pigs, whereas
IR-balanced E. coli-treated pigs had the most. In most nonallergic
humans, in whom an active allergen-specific T-cell response can
be detected, active in vitro suppression of allergy is mediated by
inducible or natural T-regs (17). T-regulatory cells function
through direct cell-cell interactions and the production of IL-10
and transforming growth factor beta (TGF-�) (7). In control of
allergy, these cytokines complement each other to suppress type 1
and 2 IRs as well as the production of IgE, while promoting the
production of IgA and the allergy-blocking isotype IgG4 in hu-
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mans (1). Pathogenic Th17 responses are also controlled by T-regs
(6); therefore, we conducted a Spearman’s rank correlation test to
determine if there was an inverse relationship between the pro-
portion of T-regs and the concentration of IL-17A from BMCs on
day 45. No correlation was found in any of the treatment groups
(data not shown). Finally, new evidence which describes the ne-
cessity of inducible T-reg activation in lymph nodes and the sub-
sequent migration of these optimally activated cells into sites of
inflammation during an IR, allergy included (10), justifies mea-
suring T-regs in circulation.

Pretreatment with LPS and MDP influenced the frequency of
pigs with clinical signs of allergy; none of the treatments affected
the severity of the allergic signs observed. Clinical signs in LPS-
treated pigs were no less severe, as determined by clinical score
(Table 1), than those in PBS-treated controls and vice versa in the
case of MDP, for which, due to increased type 2 bias, one might
expect clinical score to increase. This is suggestive of separate reg-
ulation of sensitization and allergic signs exemplified by the fact
that 100% of pigs were sensitized and only 33% of pigs were aller-
gic. Regulation at the effector phase appears to have occurred in
this experiment and may have been controlled by T-regs, as MDP-
treated pigs had the lowest proportion of circulating T-regs and
the highest frequency of allergy. Mechanisms of T-reg control at
the effector phase, including suppression of mast cells, basophils,
and eosinophils by cell-to-cell contact, and the inhibition of effec-
tor T-cell infiltration to inflamed tissue by expression of regula-
tory cytokines (26) may have played a role in the prevention of
clinical signs.

In the present experiment, pretreatment with heat-killed E. coli
did not significantly reduce the frequency of pigs with clinical
signs of allergy as previously reported (35). It may be speculated
that the actual effect of E. coli treatment was masked by the low
number of pigs in the E. coli-treated group (n � 11). Over the
course of experimentation, pigs from all groups were lost due to
infection with Streptococcus suis and in some cases Staphylococcus
hyicus, which negatively affected group numbers, especially in the
E. coli-treated group. In addition, pigs’ IR to the type 2 Ag hen egg
white lysozyme and the type 1 Ag Candida albicans in a standard-
ized IR phenotyping protocol was found to vary in bias over time
(37). This indicates that reproducibility is an important issue in
experiments using conventionally housed, outbred animals.
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