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Abstract

In a feeding trial, sows and piglets were fed with the probiotic bacterium Bacillus cereus var. toyoi as a feed additive, and the
effects on immune cell populations were examined. The development of the gut immune system was determined for piglets at the
ages of 14, 28, 35 and 56 days post partum. Tissue samples of the Jejunum and the continuous Peyer’s patch were used for
enumeration of intraepithelial lymphocyte populations by fluorescence activated flow cytometry and fluorescence microscopy. Both
independent methods of investigation led to similar results: the population of intraepithelial CD8+ T cells was significantly
enhanced in the probiotic group piglets (p < 0.05), and the numbers of yd T cells tended to be higher in the intestinal epithelium
(p < 0.1) at the time of weaning (day 28). Lamina propria lymphocytes were also influenced by the treatment. Application of B.
cereus var. toyoi resulted in significantly more CD25+ lymphocytes and yd T cells in the probiotic group post-weaning. The
occurrence of pathogenic Escherichia coli serogroups was also less frequent in the feces of piglets from the probiotic group. The
finding that the CD8+ T cell population in the intestinal mucosa showed changes on day 28 indicated that the influence of B. cereus
var. toyoi supplementation on the intestinal immune system started before weaning, an observation supported by changes in the
intestinal microflora observed during the suckling-period. The results suggest that feeding of B. cereus var. toyoi to sows may result
in beneficial effects on piglet health status independent of their feed supplementation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The recent ban on antibiotics as antimicrobial growth
promoters in the European Union has stimulated the
interest in probiotic feed supplements in livestock
farming as an alternative means of reducing infectious
bacterial loads in animal stock. Many of the bacterial
species already used as probiotics are members of the
indigenous (commensal) intestinal flora of the host (de
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Champs et al., 2003; Jin et al., 2000). These commensals
naturally colonize the intestinal tract, which is one
important quality that makes them candidates for use as
probiotics (Massi et al., 2004). In addition, autochtho-
nous bacteria are involved in the development and
maintenance of oral tolerance against food antigens
(Moreau and Corthier, 1988; Tanaka and Ishikawa,
2004). However, commensal bacterial species would not
be expected to stimulate mucosal or systemic immune
responses, at least not as long as they do not breach the
intestinal barrier or enter the bloodstream (Scharek et al.,
2005; Westendorf et al., 2005). Under normal conditions,
commensal bacteria should be tolerated by the local
immune system of the host, and only a few studies have
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reported immune stimulatory effects of indigenous
bacteria (Talham et al., 1999). Bacterial colonization
of the gut and infection by enteropathogens also has an
impact on the number of intraepithelial lymphocytes
(IELs) associated with the intestinal tract. Consistent
with this, as early as 1 month post partum, specific
pathogen free pigs show lower amounts of IELs than
conventional pigs of the same age (Rothkotter et al.,
1999).

Bacillus cereus var. toyoi is not a member of the
normal porcine gut flora, but is a common soil
inhabitant. A number of studies have assigned probiotic
characteristics to this particular Bacillus strain (NCIMB
40112; ToyoCerin®), and it has been authorized in the
EU for use as a probiotic feed additive for sows and
piglets and several other farm animal species. In animal
studies with various strains of B. cereus, positive effects
such as increased weight gain, improved feed conver-
sion ratios and lower mortality rates of piglets have been
reported (Kirchgessner et al., 1993; Alexopoulos et al.,
2001), and B. cereus var. toyoi was correlated with a
reduced incidence of post-weaning diarrhoea (Taras
et al., 2005a). However, since B. cereus var. toyoi is not
a member of the indigenous intestinal flora of pigs and
produces a strong hemolysin (P. Schierack, personnel
communication), we considered the possibility that it
might be more immunogenic compared to other
probiotics. Indeed, immunogenic properties of B. cereus
spores have been shown previously in mice, resulting in
expression of inflammatory cytokines in the gut and
modest, spore-specific IgG titers. Furthermore, the in
vitro-germination of spores in macrophages initiates the
induction of pro-inflammatory cytokine gene expres-
sion (Duc le et al., 2004).

In this communication we assessed the effects of B.
cereus var. toyoi feed supplementation of sows and
piglets on the development of the gut associated
immune system by use of fluorescence activated cell
scanning (FACS) and immunohistochemistry. The
immunological investigations were part of an inter-
disciplinary research project including histological,
physiological, health and performance data assessed by
affiliated institutes within a larger study “An Integrative
Analysis of Mechanisms of Probiotic Action in Pigs”,
funded by the Deutsche Forschungsgemeinschaft
(DFG). The immunological results presented here are
discussed with regard to the intestinal colonization by
B. cereus var. toyoi and health performance data
reported previously by Taras et al. (2005a) for the same
groups of animals. Our results illustrate additional,
specific changes on particular lymphocyte populations
attributable to B. cereus var. toyoi.

2. Material and methods
2.1. Animal study

A group of 10 sows (crossbred Landrasse and Duroc)
was chosen at random to serve as the probiotic group and
were provided with the probiotic B. cereus var. toyoi
(ToyoCerin, Lohmann Animal Health, Cuxhaven,
Germany) in the feed. To establish the complete, long-
term effects on the immune system, both sows as well as
the piglets of the probiotic group were treated throughout
the course of the study. For sows, feed supplementation
started 25 days after insemination. Sows were fed
throughout pregnancy, with feed supplementation con-
tinuing during lactation. Litter size within each treatment
group was adjusted to meet an exclusion criterion of at
least nine but not more than 15 living piglets 24 h after
birth. Piglets of the probiotic group had free access to
supplemented feed beginning on day 15 post partum, and
received the same probiotic supplement during and post-
weaning (day 28). A group of 10, untreated sows and their
piglets served as the control group for the study. Housing
facilities for sows and piglets of both treatment groups
were of identical construction and environmental
conditions and spatially separated from each other.
The lighting program was 16 h light and 8 h of darkness.
The room temperature and relative humidity were
adjusted to 21.5 °C and 65.0%, respectively. The mean
concentration (£ S.D.) of the supplemented B. cereus
var. toyoi in the food for gestating sows, lactating sows,
nursed piglets and weaned piglets were determined as 2.6
(£ 1.0) x 10°,4.0 (£ 1.2) x 10°, 1.3 (£ 0.5) x 10° and
1.4 (£ 0.4) x 10° cfu/g dry weight food, respectively, as
previously described (Taras et al., 2005a). From each
treatment group a total of five litters were randomly
chosen and one piglet per litter was selected at random at
the end of days 14, 28, 35 and 56 (i.e., 20 piglets per
treatment), to gain tissue samples. Tissue samples
obtained from all piglets were submitted for viral
diagnostics to exclude the presence of intestinal viruses.
No infection with Rota- or Corona-viruses was detected
in any of the samples. The viral diagnostics were
independently carried out by the Centre of Health
Services of Berlin (State Laboratory for examination of
Food, Drugs and Epizootics, Berlin, Germany).

2.2. Animal treatment and intestinal sections

Piglets were first anaesthetized with Ketamin and
Pentobarbital, and blood was taken from the Vena
Jjugularis and collected in a heparinised tube. While still
under anaesthesia, the abdominal cavity was opened and
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the appropriate sections of the intestine were isolated
with clamps. Subsequently, the piglets were euthanized
by injection of Pentobarbital, the intestinal tract was
removed, and 50 cm of the proximal jejunum beginning
with the end of the plica duodenocolica was transferred
to PBS. A second 50 cm section was taken from the distal
Jejunum (ending at the plica ileocaecalis) and transferred
into PBS. Both intestinal samples were excised length-
wise and washed twice with PBS to remove ingesta.
Tissue samples were transferred to collection medium
(Hanks balanced salts solution without Ca** and Mg**,
0.5 mg/ml gentamicin and penicillin—streptomycin
20 1U/0.02 mgin 1 ml of HBSS) until further processing.
The study was approved by the local animal welfare
committee of the Federal Ministry of Consumer
Protection, Food and Agriculture (No. G0037/02).

2.3. Tissue samples

The first 1 cm of the proximal jejunum beginning with
the end of the plica duodenocolica was snap-frozen in
liquid nitrogen. Cryostat sections (6—8 wm in thickness),
embedded in OCT Compound (Plano GmbH, Wetzlar),
were transferred to poly-L-lysine-coated glass slides
(Menzel Glaser GmbH & Co. KG, Braunschweig), air-
dried and stored at —80 °C. Sections were warmed to
room temperature before fixing in acetone for 10 min at
4 °C. After three, 5 min washes in Tris-buffered saline
(TBS), 20% swine serum in 1% BSA-TBS was applied
for 30 min at room temperature to block non-specific
antibody binding. Incubation with primary antibody
(CD45, CD21, CD11R1 and TcR1 dilution 1:10; CD3,
CDS8 and CD4 dilution 1:5), was carried out in 5% swine
serum in 1% BSA/TBS for 1 h at room temperature in a
dark, humidified chamber, followed by three 5 min
washes in TBS. Sections were then incubated with
fluorescence labelled secondary antibodies for 30 min at
room temperature in a dark humidified chamber,
followed by washing as above. Slides were stained with
4’ 6'-diamidino-2-phenylindole (DAPI; Roche Diagnos-
tics GmbH, Mannheim) (1:100 in PBS) for 2 min in the
dark and washed as above. The slides were then coated
with lycerol and sealed with a coverslip. Negative
controls consisted of slides incubated with an equal
volume of incubation buffer (5% swine serum—1% BSA/
TBS) without the primary monoclonal antibody.

2.4. Antibodies

The antibodies used in this study included: mouse
anti-porcine CD45, clone MAC323 and mouse anti-
porcine CDI11RI1, clone MIL4 (Biozol Diagnostica,

Eching, Germany); mouse anti-porcine CD21, clone
BB6-11C9.6 and mouse anti-porcine CD3, clone PPT3
(Southern Biotechnology associates, Birmingham,
USA); mouse anti TcR-1, clone PGBL22-A (Acris,
Bad Nauheim, Germany); mouse anti-porcine CD8a,
clone PT8 and mouse anti-porcine CD4, clone PT4
(Pharmingen, San Diego, CA, USA). Goat anti-mouse
IgG-PE and goat anti-mouse IgG-FITC antibodies were
obtained from Caltag (Burlingame, CA, USA).

2.5. Fluorescence microscopy

For quantification of intestinal lymphocyte subsets, a
fluorescence microscope with an attached digital
camera was used. For morphometric analysis we used
the MetaMorph 6.1 software (Visitron Systems,
Puchheim, Germany). Villus-area was calculated within
the marked regions circumscribing individual villi.
Lymphocyte numbers for a given surface area in the
Lamina propria were calculated per 10° per pm?>.
Similarly, the length of epithelium samples was
measured by use of a calibrated mouse-controlled
cursor, and numbers of intraepithelial lymphocytes
(IEL) were calculated per 10> wm of epithelium. For
each primary antibody three fields were selected in
samples from every animal.

2.6. Cell isolation for flow cytometry

The isolation of intestinal cells was performed as
described by Solano-Aguilar et al. (2000) with
modifications. In brief, for isolation of intraepithelial
lymphocytes (IEL), tissue sections taken from the
proximal jejunum were cut into 3 cm sections and
incubated in Hanks balanced salt solution with DTT
(HBSS-DTT; HBSS without Ca®>* and Mg**, 2 mM
DTT, 0.01 mM Hepes) and gently shaken for 5 min at
37 °C. The medium was discarded and replaced with
HBSS-EDTA (HBSS-EDTA; HBSS without Ca®* and
Mg2+, I mM EDTA, 1 mM Hepes) and further
incubated for 35 min at 37 °C with gentle shaking.
After passage through sterile 210 wm Nylon mesh, the
cell suspensions were collected and centrifuged at
600 x g for 10min at 4°C. Cell pellets were
resuspended in RPMI medium and kept on ice.
Incubation of the tissue sections was repeated twice.
All three cell suspensions attained were combined and
centrifuged again. Sediments were resuspended in 25%
Percoll in HBSS and centrifuged at 600 x g for 30 min.
The cell debris (top layer) was aspirated, the Percoll
solution was removed, and the cell sediment was
resuspended in RPMI. The resulting whole cell
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suspensions (containing leukocytes and epithelial cells)
were subjected to flow cytometry.

To isolate lymphocytes from the continuous Peyer’s
patch, tissue sections from the distal jejunum were
transferred into HBSS-DTT, and incubated at 37 °C
under gentle shaking for 20 min. Medium was discarded
and replaced with HBSS-EDTA, and sections were
incubated at 37 °C with shaking for 20 min. The
medium was discarded and the tissues were minced
using scalpel blades. Released cells were collected after
passage through a 210 wm nylon mesh and centrifuged
at 600 x g for 10 min. Cell pellets were resuspended in
28 ml of a 40% Percoll solution and divided into four
fractions. Seven millilitres of aliquots were pipetted into
15 ml conical tubes and underlayed with an equal
volume of 70% Percoll (density: 1.13 g/ml) solution.
Cell separation was carried out by centrifugation at
1000 x g for 30 min, and lymphoid cells were collected
from the 40-70% layer interface and subsequently
analysed by flow cytometry.

Peripheral blood mononuclear cells (PBMC) from
selected piglets of different ages were separated from
heparinised blood by gradient centrifugation (Ficoll-
Paque, Amersham Biosciences, Uppsala, Sweden) at
800 x g for 20 min.

2.7. Flow cytometry

CD4 and CDS surface antigens were stained with
labelled primary mouse anti-porcine CD4a, clone 74-
12-4, conjugated to FITC or mouse anti-porcine CD8a,
clone 76-2-11, conjugated to R-phycoerythrin (South-
ern Biotechnology Associates, Birmingham, USA) in a
one-step incubation. For each reaction, 5 x 105 cells
were exposed to saturating concentrations of antibody
in a 100 pl volume of PBS with 0.2% BSA for 20 min
on ice. Cells were washed with 3 ml of PBS-0.2% BSA
(300 x g, 10 min) and resuspended in 1 ml of PBS—
0.2% BSA. CD14, CD21, and TcR-1 (y8 T cell
receptor) were detected by use of unlabelled primary
antibodies followed by washing, and incubation with a
fluorescence labelled secondary antibody (goat anti-
mouse IgG, Beckman Coulter, Krefeld, Germany)
under the same conditions as described above. CD3
surface antigen was detected using a biotinylated
antibody (mouse anti-porcine CD3g, Biotin conjugate,
Clone BB238E6, Southern Biotechnology Associates,
Birmingham, USA) followed by a wash, and incubation
with streptavidin conjugated to PC5 (Streptavidin-PCS5,
Beckman Coulter, Krefeld, Germany).

After a second washing process, cells were
resuspended in 1 ml of PBS-0.2% BSA. Propidium

iodide (0.5 pg/ml) was added to each sample, and cells
were assayed by flow cytometry using an EPICS XL
flow cytometer equipped with a 488 nm argon laser
(Beckman 193 Coulter, Krefeld, Germany).

2.8. Determination of Escherichia coli serogroups

Fecal samples from individual sows were collected
at intervals of ca. 90, 30 and 10 days a.p. Intestinal
contents of sacrificed piglets were taken from ileum
and/or colon of piglets at 14, 28, 35 and 56 days post
partum. Intestinal sections were clamped and sealed off
with surgical thread before removal to prevent loss of
contents and to maintain the intestinal conditions during
anaerobic transport. The samples from sows and piglets
were processed as previously described (Scharek et al.,
2005). Serotyping of E. coli isolates from blood—agar
plates was followed by single colony purification on
Gassner and Chromagar Orientation plates (Mast
Diagnostica, Reinfeld, Germany) followed by aggluti-
nation tests with antisera against 0204 specific antigens
corresponding to the 0108, 0138, 0139, 0141, 0147,
0149 and O157 serogroups (BfR Dessau, Berlin,
Germany).

2.9. Statistical analysis

Statistical evaluation was performed by explorative
data analysis and the non-parametric Mann—Whitney
test using the software SPSS 12.0, SPSS Inc. p-Values
below an a-level of 0.05 were considered as significant.

Methods to assess the health performance and to
monitor the colonization of the intestinal tract with the
administered B. cereus var. toyoi are described else-
where (Taras et al., 2005a).

3. Results
3.1. Epithelium of the proximal jejunum

Quantitative assessment of microscopically distinct
epithelial cells proved difficult due to the density of the
epithelial layer. From flow cytometry determinations,
the fraction of total leukocytes (CD45+) in the upper
jejunal epithelium developed similarly in both groups of
piglets. All animals showed an increase in CD45+
intraepithelial cells between days 14 and 56 (Fig. 1).
The fraction of <& T-cells (TcRI+) within the
epithelium tended to be higher in the probiotic group
(Fig. 2). The phenotype of CD8+ cells in the intestinal
epithelium differs in some aspects from that commonly
found in blood peripheral mononuclear cells (PBMC)
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Fig. 1. Leukocytes (CD45+) in the proximal jejunal epithelium
isolated from control animals (open bars) and probiotic animals (filled
bars) were analysed by flow cytometry. Percent values were calculated
as a fraction of all living cells isolated from the epithelial layer
(= 100%). Number of samples for each determination is shown above
the error bars. Data were analysed by Welch’s z-statistic.

preparations of piglets in that a clear distinction
between CD8Me" and CD8,,w cells was not possible
with lymphocytes derived from the intestinal epithe-
lium. Almost all CD8+ cells showed bright fluores-
cence, indicating high expression levels (Fig. 3a). In the
peripheral blood of 56-day-old piglets, a large propor-
tion of the CD8+ cells was CD8,,,, but CD3— (Fig. 3b).
In contrast, only a small fraction of the IELs showed the
CDS8)ow CD3— phenotype, averaging less than 5%
during whole animal study (data not shown).

The frequency of CD3/CDS8 double-positive T cells
in the epithelial layer differed between the two
experimental groups in that probiotic animals had
significantly more CD3/CD8 double-positive T cells in
the epithelial layer on day 28 (Fig. 4). This result
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Fig. 2. vy3 T cells (TcR-1+) in the proximal jejenum of control piglets
(open bars) and probiotic piglets (filled bars) were analysed by flow
cytometry. Percent values were calculated as a fraction of all epithelial
cells (= 100%). Number of samples for each determination is shown
above the error bars. Data were analysed by Welch’s r-statistic.

(a) 102

=X1 {2
126% [207%
1()2—E
-
W
8 10
o 3
100
- |II|II| [ IIIIIII| -I l-lllllll I.IIIIIII
100 101 102 10°
CD3-PC5
()1 Zhy - P2
3 7.6% 7.8%
1023
5 2
w ]
foo)
a 10!
oz
100

| T T T i
101 102 10
CD3-PC5

Fig. 3. (a) A dot plot of a doubly stained IELs with anti-porcine CD3e
(secondary labelled with PC5) and anti-porcine CD8a (primary
labelled with PE) is shown. A clear discrimination between CDg8"&!
and CDS8,,,, cells is not possible with lymphocytes derived from the
intestinal epithelium. Most CD8+ cells were also CD3+ (region
X2 =29.7%). The IEL-sample was taken from a 56 days old probiotic
piglet. (b) Dot plot of a doubly stained PBMC with anti-porcine CD3¢e
(second. labelled with PCS5) and anti-porcine CD8a (prim. labelled
with PE) showing a clear difference between CD8"e" and CD8)qy
cells. A large proportion of the CD§,,,, cells are CD3— NK cells
(region Al =7.6%). The blood sample was taken from a 56 days old
probiotic piglet (same animal as shown in (a)).

obtained by flow cytometry was confirmed by the
immune histochemical investigations of samples from
the same animals. In the B. cereus var. toyoi-
supplemented group, significantly more CD8+ lym-
phocytes were present in the tissue sections compared to
samples from control animals on day 35 (Fig. 5).
Furthermore, both methods revealed no CD4+ cells
present in the epithelial layer.
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Fig. 4. CD8/CD3 double-positive cells in the proximal jejunal epithe-
lium of control animals (open bars) and probiotic animals (filled bars)
were analysed by flow cytometry. Percent values were calculated as a
fraction of all living cells isolated from the epithelial layer (= 100%).
Probiotic animals showed significantly more CD8/CD3 double-posi-
tive T cells in the epithelial layer on day 28 (p < 0.05) as indicated by
an asterisk. Number of samples for each determination is shown above
the error bars. Data were analysed by Welch’s #-statistic.

3.2. Lamina propria mucosae

Histological investigations showed that with few
exceptions, all animals of both groups developed
principally in the same direction. The fraction of
CD45+ cells showed an increase between days 14 and
56. Although the number of CD45+ cells counted
microscopically in whole tissue sections (epithelium and
Lamina propria mucosae) was on average higher in the
probiotic group, no significant differences were found
between the groups (data not shown). Furthermore, the
number of Lamina propria CD4+ cells was similar in
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Fig. 5. Intraepithelial CD8+ cells counted in tissue sections from
control (open bars) and probiotic animals (filled bars) were analysed.
The number of positive cells counted microscopically revealed sig-
nificantly more CD8+ cells in the jejunal epithelium of the probiotic
animals at day 35 (p < 0.05) as indicated by an asterisk.
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Fig. 6. Lamina propria CD25+ cells were counted in tissue sections
from the control (open bars) and probiotic animals (filled bars). The
number of positive cells counted microscopically revealed signifi-
cantly more CD25+ cells in the Lamina propria of the probiotic
animals at day 35 (p < 0.05) as indicated by an asterisk.

both groups (data not shown). However, significant
differences between B. cereus var. toyoi-treated piglets
and untreated control groups were observed for CD25+
cells and yd T-lymphocytes in the Lamina propria
mucosae. Quantitative analysis revealed significantly
more CD25+ lymphocytes (Fig. 6) and y3 T cells (Fig. 7)
in tissue sections of the probiotic piglets on day 35
(p £0.05). Flow cytometry was not applied for
investigation of Lamina propria lymphocytes.

3.3. Peyer’s patches

No differences were observed concerning the
populations of CD4, CD8 or double-positive CD4/

o 120
€ C contral | TORT+
wy 100 4 I probiotic 5 4
ww
o
< 80 &
= i
3
60 4 5
X 45
o
£ 40
G
(2]
g 204
[S 44
Z 0 .

0 7 14 21 28 35 42 49 56 62
Piglets' age (days)

Fig. 7. Lamina propria yd T-cells in tissue sections from the control
(open bars) and probiotic animals (filled bars) were counted micro-
scopically. Significantly more y8 T-cells were found in the Lamina
propria of the probiotic animals at day 35 (p < 0.05) as indicated by
an asterisk.
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Table 1
Mean percentages (arithmetic mean) and standard deviations of CD4+ and CD8+ cells counted in suspension from continuous ileal PPs
Age (days) CD21 CD4 CD8

Control Probiotic Control Probiotic Control Probiotic
14 69.8 £ 11.5 459 £63.7 4.6+28 38+5.7 63+25 35+ 1.1
28 78.1+21.9 42.8 +£29.6 29+19 45+39 52.£0.6 55+ 1.6
35 90.1 £3.6 82.6+17.6 1.7+£12 1.1+04 29+12 31+1.0
56 731+ 152 84.0 £ 11.8 27+21 3.0£ 1.7 10.1 £ 10.9 7.0+39

Cell counts of all animals tested at any time point of the study were combined.

CDS cells in the continuous distal Peyer’s patches (PPs).
Only low numbers of T cells were detected in the
continuous ileal PPs of both groups. The average
percentages for the various cell populations assessed in
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Fig. 8. (A) Isolation frequency of total ®-haemolytic E. coli and
pathogen-associated E. coli serovars, isolated from feces of control
(open bars, n=37) and probiotic supplemented sows (filled bars,
n =43). (B) Isolation frequency of total ®-haemolytic E. coli and
pathogenic E. coli serovars, isolated from the intestinal contents of
control (open bars, n = 19) and probiotic supplemented piglets (filled
bars, n = 19).

this tissue are summarized in Table 1. The vast majority
of cells in PP were CD21+ (complement receptor 2;
C3d-receptor), which identifies them as either mature B
cells or follicular dendritic cells (Table 1). No
differences in the numbers of CD2I1+ cells were
detected between the two experimental groups of
piglets.

3.4. Frequency of pathogenic E. coli serogroups

Prior to the birth of piglets, the sows chosen at
random and assigned to either control or probiotic-
supplemented groups were examined for the presence of
typical E. coli serotypes associated with diarrhoea in
swine herds (Bertschinger and Fairbrother, 1999). As
shown in Fig. 8A, similar isolation frequencies of these
common, pathogen-associated E. coli serogroups were
found in the samples from the sows of both groups.
Likewise, piglets of the control group harboured seven
of the nine serogroups also found in the sows, consistent
with carry-over contamination from sows to piglets. In
contrast, despite equal numbers of piglets tested (19
from each group) only two of the nine pathogen-
associated serogroups were isolated from the samples of
probiotic piglets (Fig. 8B). These results were
consistent with the previously reported probiotic effects
of other B. cereus strains (Gedek et al., 1993,
Alexopoulos et al., 2001).

4. Discussion

In this study, we investigated the effects of the
probiotic feed supplement, B. cereus var. toyoi (NCIMB
40112; ToyoCerin®™), on the immune cell populations
associated with the first line of intestinal defence, the
epithelial layer. We applied two different methods to
determine changes in lymphocyte populations, fluor-
escence activated cell scanning (FACS), and immuno-
histochemistry of tissue samples. Both methods yielded
consistent results with regard to the age-dependent
development of CD45+ cell populations throughout the
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entire jejunal tissue sections analysed (epithelium and
Lamina propria mucosae), and showed an increasing
fraction of CD45+ cells.

The protocol used for the purification of intestinal
epithelium leukocytes for flow cytometry retains the
epithelial cells in the cell suspension. Using this
procedure, this allowed us to follow the development of
leukocyte numbers relative to epithelial cell numbers
rather than only the proportional shifts between
different lymphocyte populations. We found between
18% and 24% IELs (CD45+) in the jejunal epithelium
of the control group at the age of 28 days. This fraction
of leukocytes within the cell suspension is consistent
with previous determinations reported by Rothkotter
et al. (1994), who measured the portion of CD2+ cells in
suspension after EDTA incubation of jejunal tissue
samples. In a second study, Rothkoétter et al. (1999)
reported 15-19% IELs within 1 month old piglet jejunal
epithelium in stained tissue sections and found that the
number of IELs was lower in specific pathogen free pigs
compared to conventional animals. These observations
indicate that the proliferation of IELs is influenced by
the intestinal flora. The higher portion of CD45+ cells in
the epithelial fraction determined by our analysis (up to
60% at the age of 2 months) is probably due to the
exclusion of the dead cells from the calculation (stained
with propidium iodide). The fraction of dead cells
varied between 25% and 35% in the cell preparations
(data not shown), with most of them originating from
epithelial cells. With both methods of assessing CD45+
cells, no significant differences between control animals
and probiotic piglets were observed, although the
average number of leukocytes tended to be higher in the
probiotic group. There was no or only a limited
influence of B. cereus on the morphology of the mucous
membrane of the piglets with regard to villus height and
crypt depth. Neither the number of goblet cells was
significantly affected by the treatment (Reiter et al.,
2006), and no symptoms of inflammation were found in
the intestinal mucosa (K. Weyrauch, personnel com-
munication).

A differential analysis of lymphocyte populations
present in the epithelial layer revealed that certain
lymphocyte populations increased relative to epithelial
cells when piglets had been fed B. cereus var. toyoi
indicating a rise in absolute cell numbers. For example,
CD3/CD8 double-positive IELs were significantly
higher in the epithelial layer of the probiotic animals
at day 28 post partum (Fig. 4). A similar tendency was
previously observed for the population of CD8+ T cells
in the blood of the probiotic piglets (Altherr, 2005). An
increase in mucosal CD8+ cells without signs of

intestinal inflammation was also recently reported after
the treatment of pigs with E. coli Nissle (Duncker et al.,
2006). In addition, the portion of TcR1+ (yd) T cells
tended to be higher in the probiotic group (Fig. 2).
These differences were found to be significant in an
ANOVA analysis considering the data from the whole
sampling period (data not shown). TcR1+ lymphocytes
were only rarely detected in the epithelium micro-
scopically, but consistently abundant in the Lamina
propria of the jejunal tissue samples. Since the numbers
of epithelial y8 T cells determined by flow cytometry
amounted to less than 5% of total cells in over a third of
all samples, it was not possible to apply statistical data
analysis in this instance. However, Lamina propria v
T-cells were significantly higher in the probiotic
animals at the age of 35 days (p < 0.05). The increased
numbers of CD3/CD8 double-positive IELs and yd T
cells in the Lamina propria mucosae might be
interpreted as an accelerated development of the
intestinal immune system. The control animals reached
similar numbers of CD8+ IELs and mucosal yd T cells
at the age of 56 days.

In other determinations, we found that a large
fraction of the intestinal yd T-cell population is also
CD8+ (40-60% at the age of 1 month, data not shown).
This fraction of yd T-cells merges in the CDS8
population, and with the available surface antigen
staining we were unable to differentiate between the
CD8+ and CD8— v8 T cells in the current animal study.
Discrimination between CD8"&" and CD8,,, cells is not
feasible with IELs because almost all CD8+ cells from
the intestinal epithelium show a bright fluorescence.
The CD8,,,, population found in blood samples of pigs
harbours the CD4/CDS8 double-positive subtype of
memory helper cells (Yang and Parkhouse, 1996;
Zuckermann, 1999). Recently, Denyer et al. (20006)
showed that a subset of CD4/CDS8 double-positive T-
cells also produce perforin and therefore appear to
represent cytotoxic T-cells. In our study, CD4/CDS§
double-positive T cells were absent in the jejunal
epithelium as shown by flow cytometry analysis (data
not shown). In blood samples, a considerable fraction of
the CD8+ cells is CD3—, and was therefore considered
to represent NK cells (Krog et al., 2003; Denyer et al.,
2006). The percentage of the latter CD8+ CD3— cells in
the IEL fraction of most piglets is below 5%, and no
impact of ToyoCerin treatment on this cell population
was observed (data not shown). Results obtained in situ
with immune histochemical investigations concerning
the development of the intraepithelial CD8+ cells were
consistent with flow cytometry determinations: CD8+
cells were significantly (p < 0.05) enhanced in the
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epithelium of probiotic piglets at the age of 35 days
(Fig. 5).

Despite the fact that significant differences were only
detectable for certain parameters at certain time points
we consider the results relevant for two reasons: (1) the
p-values were calculated with a conservative statistical
test (parameter free Mann—Whitney test), and these
results are supported by ANOVA analysis yielding
similar results (not shown). (2) As we obtained similar
results with both the FACS analysis and immunobhis-
tochemistry, a “‘multiple testing error”” would appear
highly unlikely. While both methods yielded significant
differences, there was a 1 week time-lag between the
cytometry and immunohistological data, which we
consider to be due to the limitations of the thin sections.
However, at the time when the flow data show
significant differences (day 28) the tissue data showed
tendencies in the same direction. The cell suspensions
for flow cytometry originate from a whole cell
preparations with full cell surface exposure, whereas
the samples for the immunohistology originate from
thin sections which do not expose more than one layer
of tissue or cells and therefore likely underestimate the
presence of the labelled cells.

In humans, CD8+ IELs are regarded as memory
cytotoxic T cells or freshly activated cells (Halstensen
et al., 1990; Cheroutre, 2005). Bailey et al. (1992) found
that 20% of directly isolated porcine IELs expressed
CD25, which identifies them as recently activated T
cells (Bailey et al., 1992). In earlier studies, CD8+ IELs
from pigs were described as cytotoxic T-cells (Wilson
et al., 1986). Surprisingly, Denyer et al. (2006) recently
reported that 90% of the perforin-producing lympho-
cytes isolated from the peripheral blood were CD3—. In
the present study, only a minor portion of CD8 cells in
the jejunal epithelium showed a CD3— phenotype
(below 5%). In the absence of further information about
the expression status of perforin, we consider the CD8/
CD3 double-positive cells in the epithelium to be
cytotoxic T-cells. In addition, the CD8/CD3 double-
positive cells do not represent a uniform cell population,
since the yd T-cells also partially merge with this cell
fraction. It is likely that the CD8/CD3 double-positive
cells can be divided into further phenotypically and
functionally different populations.

Histological investigations of Lamina propria tissue
samples revealed that CD25+ cells and yd T-cells were
significantly enhanced in the probiotic group (compare
Figs. 6 and 7). Flow cytometry was not applied to
Lamina propria cells in this study because of the
necessity for enzymatic digestion of these tissues prior
to analysis, a considerable disadvantage compared to

the histological method. From the mouse model it is
known that CD4+/CD25+ T cells are able to suppress
the development of colitis and Th1 cytokine production
(Kanai et al., 2006). However, since there were no
differences between the groups concerning the number
of CD4+ cells, we consider it unlikely that the increased
CD25+ cells in the Lamina propria are regulatory T
cells (Veltkamp et al., 2006). We therefore suggest the
increase in Lamina propria CD25+ cells in the current
study is indicative of an immune stimulation (Bailey
et al.,, 1992). Furthermore, the observed increase in
CDS8+ IELs from day 14 post partum (Fig. 4) is
suggestive of a more developed gut-associated immune
system of the probiotic group piglets at weaning age or
earlier.

Regarding the health performance of the two groups,
more piglets were nursed for a longer time in the
probiotic group, which resulted in a significantly higher
total of nursing days within one litter in the probiotic
group (290 day versus 270 day, p = 0.04). Applying the
definition of diarrhoea as liquid feces on at least two
consecutive days, only 23 piglets (27.4%) from the
probiotic group showed such signs of diarrhoea
compared to 52 (67.5%) of the control piglets
(p < 0.001) (Taras et al., 2005a). These observations
might imply that the improved health performance of
the treated animals may in part be due to the immune-
modulating effect of B. cereus var. toyoi described in
this communication. In addition, as noted above, B.
cereus var. toyoi affected the intestinal flora of the
piglets before weaning, indicating that the administra-
tion of the probiotic to the sows is probably an important
factor for the subsequent beneficial effects in the piglets.
Supportive of this suggestion, it has been shown that
piglets take up several grams (about 20 g) of feces per
day (Sansom and Gleed, 1982). Indeed, prior to
weaning the piglets in this animal trial apparently took
up more probiotic bacteria with the feces of the mother
sows than with the supplemented feed (Taras et al.,
2005a). Consistent with a mean B. cereus var. toyoi
concentration of 9.6 (+ 1.9) x lOS/g dry matter (DM) in
feces of probiotic sows seven days post partum, feces of
probiotic piglets collected on day 7 already contained
1.3 (+ 0.3) x 10’ probiotic cfu/g DM. Probiotic bacteria
were also detected in digesta of piglets on day 14, i.e.,
before supplemented prestarter feed was offered. The
concentration of viable cell counts in the colon
ascendens approximately doubled from day 14 (before
supplemented feed was offered to the suckling piglets)
to day 28 (before piglets were weaned), which means
only a slight increase in microbial cell counts. On day
35 (6 days after weaning) the concentration of viable
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cell counts of B. cereus was already five times higher
than that at day 28 (Taras et al., 2005a). Furthermore,
the numbers of CD3+ CD8+ cells tended to be higher in
the probiotic piglets even before day 28. For these
reasons, we suggest that the probiotic feeding of the
sows has a greater impact on the immune system of the
piglets than the uptake of supplemented feed by the
piglets before weaning.

Since the pathogen-associated E. coli serogroups
were isolated from the sows at similar frequencies, it
might be expected that the pathogen load for both
groups of piglets would also be similar (Fig. 8A).
However, pathogenic E. coli serogroups were less
frequent in the probiotic piglets (Fig. 8B). On the other
hand, there was neither a temporal accumulation of
these E. coli serovars in the piglets’ feces, nor was the
occurrence of pathogenic E. coli serovars clearly
correlated with diarrhoea or other symptoms of disease
in the piglets. Hence, no direct correlation between the
immunological changes and the differences in the E.
coli frequency was apparent. Furthermore, high
numbers of E. coli harbouring virulence genes and/or
with hemolytic activity do not necessarily correlate with
disease (Schierack et al., 2006). Nevertheless, we
suggest that the occurrence or absence of these
pathogen-associated serovars is an indication of the
immune status and the health condition of the animals.
The E. coli pathovars may be expected to influence the
immune system of the animals and vice versa.

A similar observation was made in a prior feeding
trial. Piglets fed a probiotic Enterococcus faecium strain
also showed a reduction in pathogenic E. coli
serogroups (Scharek et al., 2005). Likewise, the rate
of carryover infections with Chlamydia was lower in
this group of piglets (Pollmann et al., 2005), and the
percentages of piglets with post-weaning diarrhoea was
also lower in that animal study (Taras et al., 2005a). In
the actual animal trial with B. cereus var. toyoi the
reduction of post-weaning diarrhoea was even more
apparent than in the animal trial with E. faecium (Taras
et al., 2005b).

In contrast to a previous animal study with the
probiotic Enterococcus faecium SF68 (NCIMB 10415),
we found that B. cereus toyoi had a different effect on
the development of intraepithelial lymphocytes. Enter-
ococcus faecium is a normal, autochthonous inhabitant
of the porcine gut, and therefore may not be expected to
stimulate the piglets’ immune system (Scharek et al.,
2005). In contrast, B. cereus var. toyoi does not belong
to the normal intestinal flora in the pigs, and the
intestinal milieu is an unnatural habitat for this spore-
forming soil inhabitant. B. cereus apparently sporulates

in the intestinal tract after initial germination and shows
limited rounds of growth and division cycles in the gut
(Taras et al., 2005a; Jadamus et al., 2001). It remains
unclear whether spores or metabolically active bacteria
are responsible for the observed changes in the
intestinal immune system. However, previous reports
have indicated that spores can be immunostimulatory
and lead to increased expression of certain cell
activation markers after oral administration, e.g.,
CD25 on peripheral-blood lymphocytes (Duc le
et al., 2004; Caruso et al., 1993). It therefore seems
likely that the observed immune stimulation in the
probiotic group of piglets was triggered by microbial
antigens. However, as noted above, it has been shown
that B. cereus var. toyoi promotes changes in the
composition of the gut flora in pigs (Jadamus et al.,
2001). In view of the complexity of the microbial flora,
it cannot be excluded that B. cereus var. toyoi affects
other microbial populations which are ultimately
responsible for the observed immune modulation.

Taken together such results indicate that the immune
modulating effect of B. cereus var. toyoi correlates with
a better health performance of the treated animals. As
noted above, all indications suggest that B. cereus var.
toyoi started to affect the intestinal flora of the piglets
prior to weaning. Therefore, the administration of the
probiotic feed to the sows is probably an important
factor for the beneficial effects observed in the piglets at
later stages.

5. Conclusions

Feed supplementation of B. cereus var. toyoi to Sows
and piglets was shown to affect the intestinal immune
system of the piglets at the time of weaning (age 28
days) and shortly thereafter such that the intestinal
epithelial CD8/CD3 double-positive cell populations
were enhanced in the probiotic group. In contrast to
CDS8+ cells in peripheral blood preparations, most
CD8+ cells in the jejunal epithelium are T-cells, and
CD8+ CD3— Natural Killer cells were rare in the
epithelium. Furthermore, CD25+ cell counts were
enhanced in the Lamina propria mucosae. This apparent
immune modulation was transitory and occurred during
the most critical phase of the piglets’ development with
respect to intestinal infections. In addition, the
frequency of pathogen-associated E. coli serogroups
were less frequent in the probiotic-treated piglets.
Taking the performance data of Taras et al. (2005a) into
consideration, the observed alterations in the immune
system shown here indicate an improved health status of
the piglets.
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