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trafficking within microvessels supplying blood to the gut
muicosa remains unclear.

Much remains to be clarified with regard to the functions
and homing patterns of IELs and their molecular basis. One
reason for the difficulty in studying IELs is the lack of appro-
priate cell lines established from these populations. The
difficulty of establishing IEL cell lines is due to the poor pro-
liferative capacity and a lack of knowledge about their ade-
quate ligands. In the present study, we have established an
antigen-specific IEL cell line from ovalbumin (OVA)23-3
mice expressing a transgenic (Tg) TCRo specific to
OVA323-339 [15]. The majority of T cells in these mice
expressed a TCR specific to this epitope, which gave us an
advantage in establishing the antigen-specific cell line. Using
this cell line, we analysed the functional characteristics of
cells, such as their cytokine production and antigen-specific
proliferation.

Recent in situ microscopy experiments with intestinal
mucosa have demonstrated that lymphocyte homing
involves organ-specific multi-step cascades of adhesion and
signalling events in specialized blood vessels, termed high
endothelial venules (HEV), as well as in the villus microves-
sels [16-18]. In this study, using the established IEL cell line
we carried out an intravital microscopic procedure to mon-
itor the dynamic process of lymphocyte migration in order
to (1) investigate whether adhesion of IEL cells occurs in the
villus mucosa of the small intestine and, if it does, examine a
possible contribution of various adhesion molecules to this
IEL-endothelial cell adhesive interaction, and (2) compare
how recruitment of naive and antigen-specifically stimulated
IEL cells differs in the villus mucosa of the small intestine.

Methods

OVA23-3 Tg mice and isolation of IEL

The process of establishing the OVA23-3 Tg mouse line we
used has been described previously [15]. The mice carried a
gene encoding TCR off (Va3.1/VB15) derived from an OVA-
specific CD4" T cell clone, 7-3-7. The animals were housed
and bred within animal facilities at the University of Tokyo.
We obtained transgenic mice from the F, generation of a
cross between BALB/c (Clea Japan, Inc., Tokyo, Japan) and
heterozygous transgenic mice. The care and use of laboratory
animals were in accordance with the guidelines of the
National Institute of Health.

IELs were isolated from Tg mice of both sexes, 8-24 weeks
of age, by using modified procedures as described previously
[19]. Briefly, an inverted intestine was cut into four seg-
ments and the segments were transferred into a 50-m} con-
ical tube containing 45 ml of 5% fetal calf serum (FCS) in
Ca’, Mg’-free Hanks’s balanced salt solution (HBSS; Gizco
Laboratories, Grand Island; NY, USA). The tube was
shaken in an orbital shaker at 150 r.p.m. in the horizontal
position for 45 min at 37°C. Cell suspensions were collected

and passed through a glass-wool column to remove cell
debris and adherent cells. Subsequently, the cells were sus-
pended in 30% (wt/vol) Percoll (Pharmacia Biotech, Upp-
sala, Sweden) and centrifuged for 20 min at 600 g. After the
centrifugation, the cells at the bottom of the solution were
subjected to Percoll discontinuous-gradient centrifugation
and IELs were recovered at the interface of 44% and 70%
Percoll (>95% were CD3*). The obtained cell suspensions
were washed and stored on ice in RPMI (pH 7-4) with 5%
FCS until used.

Establishment of IEL cell line and antigen stimulation

IELs from OVA23-3 mice (10° cells/ml) were stimulated
every week with mitomycin C-treated CD4~ BALB/c spleno-
cytes (2% 10° cells/ml) in a culture medium with 5 mM
OVA323-339 peptide and a 10% culture supernatant of
ConA-stimulated rat splenocytes [20]. The method of mito-
mycin C treatment was as follows: 107 splenocytes/ml were
incubated with 50 mg/ml of mitomycin C (Sigma) for
45 min at 37°C and washed with an RPMI-1640 medium
(Nissui Pharmaceutical, Tokyo, Japan) three times. The
medium for the cell culture was RPMI-1640 containing
100 U/ml penicillin, 100 mg/ml streptomycin, 5 X 107 m 2-
mercaptoethanol, and 10% FCS (Cansera International,
Rexdale, Canada). Several weeks after the initiation of the
culture, the growing cells were expanded and then an anti-
gen-specific IEL line from the OVA23-3 mice was estab-
lished. The IEL cell line was induced to rest by changing only
the culture medium without antigen-presenting cells once a
week for 4 weeks after the final antigen stimulation.

An antigen-stimulated IEL cell line was obtained by
removing CD4" splenocytes by magnetic cell sorting
(MACS) soon after the final antigen stimulation. In brief, the
IELs (1x107) with CD4" splenocytes were suspended in
90 ul of phosphate buffered saline (PBS) containing 0-5%
bovine serum albumin and 5 mM ethylenediaminetetra ace-
tic acid (EDTA) and incubated in 10 ul of antimouse CD4
(L3T4)-labelled MACS microbeads (Miltenyi Biotech, Ber-
gisch Gladbach, Germany) for 15 min at 6°C. After that, the
treated IELs were passed through a separation column (type
MS, Miltenyi Biotech) placed in the magnetic field of a
MACS separator. The magnetically labelled CD4* IEL cells
were retained in the column, while the unlabelled CD4" sple-
nocytes ran through. After removing the column from the
magnetic field, the retained CD4" IEL cells could be eluted as
an antigen-stimulated IEL cell line. The CD4" IEL cells were
washed and, until used, resuspended in RPMI-1640 with 5%
FCS stored on ice.

Cell proliferation and cytokine production assay

The cell line was plated in 96-well plates at 1 or 2 x 10° cells/
well with OVA or ConA (10 mg/ml) and at 4 X 10° cells/well
with antigen-presenting cells (APC) (mitomycin C-treated
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BALB/c splenocytes) in a total volume of 200 ml. After 24
and 48 h, 0-5 mCi of [*H]thymidine was added to each well.
The cells were harvested 20 h later and the [*H]thymidine
incorporation was measured by scintillation counting.
Cytokines in the culture supernatants were detected using a
two-site sandwich enzyme-linked immunosorbent assay
(ELISA) as described previously [21]. Briefly, for assays of
interleukin (IL)-4, IL-5 and interferon (IFN)-y, Maxisorp
immunoplates (Nunc Roskilde, Denmark) were coated with
a rat antimouse IL-4 (BVD4-1D11, PharMingen, San Diego,
CA, USA), a rat antimouse IL-5 and a rat antimouse IFN-y
antibody (XMG1.2). This was followed by incubation with
alkaline phosphatase-streptavidin. A substrate (p-nitrophe-
nyl phosphate) was added and the colour development was
stopped by the addition of 5 N NaOH. The absorbance was
determined at 405 nm.

Flow cytometry

Cells (2 x 10°/sample) were washed with HBSS containing
5% FCS and 0-2% NaN; (the flow cytometry buffer) and
centrifuged at 4°C, 400 g for 5min. Each antibody was
diluted appropriately with the flow cytometry buffer and
then 25 pl was added to each cell preparation. The cells were
stained on ice for 20 min, with mixing every 5 min. If the
used antibodies were conjugated to biotin, the cells, after
having been washed twice, were further stained with strepta-
vidinylated fluorochrome. The samples were washed again,
and 500-700 pl of flow cytometry buffer were added for
analysis. Flow cytometry was performed using a FACSort
machine (Becton Dickinson Immunocytometry Systems,
Mountain View, CA, USA). Aggregated cells were excluded
from the analysis by gating a forward and a side scatter.

The MoAbs used in this study were as follows: an anti-pan
TCR B chain (H57-597) conjugated to biotin and anti-
Thy 1.2 (30-H12) conjugated directly to R-phycoerythrin
(R-PE) were purchased from PharMingen, FITC-anti-CD4
(YTS191.1.2) and R-PE-anti-CD8a. (53.6.7) were purchased
from Gisco BRL (Gaithersburg, MD, USA); streptavidin-R-
PE was purchased from Gisco BRL, anti-oEB7 (2E7) was
presented by Lefrancois ef al. (22), and FITC-antihamster
IgG (H +L) was purchased from Southern Biotechnology
Associates, Inc. (Birmingham, AL, USA). Antibodies against
mouse L-selectin (MEL-14, rat 1gG2a), a4-integrin (R1-2,
rat IgG2b), oE-integrin (M290), B7-integrin (FIB27),
CDl1la (M17/4) and CD3 (145-2C11, hamster 1gG) were
purchased from PharMingen.

Lymphocyte labelling with carboxyfluorescein diacetate
succinimidyl ester (CFSE)

CFDSE (Molecular Probes, Eugene, OR, USA) was dissolved
in dimethylsulphoxide to 156 mm and a small aliquot
(300 ul) was stored in a cuvette sealed with argon gas at -
80°C until the experiments were conducted. Lymphocytes
(1 x 107) were incubated in CFSE solution (20 pul of stock
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solution was diluted with 20 ml of RPMI-1640) for 30 min at
37°C. The labelled lymphocytes were centrifuged immedi-
ately through a cushion of heat-inactivated fetal bovine
serum and washed twice with a cold suspension medium.
The cells were resuspended in 02 ml of the medium and
used within 30 min.

Intravital observation of lymphocyte migration in
intestinal mucosa

The intestinal villi were observed from the mucosal surface
and lymphocyte migration was also observed. After an intra-
peritoneal injection of pentobarbital sodium (50 mg/kg), the
abdomen was opened via a midline incision. A 7-cm ileal
segment ending at the caecal valve was gently extended onto
a plate and a longitudinal incision of about 2 cm was made in
the middle of the segment by microcautery along its antime-
senteric border. The intestine was kept warm and moist by
continuous superfusion with physiological saline warmed to
37°C. The adjacent intestinal segment and mesentery were
covered with absorbent cotton soaked with Krebs—Ringer
solution.

Suitable areas of villus tips were observed from the
mucosal surface by an inverted fluorescence microscope
(Diaphot TMD-2S, Nikon, Tokyo, Japan) and the observa-
tion was recorded by using a videotape recording system.
The same area of ileal mucosa was always examined through-
out the observation period. The behaviour of fluorescently
labelled lymphocytes was visualized on a television monitor
by using a fluorescence microscope equipped with a silicon
intensified target image tube (SIT) camera with a contrast-
enhancing unit (C-2400-08, Hamamatsu Photonics Co.,
Shizuoka, Japan) according to a method described previ-
ously {16,18]. In this setting, the tip of each villus was
observed as an oblique circle, and archade microvessels in
the villi were also observed. In another set of experiments, a
5-cm ileal segment ending at the caecal valve was chosen for
observation of Peyer’s patches. Two small incisions in the
bowel wall were made and the luminal pressure of the gut
loop was maintained at 10 cmH,O with physiological saline.
The microcirculation in Peyer’s patches was observed
through the serosa by microscope. Epi-illumination was
achieved by using filters for excitation at 470-490 nm and for
emission at 520 nm. Lymphocytes (1 x 10’ dissolved in 1 ml)
were injected into a jugular vein of the recipient mice for
3 min. The cell kinetics of the infused lymphocytes, their
interaction with microvascular beds and their accumulation
in the villus mucosa or Peyer’s patches were monitored and
recorded continuously on S-VHS videotapes for the first
20 min and then, at 10-min intervals, for 40 min. Lympho-
cytes adhering to the microvessels of the villus mucosa or
Peyer’s patches and remaining in the same position without
movement for more than 30 s were defined as ‘sticking’ lym-
phocytes. The number of sticking lymphocytes was deter-
mined in a 1-mm’ area observed in a video image.
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Histological examination

The localization of infused IEL cells to intestinal mucosa was
assessed immunohistochemically by using the labelled
streptavidin-biotin (LSAB) method. Forty minutes after
infusion of CFSE-labelled IELs, the small intestine was
removed and fixed in a periodate, lysine-paraformaldehyde
(PLP) solution. The samples were embedded in OCT com-
pound (Miles, Elkhart, IN, USA) before being frozen in dry
ice and acetone. Cryostat sections were reacted with MoAb of
factor VIII (rabbit polyclonal; Dako, Carpinteria, CA, USA)
or CD34 (RAM34; PharMingen, San Diego, CA, USA) over-
night at 4°C after they were incubated in 5% normal goat
serum in PBS. Sections were incubated with a second anti-
body, rhodamine-conjugated antirat IgG antibody (Chemi-
con International, Temecula, CA, USA) for 1 h at room
temperature. The fluorescent preparations were examined
using a laser-scan microscope (Carl Zeiss, Jena, Germany) at
488 nm for CFSE and 543 nm for rhodamine.

Administration of antibodies and OVA feeding

In some experiments lymphocytes were preincubated with
MoAbs, which functionally block adhesion molecules. Anti-
bodies against oE-integrin (M290, rat IgG2a), B7-integrin
(FIB27, rat IgG2a) and CD11a (M17/4, rat 1gG2a) were pur-
chased from PharMingen Co. (San Diego, CA, USA) and
1X 107 cells were incubated in 100 ug/ml of MoAbs for
30 min before the infusion of T lymphocytes. In other exper-
iments, anti-MAdCAM-1 MoAb (MECA367, PharMingen,
2 mg/kg) dissolved in 0-2 ml of saline was infused from a jug-
ular vein at 30 min before the injection of T lymphocytes. As
controls, isotype-matched irrelevant antibodies were also
used under the same conditions.

In another set of experiments, OVA 23~3 Tg mice were fed
with OVA at a dose of 200 mg/day for 3 days and the alter-
ation of migration patterns of IEL cell lines (stimulated and
unstimulated) in the villus microvessels was compared with
that in unfed mice.

Statistics

All results are expressed as means % s.d. The differences
among groups were evaluated by one-way analysis of vari-
ance (anova) and Fisher’s post-hoc test. The cut-off for sta-
tistical significance was set at P < 0-05.

Results

Expression of surface antigens and characteristics of the
1EL cell line

IELs from OVA 23-3 mice were stimulated with antigen-pre-
senting cells and OVA323-339 peptide every week. One IEL
line from the OVA23-3 mice was obtained several weeks after

the initiation of the culture, and the growing cells were
expanded and then used for analysis. Figure 1 shows the
expression of surface markers of the IEL cell line obtained by
flow cytometry. The cell line expressed TCRoB and CD4 but
not CD8o. We also detected a Thyl molecule, which is a pan-
T cell marker. Expression of various adhesion molecules (L-
selectin, a4-integrin, 0E-integrin, B7-integrin and CD11a)
on the surface of the IEL-line cells was determined. As'shown
in Fig. 1b, the IEL line cells always showed a strong expres-
sion of oE- and B7-integrin molecules on their surface.
There was also expression of CD11a. However, there was no
expression of L-selectin and oid-integrin molecules in the
IEL cell line. However, the extent of the expression of OE-
and B7-integrin molecules was decreased significantly when
these cells were stimulated with a specific antigen, OVA.
The cell line was cultured with intact OVA and ConA in
the presence of mitomycin C-treated BALB/c splenocytes.
Figure 1c shows the proliferation of this cell line in response
to OVA and ConA as determined by [*H}-thymidine uptake.
OVA stimulation showed a significant proliferation of the
IEL cell line at concentrations greater than 3 uM. In contrast,
ConA did not induce such proliferation even at a concentra-
tion of 10 pg/ml, by which the proliferation of splenocytes is
usually strongly stimulated. The unresponsiveness of the IEL
line to ConA was also confirmed by microscopic observation
(data not shown). Next we analysed the cytokine production
by the cell line. Secretion of three different cytokines (IFN-7,
IL-4 and IL-5) was determined after stimulation with OVA.,
ELISA of the culture supernatants showed that the cell line
produced only IL-5 (3-0 £ 0-60 ng/ml; n=5) without OVA
stimulation. On the other hand, antigen stimulation induced
all of these cytokines, and the IEL cell line secreted
88 £9-2 U/ml IFN-Y(n=4),170 4 18 pg/ml IL-4 (n = 4) and
11+ 2-1 ng/ml IL-5 (P<0-05 versus without OVA; n=4)
after stimulation with OVA at a concentration of 10 UM.

Migration of IELs in villus mucosa

We investigated the migration of IEL line cells to the villus
mucosa by observation from the mucosal side. Figure 2
shows a microscopic picture of T lymphocytes adhered to
the archade microvessels of a villus tip in the ileal mucosa.
As shown in Fig. 2a and ¢, a significant number of IEL line
cells accumulated in the microvessels of the lamina propria
of the villi 20 min after injection. IELs adhered to the
microvessels of the villus mucosa without rolling. Some IEL
cells were also observed at the base of crypt, but few IELs
were present inside the submucosal venules (data not
shown). On the other hand, in Peyer’s patches only a few IEL
cells showed ‘rolling’ behaviour (less than 5%), and almost
no IEL cell adherence was observed in postcapillary venules
of Peyer’s patches during the observation, as shown in
Fig. 2d. Figure 3 illustrates the time~course change in the
number of sticking IEL line cells with and without activation
in the villus mucosa of the OVA23-3 mice. The number of

252 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 140: 249-257



Intraepithelial lymphocyte migration

® f FTaviz ® 8
E 1. = =3
2 § =] / 2 i
c &F c i
3 8 Fu =
O y ]
o S AN N
° R : e 00 i 2 3
10 10! 102 10® 104 100 10" 102 103 100 10! 10?2 10
FL2-Height o o
N 0 .
ko TN b4
g g 2
Y g} CDsa 2 . f
55 3 2 booa - ° o
3 ibn Ot 100 10" 102 10%  10® {0’ 102 10°
g N
° . - ° " E-integrin g "
100 10" 102 10® 104 109 10" 102 10° 10° @ g B 7-integrin
FL1-Height FL2-Height
(c)

16

[=)
10 15 20 ConA(10 pg/ml)
OVA (uM)

[BH]-thymidine uptake (x10% cpm)

Fig. 1. Expression of surface antigens on intraepithelial lymphocyte (IEL) cell line established from ovalbumin (OVA)23-3 transgenic mice; 2 x 10°
lymphocytes were first incubated with antimouse monoclonal antibodies against Thy1-2 (30-H12), pan T cell receptor (TCR) B chain (H57-597), CD4
(YTS191:1.2), CD8a (53.6.7), atE-intergin (M290), B7-integrin (Fib27), 1-selectin (MEL-14) and CD11a (M17/4). They were then incubated with 1 ml
of fluorescein isothiocyanate (FITC)-labelled antirat IgG and antihamster IgG. Flow cytometric analysis was performed using FACSort (Becton
Dickinson). Data on viable cells, as determined by forward light-scatter intensity, were obtained using consoRT software, Representative data from at
least four individual measurements are shown. (a) Thy 1-2, CD4 and CD8a expression on resting IEL cell line (b); E and B7 expression on resting
and activated IEL cell line. For IEL cell line activation, cells were stimulated by a specific antigen, OVA (20 um), for 20 h. (¢) Antigen-specific and
mitogenic proliferation of IEL cell line. Uptake of [*H|-thymidine was examined as described in Materials and methods. Proliferation of 1EL cell line
in response to different concentrations of ovalbumin (OVA, 1-20 ps) and concanavalin A (ConA, 10 pg/ml) was determined. Values are means + s.d.
from six experiments. *P < 0-05 versus OVA 0 pm.

IEL cells accumulated in the microvessels of the villus tips It has been demonstrated that these cells coincided well with
increased rapidly, especially within the first 10 min, reached the lamina propria microvessels of ileal villi.

a maximum at 20 min, and then showed no significant Figure 5 shows the inhibitory effect of the function-block-
change during the observation. When the IEL cells were ing of adhesion molecules on the sticking of unstimulated
activated with OVA, the number of adherent cells was signif- IEL line cells to archade microvessels of the villus mucosa at
icantly smaller compared to that of resting cells at any given 20 min. The number of sticking lymphocytes in the control
time. However, the total number of IEL cells that had group was 24-0 £ 2-1 cells/mm?, but this number decreased
entered villus microvessels did not differ significantly significantly as a result of pretreatment with MoAb, which
between with and without activation in the OVA23-3 mice blocks B7-integrins. Preinfusion of an anti-MAdCAM-1
(control, 22-4 & 3-1/min; with activation, 19-1 % 3-8/min). antibody into the mice also significantly inhibited this cell
To confirm whether injected IEL cells were within the epi- interaction. However, the inhibitory effect of these antibod-
thelium of the villi, we examined the tissue section of intes- ies was found to be partial, and more than 50% of lympho-
tinal mucosa 40 min after the administration of CFSE- cytes remained adherent after administration of anti7 and
labelled cells. Figure 4 shows the adhesion site of infused anti-MAdCAM-1, respectively. Moreover, the combined
IELs and the location of Factor-VIII* or CD34" microvessels. blocking of B7-integrin with MAdCAM-1 further attenuated
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Fig. 2. Representative images of the distribution
of a carboxyfluorescein diacetate succinimidyl
ester (CFSE)-labelled resting intraepithelial lym-
phocyte (IEL) cell line in control mice (a)and in
ovalbumin (OVA)-fed mice (b) Following adher-
ance to the microvessels of a villus tip of the ileal
mucosa at 20 min after infusion { X 10). Bar rep- |
resents 100 pm. (c) Higher magnification image L
of labelled 1EL cell line in control mice adhered
to arcade microvessels of villus tips ( x 20). Bar
represents 100 um. (d) Observation of CFSE-
labelled resting 1EL cell line postcapillary venules
of Peyer’s patches 20 min after infusion. There
were few sticking IELs in this area ( x 10).

the sticking of IELs in this area, although it only partially
blocked the IEL adhesion. On the other hand, antibodies
against either oE-integrin or CD11a did not significantly
inhibit the IEL accumulation.

Figure 6 compares the number of IEL cells that adhered to
the microvessels of the villus tips in the OVA23-3 control
mice to that in the OVA-fed mice 20 min after the injection.
Figure 2b shows a microscopic picture of resting IELs
adhered to the microvessels of the villi in the ileal mucosa of
the OVA-fed mice. Although the number of resting IEL cells
increased gradually in the microvessels of the OVA-fed mice,
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Fig. 3. Time~-course change in the number of sticking intraepithelial
lymphocyte (1EL) line cells to villus mucosa in control ovalbumin
(OVA)23-3 mice. The number of cells accumulated in the microvessels
of villus tips is compared between unstimulated (resting) and activated
(stimulated with OVA, 20 pim) 1EL cell lines. The lymphocytes located
in the 1-mm’ observation field were counted. #P <0-05, compared with
resting [ELs. Values are means £ s.d. for six animals.

showing a time—course change similar to that in the control
mice {data not shown), the number of sticking cells was sig-
nificantly lower than that in the control transgenic mice.
Similarly, in the case of stimulated IELs, only a small number
of activated IELs were observed in the microvessels of the
OVA-fed mice and this number did not increase significantly
during the observation (Fig. 6).

Discussion

In the present study, we established an Ag-specific IEL line
from OVA23-3 TCR-Tg mice. To our knowledge, this is the
first report on the establishment of an antigen-specific IEL
line. This is because there has been no suitable method to
induce expansion of IEL clones, which would respond to a
specific antigen, as no appropriate antigens could be found
to stimulate IELs. In this study we used Tg mice whose TCR
restriction and specific ligands are well known and we also
used, instead of an intact antigen, an OVA323-339 peptide
which can cause significant stimulation of the culture at an
early stage. The cell line established from OVA23-3 expressed
Thy1-2, TCR aff and CD4, but not CD80.. In our preliminary
study, we also observed that CD4" IELs freshly isolated from
the Tg mice proliferated more strongly than CD4” IELs.
These results suggest that in OVA23-3 mice, CD4* CD8 IELs
have the capacity to proliferate selectively for a long time.
This preferential selection of CD4" IELs may be due to the
TCR in these Tg mice being restricted to I-A% major histo-
compatibility complex (MHC) class 11 molecules [15].

The cell line expressed TCR off and CD4 in a way similar
to that of peripheral T cells, and did not express TCRYS and
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Fig.4. Representative pictures of simultaneous
observation of carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE)-labelled intraepithelial
lymphocyte (IEL) (green) and factor VIlI-posi-
tive (a) or CD34-positive (b) microvessels (red
fluorescence) in small intestinal villi as deter-
mined by immunohistochemistry. The lysine~
paraformaldehyde (PLP)-fixed sections 40 min
after IEL infusion were observed (x 100).

CD8o.0, which are the more common phenotypes of IELs.
However, the cell line also expressed oEB7 integrin, which is
a characteristic adhesion molecule expressed in 80~-90% of
IELs. We also showed that the cell line could not respond to
ConA, in spite of its proliferative capacity to specific Ag.
These observations suggest that the IEL cell line we estab-
lished does, in fact, possess the characteristics specific to IELs
and that these characteristics differ from those of peripheral
T cells. Note also that we used a cell line with some charac-
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Fig. 5. The inhibitory effect of function-blocking of adhesion molecules
on the sticking of resting intraepithelial lymphocyte (IEL) line cells to
microvessels of villus mucosa at 20 min. The effect of monoclonal anti-
body against B7-integrin (Fib27) and MAdCAM-1 (MECA367)-treat-
ment on sticking of IELs was investigated. IELs were treated with
monoclonal antibody (100 pug/ml) against B7-integrin before infusion.
In some experiments, the animals were pretreated (30 min before lym-
phocyte infusion) with a monoclonal antibody against MAJCAM-1

(2 mg/kg). The combined effect of functional blocking of B7-integrin
and MAdCAM-1 molecules was also examined. #P < 0-05, compared
with controls. ##P < 0-05, compared with B7-integrin- and MAdCAM-
I-blocking alone, Values are means + s.d. for six anirnals.

Intraepithelial lymphocyte migration

teristics of mature IELs for demonstrating possible mecha-
nisms of localization to the intestinal villi, whereas we do not
know what the characteristics of the circulating IEL precur-
sor is. Therefore, there is a possibility that the circulatory
precursor could express undiscovered adhesion molecules
which are down-regulated on mucosal entry.

The ELISA of culture supernatants showed that this cell
line can produce IFN-y, IL-4 and IL-5. The secretion of these
cytokines was dose-dependently stimulated by a specific
antigen. CD4* T cells have largely been grouped into two dis-
tinct subsets, Thl cells producing IL-2 and IFN-y, and Th2
cells producing IL-4 and IL-5 [23]. It appears that IEL cell
lines produce both types of cytokines, suggesting that these

o
o
1

Number of sticking lymphocytes/
mm?2

Resting IEL Activated IEL Resting IEL Activated |EL

Control OVA-fed mice

Fig. 6. Comparison of the number of intraepithelial lymphocyte (IEL)
line cells adhered to the microvessels of villus tips in ovalbumin
(OVA)23-3 control mice with that in OVA-fed mice, 20 min after injec-
tion. OVA 23-3 transgenic mice were fed with OVA at a dose of 200 mg/
day for 3 days (OVA-fed mice), and the number of adhered I1EL cell lines
(resting and activated) was compared with that in unfed mice (control).
#P < 0-05, compared with unfed controls. Values are means * s.d. for six
animals. *P <0-05, compared with resting 1ELs.
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cell lines consist of a mixed population of Thl and Th2
helper T cells. This is in accordance with the previous finding
by Fujihashi et al., who reported that CD4* IELs produced
IL-4, IL-5 and IFN-y [24].

In the present study, we have demonstrated that there is a
significant accumulation of IEL line cells in the villus mucosa
of the small intestine, not in the HEVSs of Peyer’s patches. We
have reported previously that freshly isolated IELs from the
intestinal mucosa of BALB/c mice showed very little interac-
tion with Peyer’s patch~-HEVs, due possibly to a lack of 1-
selectin and weak expression of 0i4-integrin molecules 18],
which is similar to the present results. In this study, accumu-
lation of IEL line cells was observed along the archade
microvessels near the epithelial cells of villus tips. This adhe-
sion was significant, and was abrogated partially by anti}7-
integrin and by anti-MAdCAM-1 antibodies. Because the

involvement of oud-integrin in IEL migration was almost -

negligible in this study, we do not know the exact reason for
the paradoxical finding that migration is not inhibited by an
anti-oE integrin, but is inhibited by anti-MAdCAM-1.
Several studies have shown that EB7 is not a ligand for
MAdCAM-1, and 0EB7 is not believed to participate in lym-
phocyte-endothelial cell interaction in the vascular endot-
helium [25,26]. Instead it has been shown that oEB7
mediates adhesion of lymphocytes to epithelial cells [4,5),
and it is also speculated that this integrin may be involved in
the migration of lymphocytes to epithelial sites [27]. There-
fore, there is a possibility that $7 and MAACAM-1 could be
functioning separately in this situation, although the counter
ligands for B7-integrin or MAdCAM-1 in IEL interaction
with the villus mucosa remain to be identified. An additive
inhibitory effect of antif7-integrin and anti-MAdCAM-1
antibody on IEL adhesion could support this possibility,
although there is another possibility that each antibody was
not completely neutralizing. Moreover, it should be also
noted that even the combination of both antif7 integrin and
anti-MAdCAM-1 antibodies reduced the IEL adherence to
microvessels of villi to only about 65% of what it was in the
controls, suggesting that other mechanisms account for lym-
phocyte migration in this site. These other mechanisms may
include the G-protein-independent mechanisms, such as
capillary plugging.

In this study, we demonstrated that the pattern of IEL
migration to the villus mucosa changed significantly after
stimulation by a specific antigen. When the IEL line cells
were activated with OVA, the adhesion of the antigen-stim-
wlated IELs to the villus mucosa was significantly attenuated
compared to that of the resting cells, with decreased surface
expression of both 0E- and B7-integrins. Because we found
that an anti}7-integrin antibody decreased the adherence of
1EL line cells to villus microvessels, while an anti-oE anti-
body did not, the decreased cell surface expression of B7-
integrin might be responsible for the decreased migration of
antigen-stimulated IELs to the intestinal mucosa. One can
speculate that changes in the expression of adhesion mole-

cules could also interfere with the IEL interaction and migra-
tion to intestinal epithelial cells. We also demonstrated that
in Tg, OVA-fed mice, the number of IEL line cells that accu-
mulated in the villus mucosa was significantly lower than
that in the non-fed control mice both in terms of resting and
activated cells. In particular, in the case of antigen-activated
IELs, the cell migration into the villus mucosa in the OVA-
fed mice was almost completely eliminated. The exact mech-
anism of this inhibition is not known, but there is a possi-
bility that factors other than adhesion molecules, including
neurohumoral factors and chemokines, can also be involved
in this inhibition. The immune hyporesponsiveness follow-
ing an oral administration of an antigen is dose-dependent,
and high-dose (200 mg) feeding of OVA in Tg-mice could
lead to clonal anergy or clonal deletion [28,29], although in
a Tg mouse model T cells specific to certain determinants on
a self-antigen have been found to be less susceptible to tol-
erance [30]. The reduction of antigen-reactive T cells in lym-
phoid tissues was accompanied by a marked increase in the
percentage of apoptotic cells following an antigen feeding
[28]. These shut-down effects of antigen-activated IEL
migration to the antigen-sensitized villus mucosa might be
due to the early elimination of these infused cells from the
circulating population. However, we found that the total
influx of IEL line cells to the villus mucosa did not decrease
compared to that in the controls.

In this study we have shown decreased migration of IELs
to the intestinal mucosa after antigen activation, which can
alter the population of these antigen-reactive T cells in the
villus mucosa. The significance of the decreased migration
of antigen-activated IELs and their exact role in allergic con-
ditions and oral tolerance are subjects for future investiga-

~ tion.
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aBsTrRACT. The experiment was aimed to test the efficacy of sugar cane extract (SCE) on the modulation of pig immunity under field
conditions. The SCE preparation consisted of sugar cane extract (20%) and oilcake of rice bran (80%). SCE (500 mg/kg of body weight
per day) was fed to weanling pigs on 3 consecutive days per week for 4 weeks. The results showed a significant enhancement of cyto-
toxicity of natural killer (NK) cells and phagocytosis by neutrophils and monocytes, compared to untreated pigs. The enhancement of
NK cell function may have protected against porcine reproductive respiratory syndrome (PRRS), as there was a reduction in serocon-
version rates in treated pigs. Moreover, SCE-treated pigs showed a 7.87% growth enhancement compared with untreated controls. Thus
SCE produces an immunostimulative effect on porcine innate immunity that may provide protection against pathogens.

KEY WORDS: growth promotion, immunomodulation, leukocyte function, pig, sugar cane extract.

Sugar cane extract (SCE) is a natural product which has
displayed a wide range of biological effects including
immunostimulation [8], anti-thrombosis activity [17], anti-
inflammatory activity [14], vaccine adjuvant [7], anti-oxi-
dant activity [18, 21}, modulation of acetylcholine release
[2], and anti-stress effects [3]. Study on mice inoculated
with a minimum lethal dose of pseudorabies virus following
with 3 consecutive days of oral administration with SCE
showed a significant decrease in mortality (Koge, unpub-
lished). Other studies have indicated SCE can enhance
resistance to secondary bacterial infection {1, 19]. Studies
on chickens indicate that SCE has an adjuvant effect on the
activation of antibody and cell-mediated immune responses
and provides a protective effect against Eimeria tenella
infection [6]. These results suggest that SCE may positively
regulate host natural immunity against viral, bacterial, and
protozoal infections, via effects on the levels of macroph-
ages, neutrophils and natural killer (NK) cells.

Porcine respiratory disease complex (PRDC) has become
the major problem in the most intensive pig farms, causing
massive economic loss. The causing factors of PRDC
involve a complicated synergic interaction between host
immunocompetence, polymicrobial infections and various
stressors [23]. Pseudorabies, influenza virus, porcine repro-
ductive respiratory syndrome (PRRS) virus, and Myco-
plasma hyopneumoniae have been thought as primary
agents of PRDC [10, 23]. However, antibiotics are com-
monly used to treat or prevent secondary bacterial infections
of PRDC. As the abuse of antibiotics in veterinary medicine
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Pathology, College of Veterinary Medicine, National Chung
Hsing University, 250 Kuo Kuang Road, 402 Taichung, Taiwan,
R.O.C.
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has been of particular concern from the viewpoint of public
health, major strategies against infection are to improve the
managerial systems and environmental conditions and to
modulate host immunocompetence. Although studies of
SCE on mice and chickens have shown enhancement of host
defenses, the activity of SCE on the pig immune system and
the efficacy of SCE applied in field conditions is still not
documented. Therefore, the aim of this experiment was to
investigate the effect of SCE on pig natural immunity, par-
ticularly on the function of neutrophils, monocytes, and NK
cells. The efficacy of SCE application in farmed pigs was
also evaluated.

MATERIALS AND METHODS

Sugar cane extract (SCE): Shin Mitsui Sugar Co., Ltd.,
Japan has prepared four kinds of sugar cane extracts.
Extract 1 from sugar cane juice consists of components
adsorbed to a synthetic adsorbent resin. Extract 2 consists
of volatile components from sugar cane juice adsorbed to a
synthetic adsorbent resin. Extract 3 from sugar cane
bagasse is obtained by hot water extraction. Extract 4 con-
sists of crude protein (16.9%), fat (0.5%), ash (36.1%) and
nitrogen-free extracts (46.5%) [8], prepared from sugar cane
juice by chromatographic separation on an ion exchange
column. Extract 4 was concentrated to ca. 40% solids con-
taining ca. 4% sugars (glucose, fructose and sucrose). In
this study, Extract 4 was used as SCE. SCE for oral admin-
istration was prepared by adsorption of Extract 4 to oilcake
of rice bran, which was then dried. The ratio of SCE with-
out glucose, fructose and sucrose: oilcake of rice bran was
1:4. Table 1 shows the composition of this material.

Experimental pigs, SCE administration, and sampling:
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Table 1. Composition of sugar cane extract (Extract 4) for feed material
Data-item % of sample % of solid Remarks
Moisture 6.7 - 135°C, 2 hr

Crude protein 18.5 19.8 Kjeldahl method
Crude fat 4.5 4.8 Diethyl etherextraction
Crude fiber 7.0 7.5 Filtrationmethod
(Insoluble fibers)
Ash 17.5 18.8 Directincineration
Nitrogen-free extracts 45.8 49.1 *
Total 100.0 100

*=100~(moisture + crude protein + crude fat + crude fiber +ash).

The experimental pigs for the kinetic study were purchased
from a small farrow-to-finish pig farm that had been moni-
tored for several years and had a history of good perfor-
mance (>20 pigs/sow/year in the previous three years).
Weanling pigs were raised under controlled conditions prior
to and during the kinetic study. To test the effect of duration
of SCE administration, pigs (N=5) were weighed and fed
with SCE (500 mg/kg of body weight/day) for 1, 3, 5, or 7
consecutive days. To test the dose effect, 500, 1,000, 1,500
or 2,000 mg/kg of body weight/day was administered in
feed for three consecutive days. Pigs fed with no SCE addi-
tive served as controls. Functional assays of leukocytes
were conducted on day 4.

The effect of SCE on weanling pigs in the field was con-
ducted on a farrow-to-finish pig farm of about 300 sows and
2,700 fattening pigs. The pig farm had a mild to moderate
severity of PRDC. In this experiment, 180 weanling (five-
week-old) pigs were randomly allocated into two groups,
control (untreated, N=90) and SCE-treated (N=90), and
moved into the isolated nursery unit. Ten pigs in each group
were ear tagged for blood sampling. Pigs in the SCE-treated
group were treated with SCE (500 mg/kg of body weight per
day) in feed for three consecutive days per week for four
weeks. The administration of SCE in feed was adjusted
every two weeks, depending on the increasing body weight.
Assays for leukocyte functions were performed at 1, 2 and 4
weeks post SCE administration. The growth performance,
mortality, and the frequency of therapy in those pigs were
recorded.

PRRS antibody detection: The presence of PRRS anti-
body in the control and SCE-treated pigs in the field test was
assayed in 9-week-old pigs using a PRRS ELISA antibody
kit (IDEXX Laboratories, Inc. U.S.A.), according to the
manufacturer’s instructions.

Leukocyte preparation: Blood samples were drawn from
the jugular vein into heparinized tubes. Total white blood
cell (WBC) was counted with an electronic haematology
counter (Sysmex F-800). Heparinized blood was sedi-
mented with 2% dextran in phosphate-buffered saline
(PBS). After 15 min sedimentation, the upper layer of
supernatant was separated by Ficoll-Paque (Pharmacia Bio-
tech) gradient to obtain peripheral blood mononuclear cells
(PBMCs) as previously described [11]. PBMCs were
counted and the viability was determined by trypan blue

exclusion method. PBMCs were suspended and adjusted to
1 x 107 cells/m! in RPMI 1640 medium (Gibco BRL, life
Technologies, Inc.) containing 100 U/m! penicillin, 100 ug/
m! streptomycin (Sigma, St. Louis, MO), and supplemented
with 10% heat inactivated fetal bovine serum (Gibco BRL,
Life Technologies, Inc.) and 2 mM L-glutamine (complete
media; CM).

NK cells cytotoxicity: The assay was performed using a
time-resolved fluorometer (TRF) system as previously
described [11]. Briefly, the target cells, human erythromye-
locytic leukemia cell line (K562) growing in logarithmic
phase, were harvested and labeled with 2 ul of enhancing
ligand bisacetoxymethyl 2,2": 6’, 2”-terpyridine- 6,6”-dicar-
boxylate (BATDA) (Wallac Labelling Service) according to
the manufacturer’s instructions. Effector cells were
obtained from PBMC after depletion of adherent cells in
culture flasks for 30 min. The effector to target ratio was set
at 100:1 and the mixture was incubated at 37°C in a 5% CO,
incubator for 4 hr. Cytotoxic activity was calculated by the
release of the fluorescent dye that had been chelated with
europium (EuTDA) from dead target cells. The percent spe-
cific release of fluorescence of EuTDA was measured in a
time-resolved fluorometer (1234 DELFIA, Wallac, Turku,
Finland) and calculated as: [(Experimental release - sponta-
neous release)/(maximum release - spontaneous release)] x
100%. Throughout the experiment, counts of spontaneous
release were ranged between 18% and 25%.

Phagocytosis by monocytes and neutrophils: Phagocyto-
sis by monocytes and neutrophils was performed in whole
blood and assayed by flow cytometry. A stock of FITC (flu-
orescein isothiocyanate) -labelled Salmonella choleraesuis
(SC; ATCC 10743) stored in 20% glycerol (4 x 10° CFU/
ml) was resusciated and opsonized with antiserum contain-
ing polyclonal antibody to Salmonella. One hundred micro-
liters of blood was incubated with 25 ul of SC in a
microtube (Bibby Sterilin Ltd, England; 50 X 6 mm round
base) (leukocyte:bacterium ratio=1:25) at 37°C for 30 min.
After incubation, RBCs were lysed in a buffer containing
0.899% ammonium chloride, 0.1% potassium hydrogen car-
bon and 0.0037% disodium EDTA in distilled water (DW)
then washed in chilled FACS washing buffer (PBS contain-
ing 0.1% (w/v) bovine serum albumin and 0.01% (w/v)
sodium azide). Cells were fixed in 1% paraformaldehyde in
PBS and stained with monoclonal antibody (74-22-15;
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ATCC) to SWC3, a surface molecule of phagocytes, fol-
lowed by goat anti-mouse IgG-phycoerythrin (PE) conju-
gate, F(ab’); (1:100; Sigma Chemical Co.). Ten thousand
PE-positive cells were collected by flow cytometry (Becton
Dickinson Immunocytometry system; BDIS) using a
CellQuest software (BDIS). Cell populations enriched for
neutrophils and monocytes were gated on a side scatter
(SSC) and SWC3 (FL-2) scatter plot. The background con-
trol was set on phagocytes which had not been fed-bacte-
rium. The percentage of FITC-positive cells (FL.1) and
mean fluorescence were measured against a 1% positive cell
gated on background control. The phagocytic activities of
cells were expressed as a phagocytic index (PI) calculated
as: [(% positive x mean channel fluorescence) / 100].

Statistical analysis: Statistical analyses of the data were
calculated using analysis of variance (ANOVA) and Dun-
can’s multiple-range tests with P value of <0.05 being used
to determine significance.

RESULTS

Kinetic effects of SCE administration on leukocyte func-
tion: As data on the effect of SCE in pigs is lacking, the
kinetic effect of SCE dose (500, 1,000, 1,500, and 2,000 mg/
kg/day) and duration (1, 3, 5, and 7 consecutive days) of
SCE administration were evaluated in pigs in a controlled
environment. The results showed that both the cytotoxic
activity of NK cells and phagocytosis by monocytes were
significantly increased in pigs treated with SCE for 1, 3, 5,
and 7 days, compared with untreated control pigs (p<0.05).
The duration of SCE administration did not produce any sig-
nificant differences (Fig. 1A, 1B). Enhancement of phago-
cytic activity was not noted in neutrophils (p>0.05) (Fig.
10).

To further understand the effect of dose of SCE, a prelim- »

inary study was conducted on pigs in a controlled environ-
ment. Five-week-old pigs were fed with different dosages
of SCE (500 mg, 1,000 mg, 1,500 mg, or 2,000 mg/kg of
body weight per day) for 3 consecutive days. Leukocyte
function was assayed on day 4. The results showed a signif-
icant enhancement of NK cell cytotoxicity in those pigs fed
with 500 or 1,000 mg SCE/kg/day compared with controls
(p<0.05). However, the enhancement of NK cell function
was not seen in pigs fed with high dosages of SCE (1,500
mg/kg and 2,000 mg/kg) (Fig. 2A). Phagocytic function of
monocytes was significantly enhanced in pigs fed with SCE
at a dose of 1,000 mg/kg (p<0.05), but not in pigs fed with
SCE at doses of 500, 1,500 or 2,000 mg/kg/day (p>0.05)
(Fig. 2B). Meanwhile, the administration of different doses
of SCE (500 mg/kg, 1,000 mg/kg, or 1,500 mg/kg) did not
cause any changes in phagocytosis by neutrophils. Contro-
versially, there was a significant decrease (p<0.05) in
phagocytic function of neutrophils in pigs fed with high
dose of SCE (2,000 mg/kg), relative to control pigs (Fig.
2C).

Efficacy of SCE administration on immunomodulation
under field conditions: Based on the results of kinetic study
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Fig. 1.  Effect of duration of SCE administration on leuko-

cyte activity. Five pigs in each group were fed with SCE
(500 mg/kg/body weight/day) for 1, 3, 5, and 7 days.
Leukocyte activity assays, including cytotoxicity of NK
cells (A), phagocytosis by monocytes (B) and neutro-
phils (C), were performed at the same days. Different
superscripted letters indicate a significant differences
(p<0.05) between the control group (open bar) and the
SCE-treated group (solid bar).

at a commercial pig farm, weanling pigs were fed with 500
mg/kg/day of SCE, and effects on innate immunity were
evaluated. The cytotoxicity of NK cells in pigs fed with
SCE for 1, 2, and 4 weeks was significantly enhanced com-
pared to control groups (p<0.05) (Fig. 3A).
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Fig. 2.  Effect of SCE dose on leukocyte activity. Five pigs

in each group were fed with different dosages of SCE (0—
2,000 mg/kg/body weight/day) for 3 consecutive days.
Leukocyte activity assays, including cytotoxicity of NK
cells (A), phagocytosis of monocytes (B) and neutrophils
(C), were performed at day 4. Different superscripted let-
ters indicate a significant differences (p<0.05) between the
control group (open bar) and the SCE-treated group (solid
bar).

The phagocytic activity of monocytes from pigs fed with
SCE for 2 and 4 weeks showed a 58.24% and 49.55%
increase, respectively, which was significantly different
from controls (p<0.05) (Fig. 3B).
 Analyses of phagocytic activity of neutrophils, showed

an increase in pigs fed with SCE for 2 weeks (76.46%
increase) and 4 weeks (49.32% increase), similar to the
trend seen in monocytes (Fig. 3C).

Anti-viral effect of SCE under field conditions: To
address whether SCE can lead to a restriction of viral repli-
cation by enhancing NK cell activity, the effect of SCE on
infection by PRRS virus was evaluated. As the trial farm
had been contaminated with PRRS virus, piglets would be
exposed to the virus and develop antibody later, In this
experiment pigs had not received PRRS vaccine. Weanling
pigs were fed with SCE (500 mg/kg/day) for 3 consecutive
days per week for 4 weeks, and blood samples were col-
lected for PRRS antibody detection. Pigs fed with SCE
showed 8.33% seroconversion, which is much lower than
the 25% seroconversion rate observed in control pigs (Fig.
4). However, the prevalence of PRRS antibodies did not
differ between the treated and control groups.

Effect of SCE on growth and health: Growth performance
including morbidity, mortality and body weight was evalu-
ated between 5 and 14 week-old pigs. Two pigs in each
group were culled due to diarrhoea, dermatitis or respiratory
distress. There was no obvious difference in morbidity and
mortality between the SCE-treated and the control groups.
However, the average body weight of SCE-treated pigs
increased by 7.87% compared with the control group, but
this difference was not statistically significant (p>0.05)
(Fig. 5).

DISCUSSION

Some plant extracts and probiotics have been found to
have a wide range of physiological functions. Those prod-
ucts have been widely used as supplements in animal foods
to boost innate immunity against infections {9, 15, 24]. By-
products of sugar production from sugar cane have been
reported to have a wide range of biological activities [12, 14,
17, 22], especially antioxidative activities, phylactic activi-
ties, and other physiological functions {1, 18, 19, 21]. Pro-
tective phylactic effects against viral and bacterial
infections could be exploited to reduce the use of antibiotics
in the pig industry. The results reported here, showing that
SCE induces an up-regulation of leukocyte functions, high-
lights the potential benefits of SCE to the pig industry.

In the chicken model, a dose of SCE between 500 and
1,500 mg/kg of body weight produces adjuvant and phylac-
tic effects against viral, bacterial, and protozoal infections
[6-8]. Decreasing the dose of SCE may reduce the protec-
tive effect against infections. The administration of SCE in
pigs has not been documented previously. Our results dem-
onstrated a significant effect on NK cell cytotoxicity and the
phagocytic activity of monocytes at 500 and 1,000 mg/kg/
body weight of SCE. However, in contrast to studies on
chickens, no significant enhancement of phagocytic activity
of neutrophils was observed in pigs (p>0.05) [8]. The lack
of effect of SCE on neutrophil activity in this study may be
due to sample sizes, species differences between pigs and
chickens, and high variation in phagocytic activity of neu-
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Fig. 3. Effect of prolonged treatment with SCE on leukocyte

function. Weanling pigs were fed with SCE (500 mg/kg/
body weight/day) for 3 consecutive days per week for 4
weeks. Pigs fed without SCE served as controls. Leukocyte
activity assays, including cytotoxicity of NK cells (A),
phagocytosis of monocytes (B) and neutrophils (C), were
performed at week 1, 2 and 4. Asterisk (*) indicates a sig-
nificant difference (p<0.05) between the untreated control
group (open bar) and the SCE-treated group (solid bar).

trophils in pigs [5]. Moreover, between pigs and chickens,
phagocytosis by porcine neutrophils may be positively reg-
ulated with a longer treatment, as noted under field condi-
tions. The enhancement of leukocyte function in pigs fed
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Fig. 4. Effect of SCE on PRRS virus infection. Weanling pigs

were fed with SCE (500 mg/kg/day) for 3 consecutive days per
week between the ages of 5 and 9 weeks. Blood samples were
collected at the end of week 9. The presence of PRRS antibody
was assayed using an ELISA kit.
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Fig.5. Evaluation of SCE-treatment on growth perfor-

mance of pigs. SCE was administered for 3 consecutive
days per week between the ages of 5 and 9 weeks, and
the body weight was measured in 14-week-old pigs.
There was a 7.87% increase in growth in the SCE-
treated group compared to control group, but this was
not statistically significant (p>0.05).

with SCE at dosages of 500 and 1,000 mg/kg body weight,
but not with 1,500 and 2,000 mg/kg body weight, suggests
that some functions may decrease with high dosages. The
reason behind this is not clear, however similar phenomena
have been observed in other studies. High dosages of S-glu-
can caused overstimulation of prostaglandin E production
and down-regulation of S-glucan receptor expression,
resulting in the inhibition of phagocytosis [13]. High doses
of another immunostimulant from Ganodema lucidum
caused a decrease in leukocyte function [15]. Moreover, if
SCE contains high levels of mannan, high dosages of the
preparation may competitively bind the mannan receptor
leading to down regulation of phagocytosis by macrophages
and the production of IL-12, TNF-ot and IFN-y by lympho-
cytes [20]. Therefore, an appropriate dose and duration of
SCE administration may be important for the efficient
enhancement of porcine leukocyte function.
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As weanling pigs face the gradual decay of maternal anti-
bodies, there is increased risk of viral infection, particularly
PRRS virus or porcine circovirus infection, which may per-

sist in nursery units. The pilot studies showed that SCE has

an immunostimulative effect at particular dosages, and
-under field conditions the mortality and morbidity rates in
both control and SCE-treated groups were low, possibly due
in part to depopulation and sanitation of the nursery before
this experiment. It seems logical that good managerial and
sanitary procedures are among basic requirements for dis-
ease control. Although leukocyte functional assays also
confirmed that SCE could significantly enhance innate
immunity including NK cells, monocyte and neutrophil
functions at 2 weeks post SCE administration, phagocytosis
by neutrophils and monocytes had not increased by 1-week
post SCE administration. Variation among individuals, the
presence of stressors, and managerial factors in field condi-
tions may have influenced this result. Moreover, the cyto-
toxicity of NK cells of pigs at 4 weeks post experiment in
both SCE treated and untreated control pigs was greatly
enhanced compared with cytotoxicity at 1 and 2 weeks post-
treatment. The increase in cytotoxicity may relate to
increasing age as has been previously reported [11]. The
significant enhancement of innate immunity after SCE stim-
ulation may relate to cytokine release from activated leuko-
cytes, in turn amplifying leukocyte functions {13, 16, 20].

PRRS has been thought of as an important primary patho-
gen in PRDC [23]. The serological and pathological data
show a high prevalence of PRRS antibodies in most pig
farms in Taiwan [4]. This may reflect exposure to PRRS
virus under nursery conditions. As levels of cytotoxicity of
NK cells are consistently increased after administration of
SCE, the anti-viral activity of SCE towards PRRS is of par-
ticular interest. Both groups of experimental pigs were
raised in the same pig house and exposed to the same air
conditions. The seroconversion rate was greatly decreased
in SCE-treated pigs. A repeated experiment at another pig
farm also showed similar results (data not shown), confirm-
ing the antiviral effect of SCE in pigs. This suggests that the
administration of SCE can enhance NK cell activity against
early PRRS virus infection, and may contribute to decreas-
ing the incidence of PRDC in pig farms.

Pigs may be gradually infected with PRRS virus and
other pathogens at the nursery stage and develop antibodies
later, as discussed above. Therefore, to evaluate the influ-
ence of natural virus infection, the effect of SCE on growth
performance was evaluated at the end of the experiment,
being week 14. In the farmed pigs, SCE-treated animals dis-
played 7.87% enhancement of growth compared to control

" pigs, but this was not a statistically significant difference.
Molasses has been widely used in feed to improve pig appe-
tite and SCE also shows a similar taste improvement that
may contribute to increasing pig growth rate. Additionally,
the reduction of infections and severity of pulmonary
lesions after SCE administration may have further contrib-
uted to improving growth. A similar improvement of
“growth has been reported in chickens fed SCE through the

positive regulation of host natural immunity against bacte-
rial and protozoal infections [6, 8].

In conclusion, SCE has a broad biological effect in rais-
ing innate immunity to infections. Besides the improvement
of managerial and environmental systems, and vaccination
against infections, the administration of immunostimulants
in feed may be an alternative method of preventing and
reducing infections in pigs.
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Abstract Cellular components of Lactococcus lactis ssp. lactis (heat-killed whole cells, cytoplasm, and cell walls) were
tested for their in vivo immunopotentiating activities. Peritoneal macrophages from mice injected intraperitoneally with cell-
wall fractions exhibited significantly greater phagocytic activity than groups injected with whole cells or cytoplasm fraction.
Cytotoxicity of natural-killer cells was highest in cytoplasm fractions. Production of cytokines (IFN-y, IL-2, IL-6, and [L-12)
in spleen cells was significantly higher when cellular components were injected intraperitoneally, and tended to be higher in
whole-cell and cytoplasm groups than in cell-wall group. These results demonstrate lactic acid bacteria whole cells and their
cytoplasm and cell-wall fractions have immunopotentiating activities.
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Introduction

An immunopotentiator is a substance that directly or
indirectly enhances a particular immunological function by
modifying one or more components of the immuno-
regulatory networks. Immunopotentiators of bacterial
origin have been used in vaccination and immunotherapy
(1-2). Many lactic acid bacteria (LLAB), which occur
widely throughout nature, are beneficial for preventing or
treating intestinal disorders and for enhancing host
immune responses (3-6). Considerable attention has also
been focused on the cancer-preventing activity of LAB,
which inhibits tumor formation in the gastrointestinal tract
of humans and animals. Because this activity is thought to
be mediated by the activation of the host’s immune
system, many studies have investigated the effects of LAB
and fermented milk on the immune system (7). The oral
administration of LAB and fermented milk increases
mitogenic responses (8), peritoneal macrophage activity
(9), antibody responses to sheep red blood cells (10), and
protection against intestinal infection (4). Animal studies
have confirmed that yogurt and fermented milk containing
probiotic bacteria inhibit tumor formation and proliferation
(11-12). However, most reports on the antitumor and
immunopotentiating activities of LAB have focused on
LAB whole cells and their peptidoglycans, with little
attention being paid to the soluble fraction of
Bifidobacterium species (2, 13), despite the potential in
food applications differing between soluble and insoluble
materials.

Results of a previously described study on the in vitro
immunopotentiating activity of the cellular component of
Lactococcus lactis, reported for the first time by our group,
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suggest that L. lactis cytoplasm and cell-wall fractions as
well as whole cells are capable of stimulating lymphocytes
and macrophages to produce several cytokines (14). Based
on these observations, in the present study, we have
demonstrated systemic and mucosal immune responses of
mice injected intraperitoneally with whole cells, cell-wall,
and cytoplasm fractions of L. lactis ssp. lactis. These data
could elucidate the interaction of the cellular components
of LAB with the immune system.

Materials and Methods

Culture of L. lactis ssp. lactis L. lactis was cultured in
M17 media (Difco, Detroit, MI, USA) for 18 hr at 30°C.
After cultivation, the cells were harvested in a refrigerated
centrifuge (Vision, Seoul, Korea), washed three times with
distilled water, and lyophilized for storage. The lyophilized
cells were resuspended in distilled water at 10 mg/mml and
sonicated with a cell disruptor (Sonics and Materials,
Danbury, CT, USA) for 30 min on ice. After the suspension
was centrifuged at 800 x g for 30 min at 5°C, the pellet was
removed. A cell-wall fraction of the pellet and a cytoplasm
fraction of the supernatant were obtained from the
supernatant using an ultracentrifuge (Hitachi, Tokyo, Japan)
at 70,000 x g for 30 min.

Experimental animals Six-week-old male BALB/c
mice (Clea Japan, Tokyo, Japan), were housed in plastic
cages in an air-conditioned room and given food and water
ad libitum.

Administration of L. lactis cellular components The
mice were given the desired dose of cellular components
dissolved in PBS. L. lactis cellular components were
delivered by intraperitoneal injection on days 0, 2, and 4 at
500 pg/mouse/day, and PBS was used for controls. Each
mouse was killed 1 day after completing the administra-
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tion, after which peritoneal exudate cells (PEC) and spleen
cells were isolated.

Evaluation of the phagocytic activity of PEC The
phagocytic activity of PEC was evaluated in an in vitro
culture with fluorescent microparticles (15). PEC was
isolated from the peritoneal cavity of the mice by lavage
with 5 ml HBSS after the intraperitoneal injection of the
cellular component. After centrifugation, the cell pellet
was washed twice with HBSS and resuspended in 1 ml
HBSS-HEPES. Twenty microliters of Fluoresbrite carboxylate
microspheres (2.0 um; Polyscience, Warrington, PA, USA)
diluted 100-fold with HBSS-HEPES was added to the
PEC suspension, which was then incubated for 1 hr at 37
°C. After stopping the reaction by adding 2 ml cold
EDTA-PBS and collecting a cell pellet by centrifugation,
the pellet was resuspended in 300 pl EDTA-PBS, and the
phagocytic activity was measured using flow cytometry.

Analysis of natural-killer-cell activity The CytoTox 96
nonradioactive cytotoxicity assay kit (Promega, Madison,
WI, USA) was used to assess the natural-killer (NK)
activity of spleen cells. The CytoTox 96 assay quantita-
tively measures lactate dehydrogenase (LDH), a stable
cytosolic enzyme that is released upon cell lysis. Concentra-
tion of released LDH in culture supernatants was measured
with an enzymatic assay. Briefly, the isolated spleen cells
were used as effector cells, and cells from the mouse
Moloney leukemia cell line, Yac-1, were used as the target
cells. Yac-1 cells (2 x 10 cells/ml) in RPMI-1640 without
phenol red were seeded in round-bottomed tissue culture
plates. Subsequently, 0.1 ml spleen cells treated with
cellular components was added at appropriate concentra-
tions. The assay plates were incubated for 4 hr in a
humidified chamber at 37°C and 5% CO-, and, after 4 hr,
centrifuged at 250 x g for 4 min. The supernatants were
transferred, and the substrate mix was added to each well.
After incubation for 30 min, the absorbance was measured
at 490 nm. The NK-cell activity was calculated as a
percentage of effector-cell-specific lysis. The percentage of
specific LDH release was calculated according to the
following formula:

Specific lysis (%) = (experimental-effector spontaneous -
target spontaneous)/(target maximum - target spontaneous)
x 100

Quantification of cytokine production Spleen, Peyer’s
patch, and mesenteric lymph-node cells were added to
each well of a 24-well plate and cultured in the presence
of Con A (5 ug/ml) or LPS (20 ng/ml) for 48 hr at 37°C:
Con A was used for measuring IFN-y, IL-2, and IL-4
productions; and LPS was used for IL.-6, IL-12, and TNF-
a. Cell-free supernatant fractions were harvested and stored
at -20°C until assayed.

Concentration of cytokines in culture supernatant was
determined using a sandwich ELISA. Briefly, microtiter
plates were coated overnight at 4°C with purified rat anti-
mouse cytokine-capture antibody at 50 ul/well (Pharmingen,
San Diego, CA, USA) in 0.1 M sodium bicarbonate buffer
(pH 8.2). The plates were then washed three times with
PBS containing 0.2% Tween-20 (PBS-T), blocked with
100 pl of 1% (w/v) bovine serum albumin (BSA) in PBS
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for 30 min at 37°C, and washed three times with PBS-T.
Standard murine cytokines or samples were diluted in
PBS-T solution containing 1% BSA, and 50-p aliquots of
the mixture were added to the appropriate wells. The
plates were incubated overnight at 4°C and washed four
times with PBS-T. Subsequently, 50 ul biotinylated rat
antimouse cytokine-capture monoclonal antibody diluted
in BSA-PBS was added to each well. The plates were
incubated at room temperature for 60 min and washed six
times with PBS-T. Fifty microliters of streptavidin—
alkaline-phosphatase conjugate diluted in BSA-PBS was
added to each well. The plates were incubated for 30 min
at room temperature, washed with PBS-T, and, to each
well, added with 50 pl substrate (p-nitrophenylphosphate).
The absorbance was read at 405 nm on a microplate reader
(Bio-Rad, Hercules, CA, USA), and cytokine concentra-
tions were quantified using a standard curve.

Statistics Significant differences between the experi-
mental and control groups were determined using Fisher’s
protected least-significant difference (PLSD) test. All
results are presented as means £ SD values. Tests were
considered significant at P<0.05.

Results and Discussion

Phagocytic and NK cells are the major effectors of natural
immunity, and numerous reports have been published on
the relation between LAB and natural immunity (16). The
phagocytic activity of peritoneal macrophages is shown in
Fig. 1 as the phagocytic uptake of fluorescent microparticles
by PEC. The microparticles incorporated into cells were
counted with a flow cytometer (Fig. 1A). The results are
expressed as the mean percentages of cells in which one,
two or more than two particles were incorporated.
Peritoneal macrophages from mice injected with cell-wall
fractions exhibited significantly greater phagocytic activity
than the other groups. Although the production of TNF-a
and IL-6 in peritoneal macrophages was not affected by
LAB cellular components (Fig. 1C), the percentage of
cells incorporating three or more particles in the group
injected with cell walls was three times higher than that of
PEC from the control mice (PBS group). NK activity was
assessed using spleen cells; the cytotoxicity of NK cells
was about two times higher in cytoplasm groups than in
the other groups (Fig. 2). Enhanced NK cytotoxicity has
been reported to prevent cancer, and these cells may play
an important role in the regulation of tumor development
and metastasis (17). The primary target of LAB for their
immunostimulatory effect was shown to be NK cells (18),
and NK-cell activation by Lacrobacillus casei has also
been reported (19-20).

The production of cytokines by splenocytes in response
to Con A or LPS was enhanced by intraperitoneal
injection of cellular fractions of L. lactis. The production
of IFN~y, IL-2, [L-6, and IL.-12 was significantly higher in
spleen cells from the cytoplasm-fraction-injected group
than in PBS-injected controls (Fig. 3). The injection of the
whole-cell preparation enhanced the secretion of IL-2, IL-
6, and TL-12, while the cell-wall fraction only enhanced
the secretion of 1L-6 and IL-12. The production of 1L-4
and TNF-o did not differ significantly with the type of
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Fig. 2. Percentage cytotoxicity of the natural-killer activity of
spleen cells obtained from mice injected intraperitoneally with
WC, CW, and CP of L. lactis against Yac-1 cells. Effector:
target cell ratios were 100:1 and 50:1. The cytotoxicity was
measured using LDH assays. Data are shown as mean + SD
values (17=6, *P < 0.05)

fraction injected (Fig. 3). Macrophages are the main IL-
12-, 1L-6-, and TNF-o-producing cells, and these are
important target cells for the antitumor or immunomo-
dulating effects of some microorganisms. In particular, IL-

12 potently stimulates cytotoxic T cells and NK cells, and
enhances the production of several cytokines, including
IFN-y, IL-2, and TNF-o. In the present study, the injection
of cellular components of L. lactis mainly augmented the
production of IFN-y, IL-2, IL-6, and IL-12, which is
consistent with the results of previous studies (21-25).
Most studies to date on the immunopotentiating activity of
LAB have focused on whole LAB cells and their
peptidoglycans (26), with little attention being paid to the
soluble fraction, despite the potential in food applications
differing between soluble and insoluble materials. Several
recent studies have examined the effects of LAB cyto-
plasm on immunopotentiating activity (14). For example,
the polysaccharide fraction of B. adolescentis cytoplasm
stimulates Peyer’s patches and lymph-nodes lymphocytes
in vitro (2, 27). Another species of Bifidobacterium, B.
breve (either whole cells or a cell-wall preparation)
accelerates the in vitro proliferation of Peyer’s-patch cells,
particularly B cells (13). Takahashi er al. (28) investigated
the interaction of cell fractions of LAB and the immune
system using B. longum and Lb. acidophilus. Tejada-
Simon and Pestka (29) reported that LAB and their cell-
free extracts exhibit mitogenic and polyclonal-activating
properties when cultured with cells of the immune system.
Lee et al. (30) also reported that Bifidobacterium whole
cells and cell-free extracts differentially induce cytokine
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Spleen cells were cultured with mitogen (Con A or LPS) for 48
h. The concentrations of cytokines (IL-2, IL-4, and I[FN-y for Con-
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stimulated cultures) i culture supernatant were measured by
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05)

production in murine macrophages. The present study has
demonstrated that LAB whole cells as well as their
cytoplasm and cell-wall fractions have immunostimulating
activities, a finding which is important for understanding
the mechanisms underlying the immunoregulatory
function of LAB and their potential applications.
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