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Abstract Bifidobacteria has been suggested to exert health
promoting effects on the host by maintaining microbial flora
and modulating immune functions in the human intestine. We
assessed modulatory effects of the different cell fractions of
Bifidobacterium sp. BGN4 on macrophage cells and other
immune cells from the spleen and Peyer’s patches (PP) of
mouse. Cell free extracts (CFE) of the BGN4 fractions induced
well-developed morphological changes in the macrophages
and increased the phagocytic activity more effectively than
other fractions in the mouse peritoneal cells. Nitric oxide
(NO) production was significantly reduced by both the cell
walls (CW) and CFE in the cultured cells from the spleen and
PP. The production of interleukin-6 (IL-6) and interleukin-10
(IL-10) was eminent in the spleen cells treated with experimental
BGN4 cell fractions. However, in the PP cells, IL-6 was
slightly decreased by the treatment with the whole cell (WC)
and CW, whereas IL-10 was significantly increased by the
treatment with the CW and CFE. These results suggest that
different types of bifidobacterial cell fractions may have
differential immunomodulatory activities depending on their
location within the host immune system.
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Mucosal epithelial cells and microflora cover the large
intestines and prevent colonization of the gut by pathogens.
Probiotics are strains of microorganisms that confer health
benefits to the host. Their beneficial effects include the
production of various antimicrobial products, competitive
exclusion of enteric pathogens, and modulation of mucosal
immune responses [24]. As a probiotic microorganism,
Bifidobacterium is a nonpathogenic, Gram-positive, and
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anaerobic bacteria that inhabits the intestinal tracts of
humans and animals. Bifidobacterium is the most abundant
flora in breast-fed babies [1]; however, the proportion of
Bifidobacterium continuously decreases after the weaning
period. The reduction of bifidobacterial flora was also observed
in Crohn’s disease patients through an epidemiological study
[30]. Bifidobacterium showed an immunopotentiating
activity in the culture of macrophages and lymphocytes [3,
13, 21], in addition to a mitogenic response in the spleen
and PP [6, 9, 10, 12].

Macrophages play a critical role in a host’s defense
system through physical uptake activity and secretion of
immune mediators such as NO and various cytokines [16,
28], which inhibits tumor cells, bacteria, fungi, and parasites.
Moreover, the macrophages execute a conservative process
through engulfment of extracellular materials through
phagocytosis [31]. The PP are collections of subepithelial
lymphoid follicles burgeoning amongst villi and distributed
throughout the intestine, mainly on the antimesentric side.
A mixture of lymphocytes, macrophages, and dendritic
cells found on top of the follicle towards the gut lumen [8]
are involved in the induction of a mucosal immune response
in the intestine [17, 18]. The secretion of the various immune
mediators by the intestinal immune cells needs to be
controlled at an appropriate level since they can potentially
injure host cells and tissues [3, 4]. Thus, investigation of
the secretion and regulation of immune mediators is
warranted, when probiotic strains are considered for the
modulation of immune balance.

In our previous study, Bifidobacterium sp. BGN4 was
found to exhibit a prominent adhesive capacity for intestinal
epithelial cells [11] as well as modulatory activity on the
production of 1L-6 and tumor necrosis factor-o. (TNF-o)
[15]. To further elucidate the immunomodulatory mechanisms
of Bifidobacterium sp. BGN4, we examined macrophage
activation by morphological differentiation and antigen uptake
using a macrophage cell line, RAW 264.7, and observed



secretions of NO, IL-6, and [L-10 in the spleen and PP
cells.

MATERIALS AND METHODS

Experimental Animals

BALB/c and C3H/He mice were purchased from the
laboratory animal center of Seoul National University. Eight-
to twelve-week-old mice were used in this study.

Bifidobacterium Cultures

The identification and experimental use of B. bifidum BGN4
was previously reported [21]. All strains were cultured and
subcultured anaerobically in MRS broth (Difco, MI, U.S.A.)
containing 5% lactose (w/v, MRSL) at 37°C until the late-log
phase. Cells were collected by centrifugation at 1,000 xg
for 15 min at 4°C and washed twice with PBS (phosphate-
buffered saline) followed by a final washing with distilled
water. Freeze-lyophilized BGN4 was resuspended with the
cell culture medium to obtain a desired bacterial concentration
on a dry weight basis. BGN4 was heat-killed before
introduction into the cell culture plate by heating at 95°C
for 30 min. Heat-killed cultures were aliquoted and stored
at —80°C until use.

Preparation of Bifidobacterium sp. BGN4 Cell Fractions
Harvested BGN4 cells were fractionated by a modification
of the method according to Okitsu-Negishi ef al. [20]. Cells
grown in the MRS medium were pelleted by centrifugation
(1,000 xg for 20 min). The pellets were washed twice with
PBS and were centrifuged again. The packed cells were
homogeneously suspended in 30 ml of distilled water
followed by disintegration by French Press (Spectronic,
NY, U.S.A.). The whole cells were removed from the
suspension by centrifugation at 2,000 xg for 20 min. The
cell walls were sedimented by centrifugation at 15,000 xg
for 45 min at 4°C, and the supernatant was used as the
CFE. Each fraction was freeze dried (Ilshin, Korea) and
resuspended with Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma, MO, U.S.A.) to the desired bacterial
concentration on a dry weight basis. Suspended bacterial
cells were stored at —20°C until use.

Cell Culture

RAW 264.7 cells were grown to confluence in sterile
tissue culture dishes (Costar, MA, U.S.A.) and gently
detached by repeated pipetting. Spleens were aseptically
extirpated, and single-cell suspensions were prepared by a
standard mechanical disruption procedure. The PP was
also aseptically detached and washed by stirring at 37°C in
RPMI 1640 (containing 1 mg/ml of collagenase IV, Sigma,
MO, U.S.A.). After additional washes with RPMI1640
[containing 2% fetal bovine serum (FBS)], the cell suspensions
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were passed through a 200-mesh nylon membrane to
remove incompletely dissociated epithelial tissue sheet, and
then washed twice with RPMI 1640 (containing 2% FBS).
All experimental cells were cultured in DMEM or RPMI
1640 supplemented with 10% (v/v) FBS (BioWhittaker,
MD, U.S.A.) and 1% (v/v) penicillin-streptomycin (Gibco
Brl, NY, U.S.A.). All cultures were incubated at 37°C in a
humidified atmosphere with 5% CO, (Sanyo, Japan) for
48 h. Cell number and viability were assessed by the
trypan blue dye exclusion method [27].

Chemicals and Reagents

1L-6, IL-10, purified antibodies to IL-6 or IL-10 (rat anti-
mouse), and biotinylated rat anti-mouse IL-6 or IL-10
were obtained from PharMingen (San Diego, CA, U.S.A.).
DMEM and FBS were obtained from Gibco Laboratories
(Chagrin Falls, IL, U.S.A.). Tetramethylbenzidine (TMB)
was purchased from Fluka Chemical Corp (Ronkonkoma,
NY, U.S.A.).

Scanning Electron Microscopy

A 2x10° cells/ml sample of RAW 264.7 cells was incubated
on a coverslip to use bottom-attached cells. Overnight-grown
RAW 264.7 cells were co-cultured with BGN4 cell fractions
for 24 h. After 24 h of incubation, the cell media and residual
particles were decanted, and the cell-attached coverslips
were prefixed with glutaraldehyde, washed, and rinsed in a
cacodylate buffer. After fixation on osmium tetraoxide,
the cells were stained with uranyl acetate and dehydrated
in a series of graded ethanols. The cell coverslips were
critical-point dried using carbon dioxide, and then coated
with gold and observed under the scanning electron
microscope (SEM). SEM analysis was accomplished
with the help of the National Institute of Crop Science
(Suwon, Korea).

Phagocytosis Assay

The cells in peritoneal exudates of the sacrificed BALB/c
mice were collected by washing the peritoneal cavity with
autoclaved PBS [29]. The cells were diluted to 2x10° cells/
ml and incubated on coverslips for 2 h with the BGN4 cell
fractions. After washing with PBS, 4x10° Candida albicans
cells were co-incubated with peritoneal cells on the coverslip
for 45 min. After washing again with PBS, the coverslips
were stained with Wright stain for 10 min. Phagocytic
activity was expressed as the percentage of phagocytic
cells that had phagocytosed C. albicans.

Measurement of NO

The concentration of nitrite in the cell culture supernatant
was measured using the Griess Reagent System (Promega,
Madison, U.S.A.), which is based on the chemical reaction
between sulfanilamide and N-1-napthylethylenediamine
dihydrochloride (NED) under acidic (phosphoric acid)
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conditions. At first, 50 ul of each experimental sample was
mixed with 50 pl of the sulfanilamide solution and incubated
for 5 min at room temperature. After incubation, 50 pl of
the NED solution was added and incubated for 5 min at
room temperature in the dark. Then, the optical density
was measured within 30 min in a plate reader with a filter
between 520-550 nm.

Quantification of IL-6 and IL-10

The production of IL-6 and IL-10 was detected by ELISA
(Enzyme Linked ImmunoSorbent Assay) according to Dong
et al. [2]. The ELISA plates were read at 450 nm on a
V.x Kinetic Microplate Reader (Molecular Devices, CA,
US.A). IL-6 and IL-10 were quantitated using V..
Software (Molecular Devices).

Statistical Analysis

Each set of experiments was performed at least three
times. All data were presented as mean+SEM. The data
were analyzed by one-way analysis of variance (ANOVA)
using the SAS system (SAS Institute [nc., NC, U.S.A.) and
t-test. A probability of p<0.05 was used as the criterion for
statistical significance.

Percentage of

=

phagocytic cells

RESULTS AND DISCUSSION

Effect of BGN4 Cell Fractions on Macrophage Activation
Previously, our data showed that various fractions of
Bifidobacterium sp. BGN4 exerted differential effects on
the production of cytokines by the macrophage cell line,
RAW 264.7 [15]. In this study, we assessed the macrophage
activation capacity of BGN4 cell fractions through the
SEM and phagocytosis analysis. Macrophage cells stimulated
with WC or CFE were larger in size, as depicted by the
enlarged surface area [Fig. 1A(b) and (¢)] than the control
[Fig. 1A(a)]. Furthermore, macrophage cells treated with
CFE expressed more differentiated pseudopodia than those
treated with WC.

C. albicans is a ubiquitous pathogenic fungus associated
with infections of the immunocompromised host [29].
Thus, an efficient and prompt clearance of these organisms
is critical in innate immune systems. In this context, we
performed a phagocytosis test with the murine peritoneal
cells, which consist largely of phagocytic immune cells.
Peritoneal cells treated with WC, CW, and CFE showed
significantly increased levels of phagocytosis, with CFE
showing higher stimulatory activity than WC or CW (Fig. 1B).
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Fig. 1. Effect of BGN4 cell fractions on the activation of macrophage. RAW 264.7 cells and BGN4 cell fractions were co-cultured for

24 h and observed using a scanning electron microscope.

A. (a) Control (RAW 264.7 cells), (b) BGN4 WC (50 pg/ml) for 24 h, (c) BGN4 CFE (50 pg/ml) for 24 h. C. albicans (4x10° cells) was co-incubated with
mouse (BALB/c) peritoneal cells and pretreated with BGN4 cell fractions on the coverslip for 45 min. Phagocytic activity was expressed by the percentage
of phagocytic cells B. The results are expressed as mean+SEM of triplicates (* is defined different from the control, ** is defined by increased activity than

the same concentration of WC or CW, p<0.05).
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Fig. 2. Effect of BGN4 cell fractions on the production of NO
by splenocytes and PP.

Splenocytes (A) and PP cells (B) (5x10° cell/m]) were cultured for 48 h in
the presence of BGN4 cell fractions for the detection of NO. The BGN4
cell fractions were preheated at 95°C for 30 min. Data are presented as
mean+SEM of triplicates (* is defined different from control, p<0.05).

Inhibitory and Regulatory Effect of BGN4 Cell Fractions
on NO, IL-6, and IL-10

Figures 2A and 2B indicate that WC did not show any
significant difference in the production of NO, when compared
with the control. Interestingly, CW and CFE showed
significantly reduced levels of NO production. NO is
mainly produced from macrophage and monocytes, and is
an important mediator of macrophage phagocytosis [12].
However, NO-mediated cell damage enhances the release
of a proinflammatory mediator from the macrophages.
Enhancement of IL-8 and TNF-a release is also partially
NO-dependent in the activated peritoneal neutrophils [24].
Our results suggest that the immunomodulatory effects of
Bifidobacterium are exerted in a rather sophisticated manner
in the spleen and PP than mere reflection of the stimulatory
effects observed in the macrophage cells, possibly causing
a noted differential effect of WC compared with CW and
CFE.

Probiotics are suggested to have direct effects on the
intestinal lumen or intestinal immune cells via cytokine
induction [19]. Macrophage and lymphocytes play a central
role in cell-mediated and humoral immunity through the
release of different cytokines such as TNF-a, IL-6, and
IL-10 [32]. In the spleen cells, strong IL-6 and 1L-10
productions by each fraction were observed, with WC
showing the highest secretion level of cytokines (Fig. 3).
In PP, the patterns of the production of IL-6 and IL-10
were considerably different from those in the spleen cells.
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Fig. 3. Effect of BGN4 cell fractions on the production of IL-6
and IL-10 in the splenocytes culture.

Splenocytes (5x10° cells/ml) were cultured for 48 h in the presence of
various bacterial fractions for the detection of IL-6 (A) and IL-10 (B)
production. The bacterial fractions were preheated at 95°C for 30 min. Data
are presented as meantSEM of triplicates (* is defined as significantly
different from the control, p<0.05).

Interestingly, WC and CW significantly decreased 11.-6
production, although by a slight margin. In the case of IL-
10 production, CW and CFE showed significantly increased
levels, compared with the control (Fig. 4). The results from
the PP might reflect better the in vivo situation than those
from the spleen cells, since the PP continuously contacts
with the luminal intestinal bacteria (Figs. 3 and 4) [25].
Furthermore, the differences in the cell composition between
spleen and PP could have been due to the differential
effects of the different BGN4 cell fractions. Additionally, it
was of interest to note that CFE had stronger stimulatory
activity for IL-6 and IL-10 production in the PP cells,
whereas WC showed greater stimulation in the spleen cells
(Figs. 3 and 4).

Although BGN4 cell fractions apparently activated the
immune cells, the stimulatory effects of BGN4 varied,
depending on the types of the BGN4 cell fractions or the
host immune cells. Taken together, BGN4 induced cell
differentiation and phagocytosis, and promoted secretion
of the anti-inflammatory cytokine, IL-10. Commensal
microorganisms continuously interact with the epithelial
cell layers and present a number of innate immunity associated
antigens via receptors for the pathogen-associated molecular
patterns (PAMS). A recent report showed that nonpathogenic
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Fig. 4. Effect of BGN4 cell fractions on the production of IL-6
and IL-10 in the PP.

PP cells (5x10° cells/ml) were cultured for 48 h in the presence of various
bacterial fractions for the detection of IL-6 (A) and IL-10 (B) production.
The bacterial fractions were preheated at 95°C for 30 min. The results are
expressed as meantSEM of triplicates (* is defined as significantly
different from the control, p<0.05).

intestinal bacteria could induce dendritic cells (DC) to
migrate into the epithelial layer for antigen sampling from
the gut lumen [22]. Particularly in the gut, recruited DC by
luminal antigen, including intestinal bacteria, is important
for the induction and maintenance of peripheral self-tolerance
[7]. Further study on the strain-dependent or bacterial fraction-
dependent effects on cytokine production and immune cell
activation may deepen the understanding of the role of
Bifidobacterium in the intestinal immune system.

Acknowledgment

This work was supported by a grant from the Korean
Ministry of Science and Technology of Korea (Grant no.
M1-0302-00-0098).

REFERENCES

1. Bezkorovany, A. 1989. Ecology of bifidobacteria, pp. 29—
72. In Bezkorovainy, A. and R. Miller-Catchpole. (eds.),
Biochemistry and Physiology of Bifidobacteria. CRC press,
Florida, U.S.A.

2. Dong, W., J. I. Azcona-Olivera, K. H. Brooks, J. E. Linz, and
J. J. Pestka. 1994. Elevated gene expression and production
of interleukins 2, 4, 5 and 6 during exposure to vomitoxin

10.

11.

12.

14.

15.

(deoxynivalenol) and cycloheximide in the EL-4 thymoma.
Toxicol. Appl. Pharmacol. 127: 282-290.

. Fukuo, K., T. Inoue, S. Morimoto, T. Nakahashi, O. Yasuda,

S. Kitano, R. Sasada, and T. Ogihara. 1995. Nitric oxide
mediates cytotoxicity and basic fibroblast growth factor
release in cultured vascular smooth muscle cells. A possible
mechanism of neo vascularization in atherosclerotic plaques.
J. Clin. Invest. 95: 669-676.

. Fuseler, J. M., E. M. Conner, J. M. Davis, R. E. Wolf, and M.

B. Grisham. 1997. Cytokine and nitric oxide production
in the acute phase of bacterial cell wall-induced arthritis.
Inflammation 21: 113-131.

. Hatcher, G. E. and R. S. Lambrecht. 1993. Augmentation of

macrophage phagocytic activity by cell free extracts of
selected lactic acid-producing bacteria. J. Dairy Sci. 76:
2485-2492,

. Hosono, A, J. Lee, A. Ametani, M. Natsume, M. Hirayama,

T. Adachi, and S. Kaminogawa. 1997. Characterization of a
water-soluble polysaccharide fraction with immunopotentiating
activity from Bifidobacterium adolescentis M 101-4. Biosci.
Biotech. Biochem. 61: 312-316.

. Huang, F. P, N. Platt, M. Wykes, J. R. Major, T. J. Powell,

C. D. Jenkins, and G. G. MacPherson. 2000. A discrete
subpopulation of dendritic cells transports apoptotic intestinal
epithelial cells to T cell areas of mesenteric lymph nodes. J.
Exp. Med. 191: 435-443,

. Hussain, N., V. Jaitley, and A. T. Florence. 2001. Recent

advances in the understanding of uptake of microparticulates
across the gastrointestinal lymphatics. Adv. Drug Deliv. Rev.
50: 107-142.

. Kado-Oka, Y., S. Fujiwara, and T. Hirota. 1991. Effects of

bifidobacteria cells on mitogenic response of splenocytes
and several functions of phagocytes. Milchwissenshaft 46:
626-630.

Kim, H.Y.,, I. H. Yang, and G E. Ji. 2005. Effect of
bifidobacteria on production of allergy-related cytokines
from mouse spleen cells. J. Microbiol. Biotechnol. 15: 265~
268.

Kim, I. H., M. S. Park, and G. E. Ji. 2003. Characterization of
adhesion of Bifidobacterium sp. BGN4 to human enterocyte-
like Caco-2 cells. J. Microbiol. Biotechnol. 13: 276~-281.
Kim, Y. M,, T. R. Billiar, and J. R. Lancaster Jr. 1996.
Reactive oxygen and nitrogen metabolites and related
enzymes, pp. 171.1-171.10. In L. A. Hezenberg, D. M.
Weir, L. A. Herzenberg, and C. Blackwell (eds.), Weir’s
Handbook of Experimental Immunology, Vol. 4. The Integrated
Immune system. Blackwell Science, Cambridge, U.S.A.

. Lee B. H. and G E. Ji. 2005. Effect of Bifidobacterium cell

fractions on IL-6 production in RAW 264.7 macrophage
cells. J. Microbiol. Biotechnol. 15: 740-744.

Lee, J., A. Ametani, A. Enomoto, Y. Sato, H. Motoshima,
F. Tke, and S. Kaminogawa. 1993. Screening for the
immunopotentiating activity of food microorganisms and
enhancement of the immune response by Bifidobacterium
adolescentis M101-4. Biosci. Biotech. Biochem. 57: 2127—
2132,

Lee, M. J,, Z. Zang, E. Y. Choi, H. K. Shin, and G E. Ji.
2002. Cytoskeleton reorganization and cytokine production



21.

22.

of macrophages by bifidobacterial cells and cell-free
extracts. J. Microbiol. Biotechnol. 12: 398-405.

. Lorsbach, R. B., W. J. Murphy, C. J. Lowenstein, S. H.

Synder, and S. W. Russell. 1993. Expression of the nitric
oxide synthase gene in mouse macrophage activated for
tumor cell killing. Molecular basis for the synergy between
interferon-gamma and lipopolysaccharide. J. Biol. Chem.
268: 1908-1913.

. Makala, L. H. C., T. Kamada, Y. Nagasawa, [. Igarashi, K.

Fujisaki, N. Suzuki, T. Mikami, K. Haverson, M. Bailey, C.
Stokes, and P. Bland. 2001. Ontogeny of pig discrete Peyer’s
patches: Expression of surface antigens. J. Vet. Med. Sci. 63:
625-636.

. Makala, L. H. C., Y. Nishikawa, T. Kamada, H. Suzuki, X.

Xuan, I. Tgarashi, and H. Nagasawa. 2001. Comparison of
the accessory activity of murine peritoneal cavity macrophage
derived dendritic cells and peritoneal cavity macrophage in a
mixed lymphocyte reaction. J. Vet. Med. Sci. 63: 1271~
1277.

. Marteau, P.,, P. Seksik, P. Lepage, and J. Dore. 2004. Cellular

and physiological effects of probiotics and prebiotics. Mini
Rev. Med. Chem. 4: 889—-896.

. Okitsu-Negishi, S., 1. Nakano, K. Suzuki, S. Hashira, T. Abe,

and K. Yoshino. 1996. The induction of cardioangitis by
Lactobacillus casei cell wall in mice. 1. The cytokine
production from murine macrophages by Lactobacillus casei
cell wall extract. Clin. Immunol. Immunopathol. 78: 30—40,
Park, S. Y., G E. Ji, Y. T. Ko, H. K. Jung, Z. Ustunol, and J.
J. Pestka. 1999. Potentiation of hydrogen peroxide, nitric
oxide, and cytokine production in RAW 264.7 macrophage
cells exposed to human and commensal isolates of
Bifidobacterium. Int. J. Food Microbiol. 46: 231-241.
Rescigno, M., M. Urbano, B. Valzasina, M. Francolini,
G. Rotta, R. Bonasio, F. Granucci, J. P. Krachenbuhl, and
P. Ricciardi-Castagnoli. 2001. Dendritic cells express tight
junction proteins and penetrate gut epithelial monolayers to
sample bacteria. Nat. Immunol. 2: 361-367.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

EFFECT OF BIFIDOBACTERIUM FRACTIONS ON IMMUNE CELLS 589

Sekine, K., T. Kasashima, and Y. Hashimoto. 1994. Comparison
of the TNF-a, levels induced by human-derived Bifidobacterium
longum and rat-derived Bifidobacterium animalis in mouse
peritoneal cells. Bifidobact. Microfl. 13: 79~89.

Shortt, C. 1999. The probiotic century: Historical and current
perspectives. Trends Food Sci. Tech. 10: 411-417.

Smith, D. W. and C. Nagler-Anderson. 2005. Preventing
intolerance: The induction of nonresponsiveness to dietary
and microbial antigens in the intestinal mucosa. J. Immurnol.
174: 3851-3857.

Southey, A., S. Tanaka, T. Murakami, H. Miyoshi, T.
Ishizuka, M. Sugiura, K. Kawashima, and T. Sugita. 1997.
Pathophysiological role of nitric oxide in rat experimental
colitis. Int. J. Immunopharmacol. 19: 669-676.

Strober, W. 1991. Trypan blue test for cell viability,
pp. A.3.3-A3.4. In Coligan, J. E., A. M. Kruisbeek, D. H.
Marguiles, E. M. Shevach, and W. Strober (eds.), Current
Protocols in Immunology. Greene Pub. Associates and Wiley-
Interscience, New York, U.S.A.

Synder, S. H. and D. S. Bredt. 1992. Biological roles of nitric
oxide. Sci. Am. 266: 68-77.

Szabo, I., L. Guan, and T. J. Rogers. 1995. Modulation of
macrophage phagocytic activity by cell wall components of
Candida albicans. Cell. Immunol. 164: 182—-188.
Teitelbaum, J. E. and W. A. Walker. 2002. Nutritional impact
of pre- and probiotics as protective gastrointestinal organisms.
Annu. Rev. Nutr. 22: 107-138.

Underhill, D. M. and A. Ozinsky. 2002. Phagocytosis of
microbes: Complexity in action. Annu. Rev. Immunol. 20:
825-852.

Vinderola, C. G, M. Medici, and G. Perdigon. 2004.
Relationship between interaction sites in the gut, hydrophobicity,
mucosal immunomodulating capacities and cell wall protein
profiles in indigenous and exogenous bacteria. J Appl.
Microbiol. 96: 230-243.



