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Abstract

Saccharomyces boulardii (Sb) is a non-pathogenic yeast that ameliorates intestinal injury and inflammation caused by a wide variety of
enteric pathogens. We hypothesized that Sh may exert its probiotic effects by modulation of host cell signaling and pro-inflammatory
gene expression. Human HT-29 colonocytes and THP-1 monocytes were stimulated with IL-13, TNFa or LPS in the presence or absence
of Sb culture supernatant (SbS). IL-8 protein and mRNA levels were measured by ELISA and RT-PCR, respectively. The effect of SbS
on IkBa degradation was studied by Western blotting and on NF-kB-DNA binding by EMSA. NF-«kB-regulated gene expression was
evaluated by transient transfection of THP-1 cells with a NF-kB-responsive luciferase reporter gene. ShS inhibited IL-8 protein produc-
tion in IL-1P or TNFa stimulated HT-29 cells (by 75% and 85%, respectively; P < 0.001) and prevented IL-1B-induced up-regulation of
IL-8 mRNA. S5S also inhibited IL-8 production, prevented IkBao degradation, and reduced both NF-kB-DNA binding and NF-xB
reporter gene up-regulation in IL-18 or LPS-stimulated THP-1 cells. Purification and characterization studies indicate that the S. bou-
lardii anti-inflammatory factor (SAIF) is small (<1 kDa), heat stable, and water soluble. The probiotic yeast Saccharomyces boulardii
exerts an anti-inflammatory effect by producing a low molecular weight soluble factor that blocks NF-kB activation and NF-kB-med-
iated IL-8 gene expression in intestinal epithelial cells and monocytes. SAIF may mediate, at least in part, the beneficial effects of Sac-

charomyces boulardii in infectious and non-infectious human intestinal disease.

© 2006 Published by Elsevier Inc.
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Saccharomyces boulardii (Sb) is a non-pathogenic yeast
used for many years as a probiotic agent to prevent or treat
a variety of human gastrointestinal disorders, including
antibiotic associated diarrhea and recurrent Clostridium
difficile disease [1,2]. A recent report also suggests that Sb
may be useful in preventing clinical relapse in Crohn’s
disease [3]. Several studies indicate that Sh may exert its
beneficial effects by multiple mechanisms including compe-
tition with pathogens for nutrients, inhibition of pathogen
adhesion, strengthening of enterocyte tight junctions, neu-
tralization of bacterial virulence factors and toxins, and
enhancement of the mucosal immune response [4-6]. Since
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intestinal inflammation is a common characteristic in C.
difficile colitis, enterocolitis caused by many other human
enteric pathogens, and Crohn’s disease, we hypothesized
that Sh may interfere with the host signaling events that
drive the intestinal inflammatory response.

Unpublished work from our laboratory indicated that
Sbh whole cell culture inhibited C. difficile toxin A or
LPS-stimulated IL-8 production from THP-1 transformed
human monocytic cells and from freshly isolated human
peripheral monocytes. Moreover, a recent report suggests
that the addition of Sbh to T84 human enterocytes attenu-
ates enterohemorrhagic Escherichia coli-induced NF-xB
and MAP kinase activation through undefined mechanisms
[15]. In an attempt to delineate the mechanism of action of
Sb in NF-kB signaling, we tested the effectiveness of Sb cul-
ture supernatant on IL-8 production by both human
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monocytes and enterocytes after exposure to a variety of
pro-inflammatory stimuli. Our results demonstrate that
Sb produces a small molecular weight, water soluble factor
that inhibits pro-inflammatory signaling in target cells by
blocking activation of the transcription factor NF-kB.

Materials and methods
Cells and reagents

Human transformed monocytic (THP-1), colonic epithelial (HT-29),
and gastric epithelial (AGS) cells were obtained from ATCC (American
Type Culture Collection, Rockville, MD) and grown in RPMI 1640 media
(Gibco-BRL). Recombinant human (rh) IL-1p and TNFa were purchased
from R&D Systems (Minneapolis, MN). Purified LPS from E. richia coli
055:B5 was from Sigma (St. Louis, MO). Anti-human IxBa was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-NF-xB p65
was from Boehringer Mannheim (Mannheim, Germany). IL-8 protein
levels in cell conditioned media were measured by an enzyme-linked
immunosorbent assay, as previously described [16].

Preparation of Saccharomyces boulardii culture supernatant

Lyophilized Sb was provided by Biocodex Laboratories, Montrouge,
France and was cultured in RPMI 1640 cell culture medium for 24 h in
37 °C. The suspension was then centrifuged at 7400 rpm for 15 min, the
supernatant passed through a 0.22-mm filter (Fisher Scientific, Agawam,
MA) and then fractionated through a 10 kDa filter (Millipore, Bedford,
MA). The filtrate was designated as <10 kDa Sb supernatant (SbS).

Analysis of NF-kB reporter gene activity in transiently transfected THP-1
cells

THP-1 cells were transfected with an NF-kB luciferase reporter plas-
mid carrying eight NF-kB binding sites [17] as previously described [18].
Following incubation with ShS and/or purified LPS (100 ng/ml) for 5 h,
THP-1 cells (8 x 10° cells per stimulus) were washed twice with ice-cold
PBS, treated with 100 pl of reporter lysis buffer (Promega), and placed on
a shaker for 15 min. Cells were then frozen at —70 °C for 15h and cell
lysates were thawed and centrifuged at 10,000 rpm at 4 °C for 8 min.
Twenty microliters of lysate was combined with 100 pl of luciferase buffer
(Promega) and quantified using a Turner TD-20e luminometer.

Western blotting

Ten milliliters of THP-1 cells was placed in 10-mm tissue culture dishes
and stimulated with rhIL-1p (10 ng/ml) alone or in the presence of ShS for
4 h. Whole cell lysates were prepared, separated in 10% SDS-PAGE, and
transferred to Sequi-Blot PVDF membrane (Bio-Rad Laboratories, 2000
Hercules, CA). Western blots using anti-NF-kB p65 and anti-IkBo anti-
bodies were performed as previously described [10,19].

Electrophoretic mobility shift assay

THP-1 cells were stimulated with IL-1B (10 ng/ml), either alone or
in the presence of ShS, and nuclear extracts were then prepared as
previously described [19]. The consensus NF-kB binding site was
synthesized as a double stranded oligonucleotide by Operon (San
Francisco, CA), and was end labeled with [*?PJdCTP by Klenow DNA
Polymerase (New England Biolabs, Beverly, MA). The resulting probe
was purified on a Quick-Sep Column (Isolab, Inc., Akron, OH) and
percent binding was calculated. Electrophoretic mobility shift assay
(EMSA) experiments were otherwise performed as previously described
[10,20]. Certain reactions also contained 100-fold excess of the specific

unlabeled consensus oligonucleotide in order to determine the speci-
ficity of the binding reaction.

RNA isolation, reverse transcription, and PCR amplification

HT-29 cells were seeded in 6-well plates and stimulated with IL-13
(10 ng/ml) in the presence or absence of ShS. Cells were harvested at
30 min, 1, 2, and 4 h, and total RNA was extracted (Trizol, Invitrogen,
Carlsbad, CA). One microgram of RNA was then reverse transcribed to
yield cDNA that was subsequently subjected to PCR amplification for IL-
8 and the housekeeping gene GAPDH, using appropriate primers, as we
have previously described [21]. The PCR products were analyzed by
electrophoresis through 1.2% agarose gels containing 100 ng/ml ethidium
bromide. The DNA bands corresponding to 1L-8 (199 bp) and GAPDH
(600 bp) were visualized using an ultraviolet transilluminator (Bio-Rad),
photographed, and their density quantified by Adobe Photoshop, Version
5.5. IL-8 mRNA level is presented as an expression index: the ratio of
IL-8 signal to the corresponding signal from GAPDH, while the expres-
sion index for control cells cultured with medium alone was arbitrarily set
to 1.0.

Cell viability assessment

The viability of HT-29 cells after exposure to ShS was assessed by a
modified MTT assay: the MTS (3-[4,5-dimethylthiazol-2-yl-5]-[3-carboxy-
methoxyphenyl}-2-[4-sulfophenyl]-2H tetrazolium) proliferation assay
performed according to the manufacturer’s instructions (Promega, Madi-
son, WI) [22].

Purification and characterization studies

Heat stability. The <10kDa ShS was heated to 100 °C for 5 min
and then tested for activity on IL-1B (10 ng/ml) treated HT-29
monolayers.

Lipid solubility. Lipids were extracted from the <10kDa ShS by
liquid-liquid extraction using six volumes of chloroform—methanol (2:1,
v/v) in a glass tube. After centrifugation at 800g for 3 min, the resulting
organic (lower) phase was aspirated and transferred to a separate tube.
The organic solvents were then evaporated in the presence of N, and the
dried material was reconstituted in RPMI 1640 media by sonication. In
some cases, the organic phase was subjected to a second cycle of the same
procedure (double lipid extraction).

Density gradient ultra-centrifugation in cesium chloride. The <10 kDa
ShS was subjected to density gradient ultra-centrifugation in cesium
chloride (CsCl), as we have previously described [23].

Measurement of neutral sugars. Neutral sugar content of the fractions
was determined by the phenol-sulfuric acid method as originally described
by Dubois et al. [24] and recently miniaturized for use with microsample
plate reader [25].

Measurement of proteins. Protein contents of the fractions were
determined using the bicinchoninic acid protein assay reagent (Pierce
Laboratories, Rockford, Ill) used according to the manufacturer’s
instructions.

Dialysis—gel filtration. Fractions from density gradient ultra-centrifu-
gation were dialyzed against water by using a 500 Da cut-off membrane
mounted on a Harvard Apparatus dialyser (The Nest Group Inc, South-
borough, MA). Removal of CsCl was monitored by measuring the con-
ductivity of the dialysate and dialysis was continued until conductivity
reached the same level as distilled water. After dialysis, all fractions were
tested for their ability to inhibit IL-8 production by IL-1B stimulated
HT29 monolayers. Finally, 500 pl of solution containing the active frac-
tion was subjected to chromatography on a 1.5 x 12 cm Biogel P-2 column
(Bio-Rad, Hercules, CA), as we have previously described [26]. Fifteen
fractions of 1 ml were collected, and aliquots were assayed for neutral
sugars and protein contents as well as for their ability to inhibit IL-8
secretion.
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Statistical analyses

Results were expressed as means + SEM. Data were analyzed using
the SIGMA-STAT™ professional statistics software program (Jandel
Scientific Software, San Rafael, CA). Analyses of variance (ANOVA) with
protected ¢ test were used for intergroup comparison.

Results

S. boulardii supernatant inhibits IL-8 secretion by cytokine-
stimulated human colonic and gastric epithelial cell lines, the
active component being less than 10 kDa in size

HT-29 cells were serum starved overnight and then
stimulated with IL-1B (10 ng/ml), TNF-a (10 ng/ml) or
LPS (100 ng/ml), in the presence or absence of SbhS
(1:1, v/v). After 12h incubation, the cell conditioned
media were collected and IL-8 protein levels measured
by ELISA. As illustrated in Fig. 1A resting HT-29
monolayers released little IL-8 protein while stimulation
with IL-1B or TNFa markedly increased IL-8 protein
production. The presence of ShS significantly reduced
IL-8 production in both IL-1B- and TNFa-stimulated
HT29 cells.

Asillustrated in Fig. 1B SbS also markedly inhibited IL-8
protein production in AGS cells stimulated with IL-1 or
TNFa. As expected, LPS resulted in minimal activation of
IL-8 production by either HT29 or AGS cells [27]. A signif-
icant decrease in IL-8 production was also observed in both
LPS- (100 ng/ml) and IL-1p- (10 ng/ml) stimulated THP-1
human monocytes incubated for 5 h in the presence of SHS
(data not shown).

Based on published evidence that Sb secretes large molec-
ular weight proteins (>50 kDa) possessing biologic activity
[28,29], we sought to determine whether the anti-
inflammatory activity observed in this study arose from such
molecules. We therefore examined the activity of ShS after
passage through a 10-kDa cut-off filter. As illustrated in
Fig. 1C we found that the filtrate retained full activity indi-
cating that the active component has a molecular weight of
<10 kDa.

We next studied the time-course of the appearance of
the inhibitory effect exerted by the <10 kDa S4S. To do
this, we stimulated HT29 monolayers with IL-1 at differ-
ent time intervals up to 24 h in the presence or absence of
the <10 kDa SbS. Cell culture supernatants were then col-
lected and tested for IL-8 levels by ELISA. As illustrated in
Fig. 2A, we found that the <10 kDa ShS significantly
inhibited IL-8 production at all of the time points exam-
ined from 2 to 24 h.

We next stimulated HT29 monolayers with IL-1§ alone
or in the presence of serial twofold dilutions of the
<10 kDa Sb supernatant in HT29 culture medium (v/v).
After 12 h incubation, HT29 cell culture supernatants were
collected and IL-8 was measured. As illustrated in Fig. 2B,
we found that the <10 kDa SbhS reduced 1L-8 production in
a dose-dependent manner with significant inhibition at
dilutions of 1:32 or less.
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Fig. 1. Inhibition of IL-8 secretion by Saccharomyces boulardii
supernatant. HT29 (A) and AGS (B) cell monolayers were stimulated
with IL-1B (10 ng/ml) or TNFo (10 ng/ml) in the presence or absence
of Sb supernatant (applied 1:1, v/v). IL-8 protein levels were measured
in the culture media after 12 h. (C) Data from HT29 cell monolayers
exposed to Sh supernatant that had been passaged through a <10 kDa
molecular mass cut-off filter. Results are expressed as means + SEM
and correspond to representative experiments. All experiments were
performed at least three times in quadruplicate. * **p <0.001 and
p =0.01, respectively, when compared to IL-1f or TNFa stimulation
alone.

S. boulardii supernatant does not affect cell viability

To examine whether the inhibitory activity exerted by
SbS was due to a toxic effect, we tested whether the SbhS
altered cell viability in HT29 colonocytes using the MTS
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Fig. 2. Inhibitory effect of <10 kDa Sb supernatant on IL8 protein and mRNA up-regulation. HT29 cell monolayers were stimulated with IL-1p (10 ng/
ml) in the presence or absence of the <10 kDa Sh supernatant and IL-8 protein was measured in the conditioned media by ELISA after varying periods of
time (A, *p <0.01 compared to IL-1B stimulation alone at each respective time point). (B) IL-8 protein levels in HT29 cell conditioned media collected
12 h after IL-1p stimulation in the presence of varying dilutions of the <10 kDa Sb supernatant (means + SEM shown; p < 0.001 by ANOVA; *p <0.05
when compared to IL-1B stimulation alone). (C) RT-PCR results for both IL-8 and GAPDH from HT-29 cells stimulated with IL-18 (10 ng/ml) in the
presence or absence of the <10 kDa Sh supernatant. (D) HT29 cell RT-PCR data after densitometry and calculation of the IL-8 mRNA index (IL-8 signal/

GAPDH signal).

assay. The 490 nm absorbance recorded from untreated
cells and cells exposed to SbS for 12 h did not differ signif-
icantly (0.845+ 0.09 versus 0.785 4 0.03, respectively;
ODy99, mean + SD; p =0.32). These data indicate that
SbS does not have an adverse effect on cell viability within
the tested time window during which IL-8 production is
inhibited.

We also studied the time-course of the appearance and
disappearance of the inhibitory effect exerted by the ShS.
To do this, we pretreated HT29 monolayers with SbS for
either 2 or 4 h. We then removed the ShS and stimulated
the cells with IL-1PB. The conditioned media were collect-
ed and tested for IL-8 levels by ELISA after time periods
of up to 8 h. We found that pretreatment of cells with
SbS for either 2 or 4 h was followed by a significant inhi-
bition of IL-8 production. This inhibition lasted for up
to 4h (41.7% inhibition following the 2 h pretreatment
and 59.9% following the 4 h pretreatment). However,
after 8 h the inhibitory effect had been reversed and
IL-8 production returned to control levels. These findings
indicate that the inhibitory effect of SbS is reversible and
not associated with loss of cell viability or protein
production.

S. boulardii supernatant prevents IL-1[-mediated increases
in IL-8 mRNA levels in HT29 colonic epithelial cells

It is well established that IL-8 production is regulated
at the level of gene transcription [14,30]. To examine
whether SbS affects IL-8 mRNA expression, we stimu-
lated HT29 colonocytes seeded in 6-well plates with IL-
1B (10 ng/ml) in the presence or absence of ShS. Our
results illustrated in Figs. 2C and D showed that IL-1
induced IL-8 mRNA within 30 min, with maximum
induction at 1 h. The addition of ShS markedly reduced
IL-8 mRNA levels, at all time points studied. Taken
together with the results shown in Fig. 1, our data indi-
cated that Sh releases a soluble factor that inhibits 1L-8
gene transcription.

S. boulardii supernatant prevents NF-xB reporter gene
transactivation and IxBo. degradation

Given that NF-«xB is the prime regulator of IL-§8 gene
transcription in both epithelial cells and monocytes
[14,30], we sought to determine the effect of ShS on NF-
kB activation. These experiments were performed in
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Fig. 3. Inhibition of IxBa degradation and NF-kB transactivation by Sb
supernatant. (A) THP-1 cells were transiently transfected with 5 pg of an
NF-«B-luciferase reporter plasmid, as described in the Materials and
methods, and stimulated with LPS (100 ng/ml) in the presence or absence
of Sh supernatant. (B) Cytoplasmic extracts were prepared from THP-1
cells at the indicated time points, resolved by SDS-PAGE, and analyzed
by Western blotting with an anti-IkBa antibody. (C) THP-1 cells were
stimulated with IL-18 (10 ng/ml), nuclear extracts were prepared at the
indicated time points and subjected to Western blotting to measure
nuclear levels of p65 by using an anti-p65 antibody. (D) NF-kB-DNA

binding activity was examined by EMSA with a *?P-labeled probe
corresponding to the consensus NF-kB binding site.

THP-1 monocytic cells since it has been reported that
HT?29 colonocytes exhibit altered regulation of IkBa prote-
olysis [7,31,32]. As shown in Fig. 3A, LPS stimulation for
5h caused a 12-fold increase in NF-kB luciferase reporter
activity compared to unstimulated cells and this effect
was dramatically inhibited after exposure of THP-1 cells
to SbS. These results indicate that SbS reduces IL-8 protein
levels by a mechanism involving NF-kB inhibition. To fur-
ther explore this NF-kB response, we examined the effect of
ShS on a key intracellular step in NF-xB activation, [xkBa
degradation [10]. THP-1 cells were stimulated with IL-1§
(10 ng/ml) in the presence or absence of ShS for 3 h and
IxBa protein levels in cytoplasmic extracts were examined
by Western blotting. As shown in Fig. 3B, IL-1pB stimula-

tion resulted in complete IkBo degradation evident as early
as 5 min and persisting for 30 min post-stimulation. In con-
trast, addition of ShS prevented IxkBa degradation during
the same period. These findings further support the notion
that the inhibitory effect of ShS on IL-8 production is med-
iated via NF-xB inhibition. It is noteworthy that the non-
degraded IxBa band in the Sh supernatant-treated cells has
higher molecular weight than expected, suggesting that
IxBa may be phosphorylated and/or ubiquitinated but
not degraded.

S. boulardii supernatant reduces p65 nuclear translocation
and NF-kB-DNA binding

Since SHS prevents IkBa degradation, it is to be expect-
ed that NF-xB is retained in the cytoplasm and does not
translocate to the nucleus to function. To test this hypoth-
esis, we determined p65 protein levels in nuclear extracts of
THP-1 cells stimulated for 4 h in the presence or absence of
SbS. As shown in Fig. 3C (left panel), IL-1p stimulation
results in rapid increase of p65 in the nucleus, starting at
5 min with a peak at 20 min. In contrast, in cells co-treated
with SbS the amount of p65 protein in the nucleus was less
at all time points studied (Fig. 3C, right panel). These find-
ings, together with the IxBa degradation results (Fig. 3B),
indicate that the p65 NF-kB subunit is retained in the cyto-
plasm in Sb supernatant-treated THP-1 cells.

We next determined whether the observed reduction in
the amount of p65 in the nucleus results in attenuated
NF-«kB-DNA binding activity. After THP-1 cells were
stimulated with IL-1B (10 ng/ml) for 1 h, in the presence
or absence of SbS, NF-kB-DNA binding activity in nuclear
extracts was determined by EMSA. As shown in Fig. 3D
(left panel), NF-kB-DNA binding is rapidly induced
(5 min) following IL-1B stimulation; the activation peaks
at 20 min and declines by 60 min. Co-treatment with SbS
results in marked reduction of NF-kB-DNA binding at
all studied time points.

The active substance in the S. boulardii supernatant is a heat
stable, water soluble molecule with a mass of less than 1 kDa

We next sought to characterize the active component(s)
in SbS that suppresses NF-kB activation and thereby
reduces IL-8 production. We first determined the heat sta-
bility of the active component and observed that boiling
the <10 kDa SbS for 5 min did not diminish its activity
(data not shown). We extracted lipids from the <10 kDa
SbS as described in Materials and methods, and tested
the lipid fractions for IL-8 inhibitory activity in IL-1f stim-
ulated HT-29 colonocytes. As shown in Fig. 4A, the lipid
containing fractions (after single or double extraction)
did not exhibit any inhibitory activity on IL-8 production.
These results suggest that the active factor in SbS is neither
a pure protein nor a lipid.

We next subjected the <10 kDa ShS to density gradient
ultra-centrifugation in cesium chloride and recovered nine
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Fig. 4. Initial characterization of SAIF by lipid extraction, density
gradient separation, and gel filtration. (A) HT29 cell monolayers were
treated with IL-1B (10 ng/ml) alone or together with the <10 kDa Sh
supernatant or with lipid extracts from the <10 kDa Sh supernatant
(see Materials and methods). (B) Proteins were separated from
glycoproteins by subjecting the <10 kDa supernatant to cesium chloride
ultra-centrifugation. Fractions 7-9, corresponding to high density
fractions, also contain high neutral sugar levels (e.g., glucose, galactose)
and were found to be potent inhibitors of IL-8 production by IL-1f
stimulated HT29 colonocytes. (C) Fractions 7-9 from the cesium
chloride ultra-centrifugation experiments illustrated in (B) were pooled
and 500 ul of the mixture was subjected to gel filtration on a Biogel P-2
column. The active fractions (10 and 11) had measurable levels of
neutral sugars and protein by the phenol-sulfuric acid and BCA
method, respectively. Vitamin B12, used as a molecular weight marker,
was eluted under the same conditions at fraction 6, indicating that the
active substance is <I kDa.

1 ml fractions ranging in density from 1.37 to 1.60 g/ml, the
former expected to contain pure proteins and the latter gly-
coproteins/proteoglycans. When tested for inhibitory activ-
ity, we observed that fractions 7-9 (high density, high
neutral sugar content) were the most active (data not
shown). Fractions 7-9 were then pooled, loaded onto a
Biogel P-2 column, eluted with water, and 15 fractions col-
lected. As shown in Fig. 4C, only fractions 10 and 11 sig-
nificantly inhibited IL-8 production, compared to control
(fraction 1) (ANOVA, p <0.001. Bonferroni test for frac-
tions #10, 11: p <0.05 for each, compared to control; for
all other fractions p > 0.05). Both of these fractions con-
tained measurable neutral sugars and protein by the phe-
nol-sulfuric acid and BCA method, respectively. The
fractionation range of the Biogel P-2 column is 100-
1800 Da. To gain a more accurate estimation of the molec-
ular weight of the active factor, a colored solution of vita-
min B12 (molecular weight 1355) was loaded on the Biogel
P-2 column under the same conditions. B12 was eluted with
a maximum peak at fraction #6 (Fig. 4C), suggesting that
the active substance, eluting at fractions #10, 11, has a
molecular weight less than 1 kDa.

Discussion

We report here that the yeast Saccharomyces boulardii, a
probiotic widely used to treat or prevent a variety of
human diarrheal diseases, produces SAIF (Saccharomyces
anti-inflammatory factor) a small molecular weight, water
soluble molecule that inhibits the activation of NF-xB, a
transcription factor that plays a central role in human
inflammatory responses. The mechanism of NF-«B inhibi-
tion exerted by SAIF involves inhibition of IkBa degrada-
tion, thereby resulting in sequestration of NF-kB in the
cytoplasm. Our results also demonstrate that SAIF potent-
ly inhibits NF-kB-dependent IL-8 production from human
transformed intestinal epithelial cells, gastric epithelial
cells, and monocytes stimulated by a variety of pro-inflam-
matory stimuli.

Previous studies have shown that whole Sh yeast cells
inhibit NF-kB-DNA binding activity, phosphorylation
and degradation of IkBa, and activation of the three mem-
bers of the MAP kinases (extracellular signal-regulated
protein kinases 1 and 2, p38, and c-jun N-terminal kinase)
in enteropathogenic E. coli (EPEC) infected T84 human
colonocytes [15,33]. Preincubation of the yeast with the col-
onocytes as well as its continuous presence during EPEC
infection were required for Sh to exert its effects. In those
studies Sh did not seem to modify the number of adherent
bacteria and the mediator(s) of its inhibitory effects on the
above signaling pathways were not identified.

Our findings strengthen the notion that the beneficial
effects of this probiotic in enteric diseases may be mediated
through attenuation of host mucosal pro-inflammatory
responses, thereby maintaining the intestinal hyporespon-
siveness to pathogen determinants and other noxious stim-
uli within the enteric lumen [34]. Consistent with this notion
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is a recent study by Neish et al. [35], who demonstrated that
infection of T84 cells with non-pathogenic Salmonella
strains prevents NF-kB activation induced by TNFa or
pathogenic Salmonella by a mechanism involving blockade
of IkBa degradation. IxBa was found phosphorylated but
not polyubiquitinated, suggesting that non-pathogenic Sal/-
monella strains inhibit the B-TrCP IxB-specific ubiquitin
ligase [35]. Our results indicate that Sh produces a soluble
factor that acts also by inhibiting IxBa degradation. It is
also interesting that the non-degraded IxkBa obtained after
treatment with the Sb supernatant appears to migrate high-
er than native IkBa (Fig. 3B), suggesting that IkBa may be
phosphorylated, and/or ubiquitinated. Recently, Petrof
et al. [36] reported that the probiotic VSL#3 (composed
of Streptococcus thermophilus and several species of Lacto-
bacillus and Bifidobacteria) inhibits NF-kB through proteo-
some inhibition. Studies are under way in our laboratory to
find whether inhibition of IxBa degradation is due to block-
ade of IxBa phosphorylation, ubiquitination, proteasome
inhibition or another mechanism [37].

Inhibition of NF-xB activation is an attractive therapeu-
tic target in a wide range of human diseases such as arthritis,
asthma, and inflammatory bowel disease [38]. It is well
known that the mechanism of action of many widely used
anti-inflammatory compounds including salicylates and cor-
ticosteroids, drugs with proven therapeutic value in inflam-
matory bowel disease, involves NF-kB inhibition [39,40].

Our initial characterization of SAIF employed density
gradient ultra-centrifugation in cesium chloride which has
been successfully used for the separation of highly glycos-
ylated epithelial glycoproteins (mucins) from lipids and
proteins in respiratory and gastrointestinal mucus ([23]).
This method is based on the difference in buoyant density
between proteins (~1.3 g/ml) and carbohydrates (~1.6 g/
ml). Heavily glycosylated mucins (80% carbohydrate) have
a buoyant density of ~1.5 g/ml. This method has the
advantage that after the separation there is almost 100%
recovery of material unlike in conventional chromatogra-
phy methods and this was an important consideration in
recovering the biologically active factor. The fact that
SAIF is recovered in the high density fraction suggests that
it is glycosylated ([23]). This was further confirmed by our
gel filtration studies where the biologically active fractions
#10 and #11 (Fig. 4C) contain substantial amounts of neu-
tral sugars. Moreover, based on the biologic activity of the
fractions derived from gel filtration, we conclude that SATF
has a molecular weight of <1 kDa. Taken together, these
data suggest that the active factor is a glycan. However,
since we have not performed in-depth structural analyses
yet, the possibility that the biologic activity is mediated
by another organic substance that simply co-migrates with
sugars cannot be excluded definitely.

In conclusion, we provide evidence that the probiotic
S. myces boulardii produces a soluble anti-inflammatory
factor, SAIF, that inhibits NF-xB activation. Attenuation
of pro-inflammatory signaling in host cells is a putative
mechanism that may mediate, at least in part, the beneficial

effects of S. boulardii in infectious and non-infectious
human intestinal disease. Initial characterization of SAIF
indicates that it may be a useful pharmacologic agent in
that it is small, water soluble, and stable.
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