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1. ABSTRACT

Bacterial colonization of the intestine is critical
for the normal function of the mammalian immune system.
However, the specific molecules produced by commensal
bacteria that contribute to the modulation of the host
immune system are largely uncharacterized.
Polysaccharide A (PSA) produced by the ubiquitous human
commensal, Bacteroides fragilis is a model symbiosis
factor. PSA is capable of activating T cell-dependent
immune responses that can affect both the development and
homeostasis of the host immune system. Colonization of
previously germ-free mice with B. fragilis alone is
sufficient to correct the splenic Th1/Th2 imbalance found
in germ-free mice. In addition, PSA can provide protection
in animal models of colitis through repression of pro-
inflammatory cytokines associated with the Th17 lineage.
This review provides an overview of the immunologic
properties of PSA including the mechanisms of immune
system activation and the resulting immunomodulatory
effects.
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2. INTRODUCTION

There are at least one hundred times more bacterial
cells than eukaryotic cells in the human body. Most of these
bacteria are found in the intestinal tract, where their density can
reach 10'? organisms per gram of intestinal contents (1). The
great majority of the interactions between these bacteria and
the human host are mutualistic rather than pathogenic. The
host-commensal relationship can be viewed as a co-
evolutionary process where the fitness of the two participants
becomes interdependent (2). Commensal bacteria enjoy a
nutrient-rich and stable habitat while playing an integral role in
host development and maintenance of proper physiologic
function (3, 4). The benefits of bacterial colonization of the
mammalian gut extend beyond the intestine and include far-
reaching systemic effects. Commensal bacteria play an
integral role in the development of both mucosal and systemic
immunity (5-7).

Members of the Firmicutes and Bacteroidetes
phyla make up a majority of the bacterial species present in
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the human intestinal microbiota (8). Within  the
Bacteriodetes phylum, members of the Bacteroidales order
are the most abundant of the cultured Gram-negative
organisms. Due to the fact that the mammalian
gastrointestinal tract is the primary environmental reservoir
of the Bacteroidales, it has been hypothesized that there is
a co-evolutionary relationship between the Bacteroidales
and the mammalian host. As such, Bacteroidales species
have been used as models for studying the commensal
bacteria-host interactions (9). One such species,
Bacteroides fragilis, has been shown to exert profound
beneficial effects on the host immune system (10, 11).

We are just beginning to elucidate the
interactions between the gut flora and the host that lead to
the establishment of immune system homeostasis. It has
been proposed that symbiotic bacteria in the
gastrointestinal tract produce molecules that mediate the
normal maturation of the immune system and protect the
host from disease (10, 12). Although B. fragilis constitutes
less that 1% of the colonic microflora, it produces a
capsular polysaccharide, polysaccharide A (PSA), that is
sufficient to correct some of the immune system
deficiencies found in the absence of bacterial colonization
and to prevent intestinal inflammation in animal models of
colitis (10, 11).

3. BACTEROIDES FRAGILIS

B.  fragilis is a Gram-negative anaerobic
bacterium whose primary known environmental reservoir is
the human lower gastrointestinal tract. A distinctive
feature of B. fragilis is the large proportion of the genome
devoted to carbohydrate metabolism, including the
degradation of dietary polysaccharides and the production
of surface capsular polysaccharides (9, 13, 14). Thus far,
eight different capsular polysaccharides, each synthesized
from distinct genomic loci, have been identified within a
single strain of B. fragilis. Each polysaccharide synthesis
locus contains between 11 and 21 genes under the control
of a single promoter. Seven of the eight loci are regulated
by the reversible inversion of the DNA containing the
promoter, which results in an ON-OFF expression
phenotype known as phase variation. The loci are
regulated independently, and a bacterium may
simultaneously express any combination of
polysaccharides; thus there are 256 distinct surface profiles
(15, 16). It has been proposed that such large potential
variation produces a population of bacteria most fit to
survive in the intestinal milieu. The ability to express
multiple polysaccharides has been shown to enhance
intestinal colonization by B. fragilis (10).

Two of the capsular polysaccharides of B.
fragilis, PSA and polysaccharide B (PSB), belong to a class
of bacterial carbohydrates known as zwitterionic
polysaccharides (ZPSs). ZPSs are characterized by the
presence of both a positive and negative charge within each
repeating unit (17). Traditionally, it was thought that only
peptides could induce an adaptive T cell-mediated immune
response.  Carbohydrates had been characterized as
classical T cell-independent antigens that induced a
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specific IgM response but failed to evoke an IgG or
memory response (18, 19). However, it is now known that
ZPSs are capable of inducing CD4" T cell-dependent
immune responses. In addition to PSA and PSB of B.
fragilis, ZPSs have been identified from other bacterial
species, including type 1 Streptococcus pneumoniae
capsular polysaccharide (CP1) and types 5 and 8
Staphylococcus aureus capsular polysaccharide. All of the
known ZPSs have immunomodulatory properties that
depend on the presence of both positively and negatively
charged groups within the repeating unit structures (17, 20,
21). Of all of the known ZPSs, PSA is the best
characterized.

PSA is a unique and potent antigen. Among
carbohydrates, this polysaccharide stands out as a T cell—
dependent rather than a T cell-independent antigen.
Although it is processed and presented along the same
pathways as conventional peptide antigens, PSA modulates
the host immune system more extensively than many other
known T cell-dependent antigens. At this time, the impact
of a single bacterial molecule on the host during
commensalism is certainly best defined for PSA.

4. CORRECTION OF CD4" T CELL DEFICIENCIES
IN GERM-FREE MICE

Although they are germ-free in utero, mammals
are colonized with a complex microbiota soon after birth
(22, 23). Germ-free (GF) animal models have been
invaluable in investigations of the effects of commensal
bacteria on health and disease (24). Studies of GF animals
have demonstrated that the mammalian host has adapted
over time to colonization with large numbers of microbes
and has even become dependent on the presence of the gut
flora. Compared with the mucosal and systemic immune
systems of conventional specific-pathogen-free (SPF) mice
colonized with a complex microbiota, both of these systems
are functionally immature in GF mice. In the gut-
associated lymphoid tissue of GF animals, the Peyer’s
patches are small, with few germinal centers, and the
number of IgA-producing plasma cells is reduced (25, 26).
There is also a marked decrease in the number of CD4"
cells in the lamina propria of the small intestine (27). From
a systemic perspective, the spleens and mesenteric lymph
nodes (MLNs) of GF animals exhibit defects in structural
development, with depletions of lymphocyte zones (10,
28). All of these abnormalities can be corrected after
several weeks by colonization of GF mice with commensal
bacteria (5, 29).  Although the commensal bacterial
products that are responsible for the correction of the
immune abnormalities found in GF animals are largely
unknown, the response to PSA from B. fragilis has been
shown to be sufficient to correct some of the defects found
in the spleen.

As described above, the spleens of GF mice have
severe  morphologic  abnormalities. However,
monocolonization of previously GF mice with B. fragilis
alone results in the correction of all splenic architectural
defects. The lymphoid follicles (white pulp) of these
monocolonized animals are larger and more defined than
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those found in GF mice. This effect is mediated by PSA;
GF mice colonized with an isogenic strain of B. fragilis
lacking PSA production have lymphoid follicles that are
small and fragmented, similar to those found in GF mice
(10, 30). The observed difference is not due to a decrease
in bacterial fitness in the absence of PSA as colonization
levels of the two bacterial strains are comparable (10).

The restoration of splenic architecture is due to
an expansion of CD4" T cells in the spleens of the mice
monocolonized with B. fragilis. Compared with the
lymphocyte populations in the spleens of SPF mice, those
in GF mice have a smaller proportion of CD4" T cells.
However, the percentage of CD4" cells in the spleens is the
same in B. fragilis monocolonized mice as in SPF mice.
The effects are specific to CD4" T cells, as the percentages
of CD8" T cells and CD19" B cells remain unchanged.
Again, the increase in the CD4" population in previously
GF mice monocolonized with B. fragilis is mediated by
PSA; colonization of GF mice with B. fragilis lacking PSA
does not enrich the splenic CD4" T lymphocyte population,
and treatment of GF mice with purified PSA is sufficient to
restore this population. The ability of PSA to expand CD4"
T cell populations is not restricted to GF mice; treatment of
SPF mice with PSA results in a splenic CD4" T cell
expansion of the same magnitude (10).

The ability to activate a CD4" T cell response has
long been considered to be limited to peptide antigens.
However, the ability of PSA to induce a CD4" T cell
expansion in the spleen supports other data demonstrating
that PSA is, in fact, a T cell-dependent antigen. A detailed
molecular characterization of the immunomodulatory
properties of PSA confirms that this polysaccharide induces
an immune response analogous to that stimulated by
conventional protein antigens.

5. ANTIGEN PRESENTATION OF PSA

Activation of CD4" T cells requires the specific
interaction of the alpha-beta T cell receptor (TCR) on the T
cell with the antigen presented in the context of major
histocompatibility complex II (MHCII) on a professional
antigen-presenting cell (APC) (31). To induce an immune
response, PSA must be processed in the endocytic pathway
and presented on an MHCII molecule in a manner
analogous to that by which peptide antigens are presented,
the notable difference is that, in the endosome, the
degradation of PSA to a molecular size small enough for
presentation by the MHCII molecule is a chemical process,
whereas for protein degradation it is an enzymatic process
(31, 32).

Once taken up into an APC, PSA follows the
same processing pathway as peptide antigens. Upon entry
into the endosome of an APC, PSA is directed to a MHCII
compartment, where it co-localizes with the lysosomal
marker LAMP-1, the exocytic vesicle marker HLA-DM,
and the MHCII protein HLA-DR. The up-regulation of
inducible nitric oxide synthetase, which is associated with
the oxidative burst, results in increased nitric oxide (NO)
production. NO breaks down PSA through deamination, a
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chemical reaction in which PSA is oxidized and then
depolymerized to a much smaller molecular size while
retaining the zwitterionic motif and the overall structure of
the repeating unit. Lastly, co-localization of PSA, MHCII,
and alpha-beta TCRs is detectable on the cell surface of
murine splenocytes. However, no PSA is found on cells
lacking MHCII (32).

In the absence of direct contact between APCs
and T cells, ZPSs cannot stimulate T cell proliferation or
induce cytokine production in vitro (33). Furthermore, T
cell activation requires the presence of HLA-DR and
costimulatory molecules CD40 and CD86 on the surface of
the APC (33, 34). The fact that major histocompatibility
class I (MHCI) molecules are not required provides
evidence for CD4" specificity of the immune response to
PSA (33).

After oral treatment of mice with fluorescently
labeled PSA, the polysaccharide associates with CD11c"
dendritic cells, but not with CD4" T cells or CD19" B cells
in the MLNs (10). PSA, through TLR2 stimulation, is able
to activate CD1lc' dendritic cells; the consequence
being the up-regulation of MHCII as well as the
costimulatory molecule CD86.  This up-regulation is
critical, as activation of T cells requires presentation of
the antigen on MHCII in the presence of the appropriate
costimulatory molecules. Only a mature dendritic cell
that has been exposed to an activating antigen fulfills
these requirements (35). The implication is that
dendritic cells sample PSA from the intestine and
migrate to the MLNs to initiate an immune response
(Figure 1). Despite the observed systemic T cell
expansion, no PSA is found in the spleen (10).

6. ESTABLISHING A Th1/Th2 BALANCE

Three predominant subtypes of effector CD4"
cells—T-helper 1, T-helper 2, and T-helper 17 (Thl, Th2,
and Thl7)—induce distinct and opposing immune
responses (36, 37). Thl cells promote the development of
cell-mediated immunity and host defense against viral and
bacterial pathogens, especially intracellular organisms.
Th2 cells mediate host defense against helminths (37, 38).
Th17 cells are important mediators of inflammation and
protect the host from extracellular bacteria and fungi (36,
39). All three lineages have also been implicated in
pathogenic immune responses. Dysregulated Thl or Th17
responses may result in autoimmune diseases, and an
overactive Th2 response has been implicated in asthma and
allergy. Therefore, a proper balance of T cell types is
essential for the development and maintenance of immune
system homeostasis (10, 36, 40, 41). Research in GF mice
has revealed a Th1/Th2 imbalance that can be corrected
through bacterial colonization (10).

Thl and Th2 effector cells can be differentiated
by their cytokine profiles. Thl cells are characterized by
the production of interferon-gamma (IFN-gamma) and Th2
cells by the production of interleukin 4 (IL-4). The
immune system of GF mice is intrinsically biased toward
Th2 responses (10). However, stimulation of the GF
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Figure 1. Impact of B. fragilis PSA on the development of the immune system. The immune system of GF mice is skewed
towards Th2 immune responses. Colonizing GF mice with a PSA-producing strain of B. fragilis corrects this defect and restores
a Th1/Th2 balance in the spleen. PSA produced by the intestinal bacteria is most likely sampled from the intestine by DCs,
which then migrate to the MLNs. Within the APC, PSA is processed and presented to T cells. Recognition of PSA in the context
of MHCII by the TCR triggers a CD4" T cell immune response. PSA stimulates TLR2 signaling and IL-12 production by
dendritic cells. The IL-12 produced by the APC binds to the IL-12 receptor on T cells and activates the Thl transcription factor,
Stat-4. In response to IL-12 and Stat-4, Thl cells are generated that produce IFN-gamma. This process is dependent on PSA;
colonization of GF mice with B. fragilis that lacks PSA production does not correct the Th1/Th2 imbalance found in the absence

of bacterial colonization.

immune system with PSA generates a Thl response
sufficient to correct this imbalance. CD4" T cells from the
spleens of GF mice produce more of the Th2 cytokine IL-4
than cells from conventionally colonized mice, but
monocolonization with a PSA-producing strain of B.
fragilis decreases production of IL-4 and restores
production of IFN-gamma to levels found in conventionally
colonized mice (10).

The major pathway for Thl cell differentiation is
through dendritic cell production of IL-12, which binds the
IL-12 receptor on T cells and signals to activate the Thl-
specific transcription factors Stat-4 and T-bet (42, 43). The
ability of PSA to stimulate IFN-gamma production by T
cells represents a Thl response for which signaling by both
IL-12 and Stat-4 is required. Activated dendritic cells
produce IL-12 after stimulation of TLR2 by PSA. PSA is
the first polysaccharide known to signal dendritic cells to
secrete IL-12. Chemical removal of the positive charge on
the polysaccharide structure severely reduces the ability of
PSA to induce IL-12 production; thus the zwitterionic motif
on PSA is required for the activation of dendritic cells.
However, given that the ZPS SP1 fails to activate 1L-12
production, a zwitterionic motif clearly is not sufficient for
carbohydrate stimulation of this cytokine (44).

Taken together, these results suggest that PSA
from B. fragilis is sufficient to establish a proper systemic
Th1/Th2 balance within the host and that CD11c¢" dendritic
cells associated with PSA in the MLNs play a role in
mediating this response (Figure 1).

7. INNATE IMMUNITY AND PSA

TLRs play a critical role in host defense by
sensing the presence of microbes. Upon stimulation, TLRs
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mediate inflammatory responses, coordinate innate and
adaptive immunity, prime naive T cells, and induce
memory to facilitate the elimination of pathogens (45, 46).
TLRs recognize certain highly conserved microbial
components known as pathogen-associated molecular
patterns (PAMPs). Molecules recognized by TLRs include
bacterial lipopolysaccharide, flagellin, bacterial DNA, and
viral double-stranded RNA (47). However, both
pathogenic and commensal microbes produce the microbial
ligands recognized by TLRs. Although TLR signaling was
traditionally associated with the sensing of pathogens, it is
now appreciated that commensal bacteria are also
recognized by TLRs and that this interaction is critical for
protection against epithelial injury and intestinal
homeostasis (48).

TLR?2 is activated by several microbial products,
including peptidoglycans and lipoproteins from both Gram-
positive and Gram-negative bacteria (47). TLR2 is also the
receptor that recognizes PSA. PSA-activated signaling
through TLR2 is necessary for the differentiation of Thl
cells and the establishment of a proper Th1/Th2 balance.
As discussed above, [FN-gamma is important in driving
Thl cell mediated immunity. In response to PSA
stimulation, TLR2 signaling stimulates both innate and
adaptive immune pathways resulting in the optimal
induction of IFN-gamma production by T cells (44).

Although TLR2 is not necessary for endocytosis,
TLR2 signaling is required for the optimal activation of
dendritic cells. PSA stimulation of TLR2 on the APC
results in activation of the transcription factor nuclear
factor kappa B (NFkappaB), with subsequent production of
NO, the pro-inflammatory cytokine tumor necrosis factor-
alpha (TNF-alpha), and other immunologically important
molecules such as IL-12, MHCII, CD86, and CC
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chemokine receptor 7 (CCR7) (44). CCR7 is associated
with dendritic cell homing to secondary lymphoid organs
(49). Bone marrow—derived dendritic cells (BMDCs)
lacking TLR2 (TLR2™) produce significantly less IL-12
than wild-type dendritic cells, and the decrease in IL-12
results in a reduction of IFN-gamma produced by T cells in
response to PSA (44).

The residual IFN-gamma production by T cells
after elimination of signaling through TLR2 is the result of
PSA processing in the adaptive immune pathway
associated with antigen presentation on MHCII. Treatment
of TLR2” BMDCs with chloroquine, which blocks the
acidification of the MHCII compartment, eliminated IFN-
gamma production by CD4" T cells. No other innate
immune pathway is thought to be involved in PSA-
mediated production of IFN-gamma (44). Activation of
TLR2 by PSA increases the efficiency of both the
processing and presentation of PSA on MHCIL. As
described above, TLR2 stimulation by PSA increases NO
production by dendritic cells. Since NO is necessary for
the chemical degradation of PSA, the loss of TLR2
signaling results in inefficient processing of PSA in the
MHCII compartment (32). Furthermore, the failure of
TLR2” BMDCs to upregulate the expression of MHCII
and CDg86 results in decreased presentation of PSA to T
cells (44).

The decrease in processing and presentation of
PSA combined with the decreased production of IL-12 by
dendritic cells activated by PSA in the absence of TLR2
signaling demonstrates that in addition to the stimulation of
a specific CD4" T cell immune response, innate immune
pathways are required for PSA to establish a Th1/Th2
balance (Figure 1).

8. PREVENTION OF INFLAMMATORY DISEASE

Although the gut microflora is essential to the
development of the immune system, it can also be
detrimental to the host. Inflammatory bowel disease (IBD)
is associated with uncontrolled inflammatory CD4" T cell
responses to bacteria in the gastrointestinal tract (50, 51).
Inflammatory responses resulting in IBD are frequently
directed against specific subtypes of bacteria, including
Helicobacter, Clostridium, and Enterococcus. It is
interesting that these bacterial subtypes can be abundant
members of the gut microflora of healthy individuals (7,
52). The mechanisms behind initiating and maintaining an
inflammatory immune response to commensal bacteria are
largely unknown.

Symptoms of IBD are reduced if bacterial
numbers in the intestine are decreased by means of
antibiotic treatment (53, 54). Moreover, in rodent models,
maintenance in a GF environment can protect animals
genetically susceptible to IBD from intestinal inflammation
(55-59). Consequently, it has been hypothesized that IBD
can result from an imbalance among different types
bacteria in the intestine (7, 60). In some IBD patients,
entire classes of bacteria are lost from the gut flora (61). It
may be that some bacteria in the gut minimize the
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pathogenic potential of other bacteria commonly associated
with IBD. Recent research has demonstrated that PSA
produced by B. fragilis in the gut may be capable of
preventing IBD induced by the presence of bacterial agents
of this disease (11).

As discussed above, the lymphocyte populations
in the spleens of GF mice contain a reduced proportion of
CD4" T cells. However, colonization of GF mice with B.
fragilis restores the CD4" population to that found in
conventional colonized mice (10). Further characterization
of the CD4" T cell population in the spleen reveals that GF
mice have a lower proportion of CD4"CD45Rb"™ T cells
than conventionally colonized mice. CD45Rb"™ T cells,
which are thought to be antigen experienced, have anti-
inflammatory properties that can provide protection in
animal models of IBD (62). Remarkably, colonization of
GF mice with B. fragilis increases the proportion of
CD4'CD45Rb" cells in the spleen to conventional levels.
This effect is PSA dependent; colonization of the GF mice
with a strain of B. fragilis lacking PSA has no impact (11).

Furthermore, PSA can protect mice in an
experimental model of colitis. Mice lacking
recombination-activating genes (Rag”) have no T or B
cells. If CD4"CD45Rb"E" T cells are transferred into Rag™
mice and the animals are colonized with Helicobacter
hepaticus, colitis develops within 2 months (63). The
intestinal pathology of these mice is marked by a high
degree of inflammation, colonic hyperplasia, and
expression of pro-inflammatory cytokines. The mice also
exhibit significant weight loss. If, at the time of
colonization with H. hepaticus, the mice are co-colonized
with a PSA-producing strain of B. fragilis, they are
protected from disease and from the associated production
of pro-inflammatory cytokines. However, if the mice are
co-colonized with a B. fragilis mutant deficient in PSA
production rather than with the wild-type strain, they
develop full-blown colitis (Figure 2). Levels of
colonization by all bacterial species remained constant;
therefore, this protection is not due to differences in
bacterial clearance. In addition, oral administration of
purified PSA during H. hepaticus colonization almost
completely protects mice against H. hepaticus—induced
colitis by eliminating leukocyte infiltration and the
resulting colonic hyperplasia (11). Thus, the presence of a
single molecule produced by a single organism is sufficient
to prevent colitis induced by colonization with a
commensal bacterium that has pathogenic potential.

8.1. Repression of pro-inflammatory
associated with the Th17 lineage

The protective effects of B. fragilis PSA in
experimental models of colitis do not appear to be related
directly to the role of the organism in establishing a
Th1/Th2 balance in GF mice. Instead, PSA appears to
dampen the pro-inflammatory response that leads to colitis
by repressing Th17 cells (11). Classically, CD4" T helper
cells were thought to differentiate into only two lineages:
Thl and Th2. However, research has now shown that
CD4" T cells can also differentiate into Th17 cells, which
are characterized by the production of IL-17 and not of

cytokines
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Figure 2. PSA mediated protection from inflammatory disease in experimental models of colitis. Transfer of CD4'CD45Rb" "
T cells into Rag” mice colonized with Helicobacter hepaticus induces colitis. Rag” mice co-colonized with H. hepaticus and B.
fragilis expressing PSA, but not B. fragilis lacking PSA expression, do not develop colitis. PSA mediated protection against
colitis results from decreased levels of cytokines associated with the Th17 lineage including IL-1beta, IL-23, and TNF-alpha.
Suppression of the inflammatory cytokines is dependent on IL-10. In the absence of IL-10, PSA cannot prevent colitis in co-

colonized mice.

IFN-gamma or IL-4 (36, 64). Because IL-17 is a potent
chemoattractant for neutrophils, Thl7 cells are key
mediators of inflammation (39). Increased levels of IL-17
have been found in the inflamed mucosa and sera from
patients with IBD (65). Thl7 cells have a different
developmental program and produce different cytokines
than Thl or Th2 cells. The induction of Thl7
differentiation is independent of IL-12 or IL-4; rather, IL-6
and transforming growth factor-beta 1 (TGF-betal) (in
mice) and IL-1 (in humans) mediate Th17 differentiation
from naive CD4" T cells. IL-23 is necessary for the
expansion and maintenance of the Thl7 lineage. In
addition to IL-17, Th17 cells produce the pro-inflammatory
cytokines IL-21 and TNF-alpha (36).

Protection against colitis mediated by B. fragilis
PSA results from modulation of cytokine production.
Levels of cytokines critical in the Th17 lineage—i.e., IL-
Ibeta, IL-23, and TNF-alpha are elevated in the colons of
Rag”" mice colonized with H. hepaticus. Colonization with
B. fragilis in conjunction with H. hepaticus reduces levels
of the pro-inflammatory cytokines to those found in SPF
Rag'\' mice. In addition, documented decreases in levels of
TNF-alpha and IL-23 in the spleens of co-colonized mice
demonstrate that immune modulation in the intestinal
compartment can affect the systemic immune system (11).

PSA has been given therapeutically to decrease
pro-inflammatory cytokine production in an experimental
model of colonic irritation (66). The cytokines induced by
rectal administration of trinitrobenzene sulfonic acid
(TNBS) mimic those found in the H. hepaticus colitis
model. CD4" T cells from the spleens and MLNs of
TNBS-treated animals produce elevated levels of IL-23,
TNF-alpha, and IL-17. Therapeutic administration of PSA
to TNBS-treated animals significantly reduces levels of
these pro-inflammatory cytokines. In addition, PSA
treatment decreases the expression of RORgamma-t, the
transcription factor that directs the Th17 differentiation
pathway (11, 67).
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8.2. IL-10 is required for the PSA mediated anti-
inflammatory response

PSA suppression of the inflammatory immune
response is dependent on IL-10, one of the most potent
anti-inflammatory cytokines in the immune system. IL-10
plays a critical role in protection against inflammation in
several animal models, including the H. hepaticus model of
colitis (68, 69). Several experimental approaches support
the assertion that IL-10 produced by CD4" T cells is
required for protection against inflammation by PSA in
both TNBS and H. hepaticus models. First, mice that lack
IL-10 (IL-107) and are treated with TNBS develop
symptoms of intestinal inflammation even in the presence
of PSA. Second, if IL-10"" mice are colonized either with
H. hepaticus (to induce inflammation) or with H. hepaticus
and B. fragilis together, the presence of B. fragilis does not
decrease the levels of TNF-alpha or IL-17 produced by
MLN cells stimulated in culture with H. hepaticus antigen.
The level of IL-17 is actually higher in co-colonized mice
than in mice colonized with H. hepaticus alone. Finally, if,
in addition to PSA, an antibody to IL-10 is administered to
Rag” mice after transfer of CD4'CD45Rb"E" cells, the
polysaccharide no longer protects the mice from
developing colitis during colonization with H. hepaticus.
In addition, PSA cannot protect mice from colitis if the
CD4"CD45Rb"¢" cells used to induce experimental colitis
are isolated from an IL-10”" mouse (Figure 2) (11). To
date, PSA is the only bacterial molecule known to be
sufficient to stimulate anti-inflammatory responses that can
counteract the pro-inflammatory responses induced by
commensals with pathogenic potential.

9. CONCLUSIONS

B. fragilis, a commensal bacterium that colonizes
the lower gastrointestinal tract, is capable of mediating
powerful effects on the host immune system. Most, if not
all, of these effects are mediated by the capsular
polysaccharide PSA, an immunomodulatory molecule that
mediates T cell-dependent immune responses via the
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same pathways used by protein antigens. PSA is taken
up into APCs, processed, and presented to T cells on the
MHCII molecule (32). The activated T cells contribute
to a variety of host cell immune responses. An immune
response to PSA helps create a proper Th1/Th2 balance
in the absence of any other bacteria (Figure 1) (10).
PSA can prevent the development of colonic
inflammation and disease caused by potentially
pathogenic commensal bacteria (Figure 2) (11). In
short, PSA is a model symbiosis factor—a molecule
produced by commensal bacteria that modulates the host
immune system in ways that benefit the host. The
discovery of the powerful effects PSA on host immune
development is spurring the search for other symbiosis
factors produced by commensal bacteria. The
identification of such factors will further elucidate the
elaborate interactions between the host immune system
and commensal bacteria.
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